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Abstract

Bone morphogenetic proteins (BMPs) regulate cell fate during development and mediate cancer progression. In this study, we
investigated the role of BMP4 in proliferation, anoikis resistance, metastatic migration, and drug resistance of breast cancer
cells. We utilized breast cancer cell lines and clinical samples representing different subtypes to understand the functional
effect of BMP4 on breast cancer. The BMP pathway was inhibited with the small molecule inhibitor LDN193189 hydro-
chloride (LDN). BMP4 signaling enhanced the expression of stem cell genes CD44, ALDH1A3, anti-apoptotic gene BCL2
and promoted anoikis resistance in MDA-MB-231 breast cancer cells. BMP4 enhanced self-renewal and chemoresistance
in MDA-MB-231 by upregulating Notch signaling while LDN treatment abrogated anoikis resistance and proliferation of
anoikis resistant breast cancer cells in the osteogenic microenvironment. Conversely, BMP4 downregulated proliferation,
colony-forming ability, and suppressed anoikis resistance in MCF7 and SkBR3 cells, while LDN treatment promoted tumor
spheroid formation and growth. These findings indicate that BMP4 has a context-dependent role in breast cancer. Further,
our data with MDA-MB-231 cells representing triple-negative breast cancer suggest that BMP inhibition might impair its
metastatic spread and colonization.
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Introduction

Metastatic breast cancer is the second important cause of
cancer-related death in women (Sung et al. 2021), and fewer
therapeutic options are available for metastatic cancers. Sev-

< Bithiah Grace Jaganathan

bithiahgj @iitgac.in eral signaling mechanisms (Feng et al. 2018; Yousefnia et al.
' Stem Cells and Cancer Biology Laboratory, Department 2020) control metastasis in breast cancer, and bone morpho-
of Biosciences and Bioengineering, Indian Institute genetic proteins (BMPs) play an important role in the pro-
of Technology Guwahati, Guwahati, Assam, India gression and metastasis of breast cancer (Jiramongkolchai
* Department of Pathology, Assam Medical College, et al. 2016; Zabkiewicz et al. 2017). BMPs, members of the
Dibrugarh, Assam, India transforming growth factor p (TGF ) superfamily, regu-
3 Department of Biosciences and Bioengineering, Indian late embryogenesis, homeostasis (Wang et al. 2014), and
Inst.itute of Technology Guwahati, Guwahati, Assam 781039, DNA damage response (Chau et al. 2012). BMPs function
. India . through canonical SMAD signaling or non-canonical path-
Department of Surgical Oncology, Dr B. Borooah Cancer way involving ERK, p38MAPKs, INK mitogen-activated

Institute, Guwahati, Assam, India

protein kinases (MAPKs) (Katagiri and Watabe 2016).
BMPs were found to have a dual role in cancer (Alarmo and
Kallioniemi 2010; Bach et al. 2018b; Ouahoud et al. 2020),
promoting tumor progression (Fukuda et al. 2020) or can
act as tumor suppressor (Kodach et al. 2009) in a context-
dependent manner (Gomez-Puerto et al. 2019).
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Cancer stem cells are chemoresistant, contribute towards
the development of metastasis (Gomez-Miragaya and
Gonzalez-Suarez 2017; Gomez-Miragaya et al. 2017; Neo-
phytou et al. 2018), and responsible for tumor recurrence at
local and distant sites (Ye et al. 2017). Targeting the cancer
stem cells or the stem cell properties of cancer cells is nec-
essary to eliminate the chemoresistant cells and prevent the
metastatic spread of the cancer cells. Several studies have
explored the role of BMPs in breast cancer and provided
contradictory reports (Zhang et al. 2016), where knockdown
of BMPR1A (Bone morphogenetic protein receptor 1A)
reduced the tumor growth and osteolysis (Liu et al. 2018),
and BMP4 either inhibited or promoted metastasis of breast
cancer cells (Ampuja et al. 2013; Cao et al. 2014; Eckhardt
et al. 2020; Guo et al. 2012). BMP2 primarily promoted
breast cancer metastasis (Katsuno et al. 2008) by increasing
the CD447CD24~ breast cancer stem cell population (Zhang
et al. 2018).

Given the contradictory functions attributed to BMP
signaling in breast cancer (Zabkiewicz et al. 2017), in the
current study, we systematically analyzed the role of BMP4
in regulating the proliferation, anoikis resistance, and chem-
oresistance of breast cancer cells. For this, we utilized both
representative breast cancer cell lines and clinical samples.
We found a context-dependent effect of BMP4; it inhib-
ited the proliferation of MCF7 and SkBR3 breast cancer
cells while promoting the proliferation of MDA-MB-231
cells that represent aggressive triple-negative breast can-
cer. Conversely, LDN193189 (LDN), which inhibits BMP
receptors, decreased the proliferation and self-renewal of
MDA-MB-231 cells while enhancing the self-renewal of
MCF7 and SkBR3 cells. Although BMP4 majorly activated
canonical SMAD-dependent signaling in all the cell lines
tested, it produced diverse functional effects on each cell
type. BMP4 significantly enhanced anoikis resistance, an
important hallmark of metastatic cells (Kim et al. 2012) in
MDA-MB-231 cells, while LDN inhibited anoikis resist-
ance of both MCF7 and MDA-MB-231 cells. Thus, BMP4
has dual, context-dependent, and a possible tumor stage-
dependent effect on breast cancer cells. However, BMP inhi-
bition might have therapeutic benefits in preventing invasion,
metastasis and induce chemosensitivity in aggressive triple-
negative breast cancer.

