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Chapter 4

Abstract

Transforming growth factor B (TGFB)-SMAD?3 signaling is a major driving force for cancer
metastasis, while bone morphogenetic protein (BMP)-SMAD1/5 signaling can counteract this
response. TGFB-SMAD3 signaling is a major driving force for cancer metastasis, while BMP-
SMADI1/5 signaling can counteract this response. We discovered that TGFp abolished BMP-
induced SMADI1/5 activation in the highly-invasive breast cancer MDA-MB-231 cells, but to a
less extent in the non-invasive and normal breast cells. This suggests an inverse correlation
between BMP signaling and invasiveness of tumor cells and TGFP signaling acts in a double
whammy fashion in driving cancer invasion and metastasis. Sustained ERK activation by TGFf
was specifically observed in MDA-MB-231 cells, and treatment with MEK inhibitor (MEKi1)
restored BMP signaling. FK506 potently activated BMP, but not TGFf signaling in breast cancer
cells. MEKi or FK506 alone inhibited MDA-MB-231 extravasation in zebrafish cancer model.
Importantly, when administrated at suboptimal concentrations MEKi and FK506 strongly
synergized in promoting BMP-SMADI/5 signaling and inhibiting cancer cell extravasation.
Furthermore, this combination treatment in a mice tumor model potently inhibited tumor self-
seeding, liver and bone metastasis, but not lung and brain metastasis. Combining of MEK1 and

FK506, or their analogues, may be explored for clinical development of breast cancer.

Keywords: BMP, Breast cancer metastasis, FK506, TGFf, U0126
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Synergistic Reactivation of BMP Signaling by MEK Inhibitor and FK506 Reduces Breast Cancer Metastasis

Introduction

Although substantial progress of early diagnosis and molecular target therapy has been achieved
in treating the primary niche of breast cancer patients, a dismal fact remains that over 90% of
breast cancer-related deaths are caused by metastatic recurrence at distal organs, commonly bone,
brain, lung, liver, and lymph nodes. For cells that contribute to effective metastases, they must
successively gain the abilities of escaping the primary site, intravasation into the vasculatures,
surviving in the circulation, then extravasation and colonization at the target organs [1]. It has
been well-established that transforming growth factor B (TGFp) signaling serves as a major
metastasis driver through promoting epithelial-mesenchymal transition (EMT), leading to
increased invasion and dissemination of cancer cells, and also through inducing genes that
facilitate metastatic colonization [2, 3].

Signaling of other TGFP family members, i.e. bone morphogenetic proteins (BMPs) can
have a negative effect on EMT and metastatic colonization, indicating a mutual antagonistic role
of TGFB and BMP signaling in cancer metastasis [4, 5]. Studies showed that the imbalance
between them, towards TGFf signaling [6, 7], as well as BMP antagonists [8, 9] confer the
ability of breast cancer cell metastasis. As such, it is worthwhile to interfere with this imbalance
artificially; restoring or enhancing BMP signaling activity could be beneficial for reducing
metastasis. For instance, activation of BMP4 blocks breast cancer metastasis and BMP4
correlates with good prognosis in patients [10]. Exogenous administration of BMP7 counteracted
TGFB-mediated EMT and inhibited the osteolytic bone metastases of breast cancer cells [11].
BMP-7 inhibited TGFB-induced expression of integrin avp3, which can enhance EMT and
expressed strongly in breast cancer cells that metastasize to bone [12].

Signaling by TGFp family is a paradigm of membrane-to-nucleus pathway. Upon ligand-
induced heteromeric complex formation of specific type I and II transmembrane serine/threonine
kinase receptors, receptor regulated (R-)SMAD2/3 and SMAD1/5/8, acting downstream of TGFf3
and BMP respectively, are phosphorylated by the activated type I receptor. Phosphorylated R-
SMADs (pSMADs) form complexes with SMAD4, which can translocate into the nucleus to
regulate genes transcription [13-15]. As SMADA4 is the only common partner, one antagonism
between TGFP (-like) and BMP signaling is pSMAD2/3 can compete with pSMADI1/5 for
binding SMAD4 [16, 17]. In addition, TGFp could induce a nonfunctional complex comprising
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of phosphorylated SMAD1/5 and SMAD3 resulting in inhibition of BMP response in highly-
invasive MDA-MB-231 cells [18].