Methods

Reagents and cell lines

Primary antibodies anti-GAPDH, anti-E-cadherin, anti-N-
cadherin, anti-phospho ERK1/2, anti-phospho SMAD1/5,

anti-beta catenin, anti-BCL2, anti-BMP4, anti-
BMPRIA, anti-BMPRII were purchased from Invitrogen
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(ThermoFisher Scientific, India), and anti-RHOA antibody
was purchased from Cytoskeleton (USA). HRP conjugated
secondary antibodies goat anti-rabbit, goat anti-mouse
was purchased from Invitrogen (ThermoFisher Scientific,
India). Fluorescent conjugated antibodies against phos-
pho SMAD1/8, phospho SMAD2/3, CD44, CD49F, K167
were purchased from BD biosciences (India), and fluores-
cent conjugated anti-CD24, anti-EPCAM were purchased
from Invitrogen. The authenticated breast cancer cell lines
MCF7, SKkBR3 and MDA-MB-231, were obtained from
National Centre for Cell Sciences (Pune, India). BMP
inhibitor LDN193189 was purchased from Sigma-Aldrich
(Bangalore, India), and recombinant human BMP4 was from
Invitrogen.

Cell cycle analysis

Cell cycle analysis was performed as described earlier (Dat-
tachoudhury et al. 2020). Fixation and permeabilization of
the cells was done with ice-cold ethanol at 4 °C. For detect-
ing the GO population, the cells were stained with fluores-
cent conjugated anti-KI67 antibody for one hour at room
temperature (RT). The cells were stained with propidium
iodide (PI) to stain the DNA and analyzed by flow cytom-
etry. The proliferation index of the cells was calculated
using the formula: Proliferation index (%) = (S + G2/M)/
(GO/G1+S+G2/M)X100%.

Flow cytometry

The flow cytometric identification of phospho-proteins was
performed as described previously (Sharma et al. 2019).
Briefly, the cells were fixed with paraformaldehyde at 37 °C
and treated with ice-cold methanol to permeabilize the cells.
The cells were further stained with anti-phospho protein spe-
cific antibodies conjugated with fluorescent dye for one hour
at RT and analyzed using flow cytometer.

The cells were stained with fluorescence conjugated anti-
bodies against the cell surface proteins at 4 °C for 30 min to
detect cell surface proteins. The cells were stained with PI
and analyzed by flow cytometry.

Gene expression analysis

Total RNA from the cells was extracted with RNA extrac-
tion kit (ThermoFisher Scientific) according to the manu-
facturer’s instructions. Tissue samples stored at RNA later
were cut and minced with liquid nitrogen and collected
with Trizol reagent. Total RNA from the tissue samples
was extracted with TRIzol Plus RNA purification kit (Ther-
moFisher Scientific). Two micrograms of RNA were sub-
jected to reverse transcription using OligodT primers and
high-capacity cDNA reverse transcription kit (ThermoFisher
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Scientific). Gene expression was analyzed using SYBR
Green Master Mix (ThermoFisher Scientific) in a CFX96
real-time PCR machine (Bio-Rad Laboratories). Primers
used for the study are from previous reports (Akrap et al.
2016). The fold change in expression level was calculated
with the AACt method.

Actin cytoskeleton staining

F-actin in the breast cancer cells was stained with phalloidin-
TRITC (Sigma Aldrich) as described previously (Somaiah
et al. 2015). Cells were cultured in cover-slip bottom dishes
(Ibidi GmbH, Germany) coated with fibronectin or poly-I1-
lysine. Fixation of the cells was done using paraformalde-
hyde (4%) and permeabilization with Triton X-100 (0.1%).
F-actin was stained with phalloidin-TRITC overnight at
4 °C, the nucleus was stained with DAPI and imaged with
an inverted fluorescent microscope (Zeiss Axio Observer,
Zeiss).

Cell migration

The wound healing migration assay was performed by seed-
ing the cells at a density of 20,000 cells/cm?. The cells were
allowed to attach for 24-36 h and serum-starved overnight
prior to starting the migration assay. The inducers and inhib-
itors were added to the cells, a scratch was made in the cell
monolayer, and the migration of the cells was monitored and
documented by imaging. Migration speed was determined
based on the distance migrated by the cells at any given
time point.

3D spheroid invasion assay was performed as described
previously (Dattachoudhury et al. 2020). Firstly, the sphe-
roids were formed with the breast cancer cells by seeding
the cells in an agar-coated U-bottom 96-well plate at a den-
sity of 0.5-2x 10* cells/mL. After four days, the spheroids
were transferred to 96-well plates coated with collagen
(50 pg/mL), and BMP4, or LDN were added and allowed to
migrate. Cell invasion from the spheroid was monitored at
regular intervals and imaged microscopically.

Anoikis assay

Breast cancer cells were seeded in agar coated 12-well plates
and treated with either BMP4 or LDN or its combination
for 48 h. Agar coating inhibits the adhesion of the cells to
the culture surface; therefore, the cells are maintained in
suspension, suitable to study the anoikis resistance of can-
cer cells. The cells were analyzed for gene expression by
flow cytometry, immunoblotting, or tested for self-renewal
through colony formation assay. During colony formation,

BMP4/LDN were either removed from the pre-treated cells
or added again throughout the colony formation period.

Colony assay

For colony formation assay, one hundred cells were seeded
in a 6-well plate and allowed to attach for 16-24 h. The cells
were treated with BMP4 or LDN for initial 48 h or for the
entire duration of the colony formation assay for 14 days. In
case of treatment for 48 h, fresh media without BMP4/LDN
was added, and colonies were stained with crystal violet and
counted microscopically after 14 days.

Immunoblotting

Cells were lysed, and total protein was collected with RIPA
buffer (25 mm Tris-HCI [pH 7.4], 1 mm EDTA, 150 mm
NaCl, 1% NP-40, 1% sodium de-oxycholate, 0.1% SDS, 1x
protease and phosphate inhibitor cocktail), and the concen-
tration of protein was determined. 20-30 ug of protein was
resolved on 10% SDS-PAGE and blotted onto a nitrocellulose
membrane using a semi-dry blotting system (Bio-Rad Labo-
ratories). The membranes were stained with the respective
antibodies to detect the expression levels.

Bone marrow-derived osteoblasts

Osteoblasts were obtained by differentiation of bone marrow-
derived mesenchymal stem cells (MSCs). MSCs were differ-
entiated into osteoblasts for 7 days in the osteoblast induction
media as described previously (Kumar et al. 2018; Somaiah
et al. 2018). Differentiation into osteoblasts was detected by
staining for alkaline phosphatase (ALP) activity using a mem-
brane ALP kit (Sigma Aldrich).

Data analysis

SPSS software was used to perform statistical analysis, and
Student’s t test was used to compare between groups. Primary
patient sample data was analyzed by Mann-Whitney non-par-
ametric variables test. The association between the expression
levels of different genes in the primary patient samples was
determined by bivariate Pearson correlation analysis using
SPSS software. p values < 0.05 were considered statistically
significant. Colony area, 3D spheroid migration, and the sphe-
roid area were analyzed using Fiji software, and 2D cell migra-
tion was analyzed with TScratch software. FlowJo software
(Flow-Jo, LLC) was utilized to analyze flow cytometry data.
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Results
BMP4 expression correlates with EMT genes

BMPs secreted from the cancer cells and the tumor micro-
environment modulates the progression and metastatic
behavior of breast cancer cells (Zabkiewicz et al. 2017). To
determine the role of the BMP pathway in breast cancer,
we examined BMP4 expression in patient tumor samples
sub-classified based on the ER (Estrogen receptor), PR

(Progesterone receptor), and HER2 (Human epidermal
growth factor receptor 2) expression. BM P4 expression was
significantly high in ER™/PR™ tumors irrespective of HER2
expression (Fig. 1a). BMP4 expression showed a positive
correlation with EMT (Epithelial mesenchymal transi-
tion) related genes SNAI2 (p =0.0086), CDH2 (p =0.049),
RHOA (p=0.006), MMP9 (Matrix metallopeptidase 9),
and ALDHIA3 (p= 0.011) in the patient tumor samples
(Fig. 1b). To further understand BMP4 mediated signaling
in breast cancer, we utilized breast cancer cell lines MCF7,
SkBR3, and MDA-MB-231, representing different breast

a od | EEE = I BV
. il EEEEEE N ' ESR
3 7 ' s | _|PGR 1
| : i B
c ] 3 SNAI1
(=] ] 0.5
g 2A5: o . SNAI2
8 ] CDH2
o - 0
g 2] o -l B RHOA
o o ] | EPCAM
< 1 -0.5
2,51 o o . R Emp
s 8 | aEE B [ I vivP9 “
: 1 o m Em mEE Em o
@ 13 \ || | DNER
2 ] @ n | FOsL1
So5] £ o HEE =W = - CCNDf
x ] 8 o N . Kie7
o ] ) B = | -\ ABCG2
. . TRIM25
ERRE  ERPR e I ALOHIAS
T X NS 3NLS T = T NN
L oI O LLow 200 oL
SwWagWzz220ILT g ==~"z0Vz%0==<x
& T 3] O O Qx5
snowOoeg =22 0P8 ZED
<
c o d
o
. o g BMCF7 -
5 2 £ B MDA-MB-231 e &
= v = 5§ 254 o 2
iy ] - 5 B
4 ]
=2 ] Beta-catenin E
GAPDH § 1]
5 1 GAPDH i ——
oo mmmm— ] GO
o]
T GAPDH "= WD s
pPSMAD1/5 BMPRIA BMPRII
_L_‘J

Fig.1 BMP4 expression in breast cancer cells. a The expression of
BMP4 in patient samples classified based on ER, PR, and HER2
expression was analyzed by real-time PCR. Each open circle in the
graph represents an individual sample, and the line represents the
median value. b Heatmap of bivariate Pearson correlation coefficient
values for the indicated genes in patient samples. n=6 independ-
ent samples (ERTPR* - 3 samples; ER"PR™ - 3 samples). ¢ BMP4,
BMPRIA, BMPRIIL, pSMAD1/5 expression was analyzed in MCF7,
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SkBR3, and MDA-MB-231 cells by immunoblotting analysis. d
mRNA levels of BMPRIA and BMPRII were analyzed by real-time
PCR in MCF7 and MDA-MB-231, and fold changes in the expression
level are shown. Values are mean+ SE, n=3—4 independent samples.
e RHOA, beta-catenin, phospho ERK1/2 (pERK1/2) expression in the
breast cancer cell lines was analyzed by immunoblotting. *p <0.05,
**p <0.005
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Fig.2 BMP4 activates SMAD-dependent pathway in breast cancer d-f Control (CON), BMP4, or LDN treated cells were analyzed for
cells. a Phospho SMAD1/8 (pSMAD1/8), b phospho SMAD 2/3 the expression of proliferation, self-renewal, and EMT genes by real-
(pPSMAD?2/3) expression in MCF7, MDA-MB-231 cells were ana- time PCR. d Graph showing fold changes in BMP pathway genes in
lyzed by phospho flow cytometry after treatment with BMP4 (10ng/ MCF7, e MDA-MB-231 cells. f Heatmap showing fold changes in
ml) or LDN (1uM). Values are represented as mean (Geometric gene expression in MCF7 and MDA-MB-231 cells. In all the graphs
mean) fluorescence intensity (MFI). ¢ Immunoblotting analysis of shown, CON represents untreated control. Values are mean=+SE,
pSMADI1/5, pERK1/2, and RHOA expression in MCF7 and MDA- n=3-4 independent samples, *p <0.05, **p <0.005, ***p <0.0005
MB-231 after treatment with BMP4, LDN, or BMP4+LDN (B+L).

cancer subtypes based on ER/PR/HER2 expression and  (Fig. 1c). MDA-MB-231 cells also had high levels of RHOA
determined the expression of BMP pathway components. ~ (Ras homolog family member A) and phospho ERK1/2
While MCF7 and SkBR3 expressed the BMP receptors  (Extracellular signal-regulated kinase 1/2) compared to
BMPRIA and BMPRII (Bone morphogenetic protein type =~ MCF7 and SkBR3 cells (Fig. le).