What’s more versatile, TGFB-regulated responses can be mediated by several non-
canonical SMAD pathways, best illustrated in the activation of phosphatidyl inositol
(PI)3K/AKT and early response kinase (ERK) mitogen activated protein kinase (MAPK) [19,
20]. Numerous studies have revealed that the SMAD proteins are a critical platform for
integrating RTK/MAPK signals with the TGFp signaling [21]. How non-canonical TGFf
signaling affect TGFp and BMP crosstalk remains unclear, as well as subsequent effect on
cancer metastasis.

In this study, we found TGFp induced abolishment of the BMP signaling activity in MDA-
MB-231 cells. The BMP-SMADI1/5 activation could be restored by MAPK kinase (MEK)
inhibitors U0126 or PD98059. Moreover, FK506 was identified as a BMP/SMAD1/5 signaling
agonist that inhibited cancer cell extravasation. Notably, suboptimal concentrations of U0126
and FK506 exhibited synergistic effects on restoring BMP signaling both in vitro and in vivo.
Furthermore, U0126 and FK506 combination treatment in a strongly cooperative manner
reduced extravasation in zebrafish breast cancer model and liver, bone metastasis and tumor self-
seeding in mouse breast cancer model. Therefore, future therapies targeting BMP signaling

restoration in cancer cells may be worthwhile to be developed for cancer metastasis treatment.

Methods

Cell lines, culture conditions

The human breast cancer cell lines MDA-MB-231 and MCF7, human epidermal carcinoma cell
line A431, human head and neck tumor cell line HNS, Madin-Darby canine kidney cell line
MDCK, the H-Ras-transformed MDCK (21D1 cells) [22], mouse mammary epithelial cell line
NMuMG, and mouse fibroblast cell line NIH3T3 were originally obtained from ATCC
(American Type Culture Collection). Doxycycline inducible Ras transformed NIH3T3
fibroblasts [23] and mCherry stable expression MDA-MB-231 cell line had been described
before [9, 24]. These cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM,
11965092, ThermoFisher Scientific) supplemented with 10% Fetal Bovine Serum (FBS,
16000044, ThermoFisher Scientific), 100 U/ml Penicillin/Streptomycin (Pen/Strep, 15140148,
ThermoFisher Scientific). Human breast epithelial cell line MCF10A [25] was generously
provided by Dr. Fred Miller (Barbara Ann Karmanos Cancer Institute, Detroit, USA), and
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cultured in DMEM/F12 medium (11039047, ThermoFisher Scientific) supplemented with 5%
horse serum (26050088, ThermoFisher Scientific), 20 ng/ml epidermal growth factor (EGF, 01-
107, Merck Millipore), 10 mg/ml insulin (91077C, Sigma-Aldrich), 100 ng/ml cholera
enterotoxin (C8052, Sigma-Aldrich), and 0.5 mg/ml hydrocortisone (HO135, Sigma-Aldrich) and
100 U/ml Pen/Strep. All cell lines were maintained at 37 °C, 5% CO», humidified incubator. All
cell lines were monthly tested to verify absence of mycoplasma and human cell lines were

authenticated by single nucleotide polymorphism (SNP) analysis.

Cells treatment and small molecule compounds

We obtained recombinant human BMP6/7 (120-06/120-03, PeproTech and from Dr. S.
Vukicevics), TGFB3 (100-36E, PeproTech and A.P. Hinck, University of Pittsburg, USA) and
Doxycycline monohydrate (Dox, D1822, Sigma-Aldrich). In certain experiments, cells were
received combinational treatments at different priorities with 30 min pretreatment, The
compounds that were used in this study: BMP type I receptors inhibitor LDN193189 (SML0559,
Sigma-Aldrich) [26], TGFp type 1 receptor (also termed activin receptor-like kinase (ALKY)
inhibitor SB-431542 (S4317, Sigma-Aldrich), MEK inhibitor U0126 (U120, Sigma Aldrich) or
PD98059 (9900, Cell Signaling Technology), PI3K inhibitor LY294002 (L9908, Sigma-Aldrich).
All small molecule FDA-approved drugs and biologically active compounds were purchased
from Sigma-Aldrich, including FK506 (Tacrolimus, F4679). Cells were maintained in serum free

medium when receiving treatment, unless otherwise specified.