II receptor), MDA-MB-231 predominantly had BMPRII

expression, markedly higher than the other cell lines ~ BMP4 facilitates canonical signaling in breast cancer
(Fig. 1c). However, at the transcript level, MDA-MB-231 cells

expressed similar levels of BMPRIA but significantly higher

BMPRII compared to MCF7 cells (Fig. 1d). Furthermore, = The effect of BMP signaling in the breast cancer cells
phospho SMAD1/5 (pSMAD1/5) and BMP4 protein levels ~ was studied by treating the cells with either recombinant
were higher in MDA-MB-231 cells than MCF7 or SkBR3 BMP4 (BMP4) or inhibitor of BMP receptor LDN193189
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«Fig. 3 Effect of BMP4 on proliferation and self-renewal. a MCF7,
SkBR3, and MDA-MB-231 cells treated with BMP4, LDN, or
BMP4+LDN (B+L) were flow cytometrically analyzed for the GO
phase by KI67/PI staining, and the graph shows the percentage of
cells at the GO stage of the cell cycle. b Proliferation index of MCF7,
SkBR3, and MDA-MB-231 cells treated with BMP4, LDN, or B+L
was calculated from their cell cycle profile. ¢ Representative flow
cytometry plots for KI67/PI staining. d MCF7, SkBR3, and MDA-
MB-231 cells were seeded in u-bottom agar coated 96 well plates
to form tumor spheroids in the presence of BMP4, LDN, B+L, and
the spheroid area was determined for each condition. e Representa-
tive images of spheroids. The black line in the images represents the
scale bar (200 pm). f One hundred cells of MCF7, SkBR3, and MDA-
MB-231 cells were seeded for colony formation and treated with
BMP4, LDN, or B+L (BMP4+LDN) for the initial 48 h (48 hr) or
the entire duration of the colony formation assay for 14 days (14D).
Normal growth media was added to the cells after 48 h of treatment
when the treatment period was indicated as 48 h. The graph shows
the number of colonies observed under each condition as the percent-
age of control (CON) cells. g Representatives images of colonies of
MCF7, SkBR3, MDA-MB-231 cells. The black line in the images
represents the scale bar (200 pm). h The colony area was determined
for the colonies as described in f. i Percentage of CD44tCD24~
population after treatment with BMP4, LDN, or B+L in MDA-
MB-231 cells was analyzed by flow cytometry. j Graph showing
CDA49F expression in MDA-MB-231 cells treated with BMP4, LDN,
or B4+L. Values are represented as mean (Geometric mean) fluo-
rescence intensity (MFI). In all the graphs shown, CON represents
untreated control. Values are mean+SE, n=3-4 independent sam-
ples, *p <0.05, **p <0.005, ***p <0.0005

(LDN). Upon BMP4 stimulation, an increase in phospho
SMAD1/8 (pSMAD1/8) levels in MCF7, MDA-MB-231
cells, and phospho SMAD2/3 (pSMAD2/3) in MDA-
MB-231 cells was observed (Fig. 2a, b). Conversely, LDN
treatment significantly inhibited SMAD1/5/8 phosphoryla-
tion in all the three breast cancer cell lines and SMAD2/3
phosphorylation in MCF7 and MDA-MB-231 cells
(Fig. 2a—c). Considering that RHOA and pERK1/2 levels
were differentially expressed in the three breast cancer cell
lines, we determined whether BMP4 can induce non-canon-
ical pathway in addition to the SMAD dependent pathway.
However, pERK1/2 and RHOA levels did not change with
either BMP4 or LDN treatment (Fig. 2c¢).

To identify BMP4 regulated genes, we performed exten-
sive gene expression analysis in MCF7 and MDA-MB-231
following treatment with BMP4 or LDN. LDN treatment
significantly induced BMP4, BMP6, and BMPRIA expres-
sion in MCF7 cells (Fig. 2d) and treatment with BMP4
markedly increased ID1 and ID2 expression while LDN
treatment downregulated both the ID genes in MCF7 and
MDA-MB-231 cells. Similar to other ID genes, ID4 was
upregulated upon BMP4 treatment and downregulated with
LDN in MCF7 cells, whereas BMP4 treatment resulted in
a moderate decrease in /D4 expression in MDA-MB-231
cells (Fig. 2d, e). In MDA-MB-231 cells, BMP4 treatment

downregulated BMP4 transcript levels but upregulated
BMP6 (p=0.0504) expression (Fig. 2e). Further, there was a
significant decrease in the expression of proliferation genes,
KI167 (p=0.0203), PCNA (proliferating cell nuclear antigen)
(»p=0.0112) in BMP4 treated MCF7 cells. Although BMP4
treatment induced the expression of CCNDI (p=0.0111)
in MCF7 cells, the effect seems to have been nullified by
the increase in CDKNIA (Cyclin-dependent kinase inhibi-
tor 1 A) (p=0.0019) expression. Conversely, LDN treat-
ment increased the expression of K167 (p=0.0333) and
CCNE?2 in MCF7 cells (Fig. 2f). In MDA-MB-231 cells, the
expression of CDKNIA (p= 0.0543) level increased after
LDN treatment (Fig. 2f). BMP4 markedly upregulated the
expression of stem cells related genes CD44 (p= 0.0455),
aldehyde dehydrogenase 1A3 (ALDHIA3) (p= 0.0171),
NOTCH?2 (p= 0.0276), NOTCH3 (p= 0.047) and DNER
(Delta and Notch-like epidermal growth factor-related recep-
tor) (p= 0.0003) in MDA-MB-231 cells. Also, the expres-
sion of EMT related genes such as SNAII (p= 0.048),
SNAI2 (p= 0.0031), and FOSLI (Fos-related antigen 1)
(p= 0.0158) increased in BMP4 treated MDA-MB-231
cells. In MCF7 cells, LDN treatment resulted in downregu-
lation of E-cadherin (CDH1) and upregulation of N-cadherin
(CDH2, p= 0.0133) transcript levels (Fig. 2f). Thus, the
BMP pathway controls the expression of EMT, and stem
cell genes in breast cancer cells.

BMP4 regulates proliferation and self-renewal
of breast cancer cells

Next, we tested the functional effect of BMP4 on the prolif-
eration and migration of breast cancer cells. BMP4 induction
significantly increased the cell number in MDA-MB-231
cells, whereas proliferation was inhibited in MCF7 and
SkBR3 cells (Suppl. Figure 1). BMP4 induced cell cycle
arrest in MCF7 and SkBR3 cells, with a dramatic increase
in the percentage of cells at the GO stage of the cell cycle.
On the contrary, treatment with LDN significantly increased
the percentage of cells at GO in MDA-MB-231 cells and a
concomitant decrease in the proliferation index (Fig. 3a-c).
We also found that the IC50 value of LDN was similar for
all three breast cancer cell lines, and the survival of the cells
was not significantly affected until 96 h of treatment at 1pM
concentration (Suppl. Figure 2). Considering that in in vivo
conditions, the cancer cells proliferate and migrate in a 3D
environment, the breast cancer cells were allowed to form
spheroids in the presence of BMP4 or LDN. BMP4 signifi-
cantly reduced the formation of primary spheroids in MCF7
cells, but the cells formed large spheroids in the presence of
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«Fig.4 BMP4 modulates the migration of breast cancer cells. a
Experimental design to test the effect of BMP4 and LDN on migra-
tion, invasion of breast cancer cells. b Immunocytochemistry images
of MCF7, MDA-MB-231 cells left untreated (CON) or treated with
BMP4, LDN, and BMP4+LDN (B+L) and stained for F-actin (red
color) with phalloidin-TRITC and the nucleus (blue color) with
DAPI. The white arrows indicate polarization of the cells. The white
line in the images represents the scale bar (50 pm). ¢ Migration speed
in MCF7 and MDA-MB-231 cells treated with BMP4, LDN, or B+L
was determined by wound healing assay. d Representative images of
wound healing migration in MDA-MB-231 cells at O and 30 h. The
black line in the images represents the scale bar (200 pm). e, f MCF7
and MDA-MB-231 cells were seeded in u-bottom agar coated 96 well
plates and allowed to form tumor spheroids in the growth medium. e
The spheroids were transferred to collagen (50 pg/mL) coated wells
in the presence of BMP4, LDN, or B +L or untreated (CON) condi-
tions. Invasion into the collagen matrix by the cancer cells from the
spheroid was documented at regular intervals, and the migration area
was normalized to the spheroid area at t=0. f Representative images
of spheroid migration in MDA-MB-231 cells is shown. The blue
line in the images represent the migration front of the cells and the
white line represents the scale bar (200 pm). g N-cadherin expression
was analyzed by flow cytometry in MDA-MB-231 cells treated with
BMP4, LDN, or B+L. Values are represented as mean (Geometric
mean) fluorescence intensity (MFI). h, i The tumor spheroids formed
in the presence of BMP4, LDN, or B+L conditions were analyzed
by immunoblotting for the expression of h N-cadherin and pERK1/2
in MDA-MB-231 cells; i E-cadherin and pERK1/2 in MCF7 cells. In
all the graphs shown, CON represents untreated control. Values are
mean + SE, n=3-6, *p <0.05, **p <0.005, ***p <0.0005

LDN (Fig. 3d, e), confirming the tumor-promoting effect of
LDN in these cell types.

Further, cancer stem cells contribute to cancer progres-
sion and metastasis in several cancers, including breast
cancer. Therefore, we examined the effect of BMP4 on the
self-renewal of breast cancer cells. For this, we determined
the colony formation ability of the treated cells and analyzed
the expression of stem cell markers. BMP4 markedly inhib-
ited the colony-forming ability of both MCF7 and SkBR3
cells, with the cells forming fewer and significantly smaller
colonies compared to the control cells (Fig. 3f-h). Con-
tinuous treatment during the entire duration of the colony
formation with BMP4 alone or in combination with LDN
further reduced the colony number and size in MCF7 cells
(Fig. 3f-h). However, transient treatment of MCF7 with
LDN for the initial 48 h of colony formation produced
larger colonies (Fig. 3g, h). The inhibitory effect of BMP4
on colony formation was more pronounced in SkBR3 cells,
with the treated cells producing fewer and smaller colonies
compared to the control cells (Fig. 3f-h). Conversely, in
MDA-MB-231 cells, BMP4 increased the colony-forming
ability, which was significantly inhibited with LDN. Treat-
ment of MDA-MB-231 cells with LDN for 48 h was suf-
ficient to drastically diminish the colony size, and co-treat-
ment with BMP4 did not restore their colony-forming ability
(Fig. 3f-h). Similarly, the cancer stem cell population in
MDA-MB-231 as defined by CD44tCD24" cells and CD49F

expression was significantly reduced upon treatment with
LDN, whereas co-treatment with BMP4 restored CD49F
expression (Fig. 31, j). Taken together, this data indicates that
LDN diminishes the self-renewal ability of MDA-MB-231
but not MCF7 or SkBr3 cells.

BMP4 modulates migration and EMT

Migration is an important event during the metastatic trans-
formation of cancer cells and this is accompanied by changes
in the actin cytoskeleton. We found that neither BMP4 nor
LDN significantly altered the actin cytoskeleton in MCF7
cells. However, MDA-MB-231 cells treated with BMP4
acquired a spindle-shaped morphology with increased
polarization as visualized with F-actin staining (Fig. 4b).
The migration rate was unaffected in MCF7 cells upon either
BMP4 or LDN treatment, but migration was significantly
enhanced with BMP4 and inhibited with LDN in MDA-
MD-231 cells. Further, co-treatment of BMP4 with LDN
reversed the migration speed to its basal levels (Fig. 4c, d).
We also tested cancer spheroid migration since it closely
resembles the in vivo conditions, and we found that invasion
of migrating cells from the cancer spheroids into collagen
matrix was enhanced by BMP4 treatment in MDA-MB-231,
although it did not reach statistical significance (Fig. 4e, f).
In cancer cells, migration induced by EMT is accompanied
by downregulation of E-cadherin and a concomitant increase
in N-cadherin expression. Consistent with the migration
data, in MDA-MB-231, which have high N-cadherin expres-
sion, we observed downregulation of N-cadherin with LDN
treatment in 2D cultured cells (Fig. 4 g) as well as spheroids
(Fig. 4 h) in addition to decreased transcript levels of EMT
related genes (Fig. 2f). On the contrary, in MCF7 cells, LDN
treatment led to a decrease in E-cadherin expression (Fig. 41)
and an increase in N-cadherin (CDH2) expression (Fig. 2f),
indicating induction of EMT.

BMP pathway inhibition diminishes anoikis
resistance in MDA-MB-231 cells

Anoikis resistance is an important event during metastasis
of cancer cells which provides them with survival signals
during cancer cells dissemination through the circulatory
and lymphatic system. We monitored the effect of BMP4 and
LDN on anoikis resistance in breast cancer cells (Fig. 5a);
for this, the cells were cultured in anchorage independent
suspension culture. Anoikis condition reduced the viabil-
ity of SkBr3 and MDA-MB-231 cells, which was further
reduced by LDN treatment (Fig. 5b). The cells grown in
anoikis condition in the presence of BMP4 or LDN were
tested for their self-renewal ability by colony formation
assay. The cells which were treated with BMP4 or LDN
under anoikis conditions are termed as pre-treated cells
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«Fig.5 Modulation of anoikis resistance by BMP4. a Experimen-
tal design to test the effect of BMP4 and LDN on anoikis resistance
in breast cancer cells. b SkBR3 and MDA-MB-231 cells were cul-
tured under anoikis conditions in the presence of BMP4, LDN, or
BMP4+LDN (B+L), and the live cell number was enumerated
microscopically. ¢ The self-renewal ability of MCF7, SkBR3, and
MDA-MB-231 cells cultured under anoikis conditions was deter-
mined by colony formation assay. The cells were plated in the nor-
mal growth media (PRE-TR) or with BMP4, LDN, B+L (CONT)
following anoikis culture in the presence of BMP4, LDN or B+L.
The number of colonies formed was counted microscopically after
14 days and represented as the percentage of colonies observed
with respect to the control untreated cells (CON). d Representative
images of colonies formed by the cells cultured under anoikis condi-
tions. The black line in the images represents the scale bar (200 pm).
e The colony size was measured for each colony represented in c. f
MDA-MB-231 cells cultured under anoikis conditions in the pres-
ence of BMP4, LDN, or B+L were analyzed for the expression of
beta-catenin, pSMAD1/5, pERK1/2, and BCL2 by immunoblotting.
g Graph shows the normalized expression levels of BCL2 protein in
MDA-MB-231 cells grown in anoikis conditions. The BCL2 expres-
sion level was normalized to its GAPDH level. h The percentage of
CD44*CD24~, CD44*EPCAM™ population in MDA-MB-231 cells;
i CD49F expression levels in MDA-MB-231 cells; j percentage of
CD44~CD24*, CD44"EPCAM* population in SKBR3 cells cultured
under anoikis conditions in the presence of BMP4, LDN or B +L was
analyzed by flow cytometry. In all the graphs shown, CON represents
untreated control. Values are mean+SE, n=3-5 independent sam-
ples, *p <0.05, **p <0.005, ***p <0.0005

(PRE-TR), and if the treatment with BMP4 or LDN was
repeated again during the colony formation, it is termed
as continuously treated cells (CONT). Compared with the
control condition (CON), LDN dramatically enhanced the
self-renewal ability of SKBR3 cells, and co-treatment with
BMP4 (B + L) did not diminish the colony-forming abil-
ity (Fig. 5¢). On the contrary, LDN abrogated the anoikis
resistance and self-renewal of MDA-MB-231 cells in both
pre-treated and continuous treated conditions, and BMP4
co-treatment with LDN (B + L) did not reverse the inhibitory
effect of LDN. Additionally, BMP4 treatment significantly
enhanced the self-renewal ability of anoikis-resistant MDA-
MB-231 cells (Fig. 5c). Although LDN treatment enhanced
the proliferation of MCF7 cells (Fig. 3c), surprisingly, it
diminished anoikis resistance, and the treated cells formed
fewer and smaller colonies than control (CON), or BMP4
treated conditions (Fig. 5c-e). LDN treatment induced the
formation of larger colonies in SKBr3, whereas, under simi-
lar conditions, MDA-MD-231 produced significantly smaller
colonies (Fig. 5e).

Increased survival and self-renewal ability of MDA-
MB-231 cells under anoikis conditions during BMP4
treatment was mediated by a significant increase in BCL2
(B-cell lymphoma 2) expression. However, neither BMP4
nor LDN changed the expression of beta-catenin or phospho
ERK1/2 in anoikis resistant MDA-MB-231 cells (Fig. 5f).
CD447CD24~, CD44TEPCAM™ and CD49% cancer stem
cell population was reduced in anoikis condition in LDN

treated MDA-MB-231 cells (Fig. 5 h, i). Conversely, BMP4
treatment enhanced the CD44~CD24" population in SKBR3
cells (Fig. 5j), indicating downregulation of self-renewal
ability in SKBR3 cells. Thus, taken together, inhibition of
BMP signaling with LDN significantly inhibits the self-
renewal and anoikis resistance of MDA-MB-231 cells but
has a context-dependent role in MCF7 and SKBr3 cells.

LDN diminishes chemoresistance and proliferation
on osteoblasts

We reported earlier that LDN treatment chemosensitizes
CML cells (Kumar et al. 2017), and here we determined
the role of BMP4 and LDN in the chemosensitization of
breast cancer cells. For this, breast cancer cells were treated
with doxorubicin (dox) in combination with either BMP4
or LDN. Dox treatment reduced the viability of cells, and
co-treatment with LDN further diminished the survival of
MDA-MB-231 cells (Fig. 6b). Co-treatment with dox and
LDN markedly inhibited the proliferation of MDA-MB-231
but not MCF7 or SkKBR3 spheroids (Fig. 6¢, d). The size of
MCF7 spheroids was enhanced upon co-treatment with LDN
and dox compared to only dox treated control (CON) condi-
tion (Fig. 6¢). We observed that MDA-MB-231 spheroids
were markedly less sensitive to dox than 2D cultured cells
(Fig. 6b, c). We further tested the self-renewal abilityc of
breast cancer cells cultured in anoikis condition in the pres-
ence of dox along with BMP4 or LDN; that is, for instance,
both dox and BMP4 were added together to the cells in
anoikis condition. Treatment with LDN in the presence
of dox in anoikis condition completely abolished the self-
renewal ability of MDA-MB-231 cells, with the treated cells
unable to proliferate and form colonies (Fig. 6e—g). How-
ever, BMP4 provided a survival advantage to the cells during
dox treatment, resulting in the cells forming more and larger
colonies compared to the control cells. Further, co-treatment
with BMP4 partially reversed the inhibitory effect of LDN
during dox treatment in anoikis condition (Fig. 6e—g).

The anoikis resistant metastatic cells eventually form
colonies at the secondary sites, and bone marrow is the most
frequent site of metastasis for breast cancer cells (Awolaran
et al. 2016; Hussein and Komarova 2011). Therefore, to
evaluate how BMP signaling alters the proliferation of breast
cancer cells in the bone marrow, MCF7 or MDA-MB-231
cells were treated with either BMP4 or LDN in anoikis cul-
ture conditions and the anoikis resistant cells were seeded on
the osteoblasts. Treatment of breast cancer cells with LDN
in anoikis condition significantly abrogated the proliferation
ability of breast cancer cells on osteoblasts (Fig. 6h, 1), sug-
gesting that the BMP pathway plays an essential role in the
metastatic growth of breast cancer cells.
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Discussion

In the current study, we demonstrate that BMP4 has a con-
text-dependent role in breast cancer progression. We utilized
breast cancer cell lines and patient samples to systematically
delineate the function of BMP4 and its inhibition on the pro-
gression of breast cancer. Through the exogenous addition
of BMP4, our study mainly focused on the paracrine effect
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of BMP4, which might be secreted from the tumor micro-
environment of the breast cancer cells. We found increased
expression of BMP4 and BMPRII in the aggressive breast
cancer cell line MDA-MB-231, which correlates with the
finding that elevated BMP4 and BMPRII expression lev-
els are present in the blood of advanced-stage breast cancer
patients (Gul et al. 2015). However, in contrast to other stud-
ies (Ampuja et al. 2013; Eckhardt et al. 2020), we found
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«Fig.6 LDN diminishes chemoresistance in MDA-MB-231 cells.
a The experimental design to test the effect of BMP4 and LDN
on chemoresistance in breast cancer cells. b MDA-MB-231 cells
were treated with dox (5 uM) in the presence of BMP4, LDN or
BMP4+LDN (B+L) and the number of live cells was counted in
each condition microscopically. UNTR represents untreated cells and
CON here represents the cells cultured only with dox. ¢ Spheroids
were allowed to form in the presence of dox (5 uM), and BMP4, LDN
or B+L by MCF7, SkBR3, and MDA-MB-231 cells and the sphe-
roid area was analyzed. The horizontal line in the graph represents
the spheroid area in untreated cells (without Dox, BMP4, or LDN).
d Representative images of spheroids of MCF7, SKkBR3, and MDA-
MB-231 cells as described in ¢. The white line in the images repre-
sents the scale bar (200 pm). e-g MDA-MB-231 cells were cultured
under anoikis conditions in the absence (UNTR) or presence of dox
and BMP4, LDN, or B+L. CON here represents the cells cultured
only with dox. e The self-renewal ability of the cells was analyzed
by colony assay, and the number of colonies formed is represented
as the percentage of colonies observed with respect to the untreated
cells (UNTR); f Graph showing the colony area and g shows the rep-
resentative colony images. The white line in the images represents the
scale bar (200 pm). h, i MCF7 or MDA-MB-231 cells were cultured
in anoikis conditions in the presence of BMP4, LDN, or B+L and
seeded onto osteoblasts, and their colony-forming ability was ana-
lyzed. During colony formation on the osteoblasts, the cells were
grown in normal media, and CON represents untreated control cells.
i Representative microscopic images showing the proliferation of
MCF7 or MDA-MB-231 cells on the osteoblasts. The black line in
the images represents the scale bar (200 pm). Values are mean+SE,
n=3-5 independent samples. *p <0.05, *** p <0.0005

that BMP4 enhanced the proliferation and self-renewal of
MDA-MB-231 cells. Nevertheless, the effect of BMP4 was
cell type specific (Kallioniemi 2012); it drastically reduced
the proliferation of MCF7, and SkBR3 by enhancing the
percentage of cells at the GO stage and CDKNIA expression.

We found that BMP4 predominantly signaled through the
canonical BMP pathway (Choi et al. 2019; Eckhardt et al.
2020) to modify the proliferation and invasion of breast
cancer cells. BMP4 enhanced the migration and invasion
of MDA-MB-231 breast cancer cells (Ampuja et al. 2013,
2016; Guo et al. 2012; Owens et al. 2014, 2015) accom-
panied by increased expression of EMT genes N-cadherin,
SNAII, SNAI2, and FOSLI, which were inhibited on LDN
treatment. On the contrary, Cao et al. reported that mouse
mammary tumor cells overexpressing BMP4 had lower
metastasis due to the inhibition of myeloid-derived suppres-
sor cell activity at the tumor site (Cao et al. 2014). A similar
reduction in lung metastasis was also observed in BMP4
overexpressing MDA-MB-231 cells (Eckhardt et al. 2020),
and metastasis was inhibited when BMP4 was induced by
N-myc downstream-regulated gene 2 (NDRG2) expression
(Shon et al. 2009). Given the fact that we observed enhanced
migration of MDA-MB-231 cells with BMP4 in wound heal-
ing migration assay, it might be possible that BMP4 might
have chemoattractant properties. It is possible that when
breast cancer cells were modified to overexpress BMP4, it
retains the cancer cells at the primary tumor site, inhibits

their migration, and reduces lung metastasis. Moreover,
several studies have analyzed lung but not bone metastasis,
and due to its bone morphogenetic properties (Bessa et al.
2009), increased BMP4 might enhance bone metastasis,
a primary metastatic site for breast cancer cells (Hussein
and Komarova 2011). We found that BMP4 pre-treatment
enhanced the self-renewal of MDA-MB-231 cells, and when
MCF7 or MDA-MB-231 cells were pre-treated with LDN,
it drastically inhibited their proliferation ability on the oste-
oblasts, indicating the role of BMP pathway in establish-
ing bone marrow metastasis. Further, anoikis resistance is
one of the hallmarks of metastatic cells (Kim et al. 2012),
which involves hyperactivation of survival pathways and
anti-apoptotic genes (Guadamillas et al. 2011). We found
that BMP4 significantly enhanced the survival of metastatic
MDA-MB-231 cells under anoikis conditions through BCL2
upregulation, further indicating the positive role of BMP
signaling in metastasis formation.

Furthermore, the functional effect of BMP4 extends
beyond the migration, invasion, EMT, and in several can-
cers, the BMP pathway also contributed to chemoresist-
ance (Bach et al. 2018a, b; Kumar et al. 2017). Alarmo
et al. reported that high BMP4 expression was associated
with a high risk of recurrence (Alarmo et al. 2013), sug-
gesting its association with self-renewal and chemore-
sistance. In our study, we found that BMP4 enhanced
the stem cell properties in MDA-MB-231 cells marked
by increased expression of CD44, ALDHIA3 and Notch
signaling genes NOTCH2, NOTCH3, and DNER (Choi
et al. 2019). Notch signaling enhances migration, metas-
tasis, and therapy resistance of breast cancer cells (Zhang
et al. 2019), and Notch inhibitors have anti-tumor proper-
ties (Locatelli et al. 2017). Further, BMP4 in the presence
of dox enhanced the colony-forming ability, while LDN
treatment completely abolished the colony formation in
MDA-MB-231 cells. Thus, the presence of BMP4 in the
tumor microenvironment might significantly enhance the
survival of the breast cancer cells and, subsequently, can-
cer recurrence (Alarmo et al. 2013). BMP4 indeed has
multiple roles in breast cancer (Bach et al. 2018b), and it
inhibits proliferation, self-renewal (Shee et al. 2019), and
anoikis resistance in breast cancer subtypes represented
by MCF7 or SkBR3 cells, and enhancing BMP4 levels
in non-expressing cancers might inhibit their metastatic
potential. Although studies have suggested that BMP4
might act as a metastatic suppressor (Eckhardt et al. 2020),
our data indicate that paracrine BMP4 might enhance the
metastatic ability of triple-negative breast cancer cells,
especially to the bone (Ampuja et al. 2016). Nevertheless,
exogenous BMP4 may have therapeutic benefits in reduc-
ing proliferation in luminal-like breast cancers (Shee et al.
2019). Our data also indicate that the response of breast
cancer cells to BMP4 might be mediated by the expression
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levels of the BMP receptors (Lowery and de Caestecker
2010) and the presence of BMP antagonists at the tumor
microenvironment.

Thus, BMP4 has a context-dependent effect on breast
cancer progression and metastasis. Inhibition of BMP
receptors with LDN has an inhibitory effect on anoikis
resistance and chemoresistance of triple-negative breast
cancer cells represented by MDA-MB-231 cells. Given
the limited therapeutic options available for triple-neg-
ative breast cancer, and the inhibitory effects of LDN on
cancer progression we have observed in our study, future
therapeutic options can explore the possibility of inter-
rupting BMP signaling to prevent breast cancer invasion
and metastasis.
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