Adenovirus production

The BMP-SMADI1/5 signaling reporter Ad-Bre-Firefly (F)-luciferase (Luc), TGFB-SMAD3
signaling reporter Ad-CAGA-Gaussia (G)-Luc, and Wnt signaling reporter Ad-TCF-F-Luc and
Ad-CMV-G-Luc adenoviruses were produced and amplified as previously described [27, 28].
Ad-CMV-Flag-SMADG6 viruses were produced similarly for the purpose being infect cultured
cells for overexpression of SMADG [28].

siRNA-mediated knockdown

MDA-MB-231 cells were transiently transfected with control siRNA (ON-TARGETplus Non-
targeting control siRNAs, D-001810-01-05, Dharmacon) or SMADG6 siRNA (SMARTPool, L-
015362-00-0010, Dharmacon) using Lipofectamine RNAiMAX (13778030, ThermoFisher
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Scientific) according to the manufacturer's protocol. Successful knockdown of SMAD6 was

confirmed by western blotting.

Luciferase reporter assay

Ad-Bre-F-Luc/Ad-TCF-F-Luc (multiplicity of infection (MOI): 2000) and Ad-CMV-G-Luc/Ad-
CAGA-G-Luc (MOI: 1000) virus infected cells (3000 cells/well approximately) were cultured in
a 96-well plate as previously described [28]. Or cells in a 24-well plate, which were seeded 1 day
before (5x10* cells/well approximately), were co-transfected with 0.1pg TGFB-SMAD3-
inducible (CAGA)12 or BMP responsive element (Bre) F-Luc transcriptional reporter
transcriptional reporter construct and 0.08 pg p-galactosidase (fgal) expression construct using
lipofectamine 3000 (L3000001, ThermoFisher Scientific). After overnight infection or
transfection, cells were starved with low serum (0.2%) medium. 8 h later, cells were received
conceived treatments. After another overnight incubation, Luc and Bgal activities were measured.
The Luc activity was presented as relative Luc activity which was normalized based on the G-
Luc or PBgal activity, or the fold change as compared to the basal reporter level. Representative

results of at least three independent biological experiments are shown.

Western blotting

Cells were seeded into a 6-well plate and harvested when they reached 90-100% confluence. The
cells were lysed with RIPA buffer containing 1xcOmplete Protease Inhibitor Cocktail
(11836153001, Roche). Protein concentrations were determined using a bicinchoninic acid
protein assay Kit (5000111, Bio-Rad). Proteins were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto 45 pum Polyvinylidene
difluoride (PVDF) membrane (IPVH00010, Merck Millipore). Membranes were blocked using 5%
skim milk and probed with the respective primary and secondary antibodies. The signal was
visualized using Clarity Western ECL Substrate (1705060, Bio-Rad) or exposed to X-ray film
(7400, Kodak). The antibodies were raised against the following proteins: phospho-SMAD1/5
(pSMAD1/5, home-made, which recognizes pPSMAD1/5, and crossreacts with pSMAD3 ) [29],
phospho-SMAD2 (pSMAD2, home-made) [29], SMADS (sc-7443, Santa Cruz), SMAD?2 (5339,
Cell Signaling Technology), Flag M2 (F3165, Sigma-Aldrich), phospho-ERK1/2 (pERK1/2,
4370, Cell Signaling Technology), ERK1/2 (9102, Cell Signaling Technology), phospho-AKT
(pAKT, 9275, Cell Signaling Technology), AKT (9272, Cell Signaling Technology), B-Actin
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(A5441, Sigma-Aldrich), glyceraldehyde3-phosphate dehydrogenase (GAPDH, MAB374, Merck
Millipore).

Quantitative PCR
Total RNAs were isolated using the NucleoSpin RNA II kit (740955, BIOKE). 1 pg of RNA was
reverse transcribed using the RevertAid First Strand cDNA Synthesis Kit (K1621, ThermoFisher
Scientific). Quantitative real-time polymerase chain reaction (QRT-PCR) was conducted with
GoTaq qPCR Master Mix (A6001, Promega) by CFX Connect Detection System (1855201, Bio-
Rad). All target genes expression levels were normalized to GAPDH/Gapdh. For Droplet Digital
PCR (ddPCR), The samples were placed in the Droplet Reader QX200 (Droplet Digital PCR
System). The QuantaSoft software determines the absolute starting copy number in units of
copies/ul input sample and then reports the target DNA concentration in the form of copies per
ul in the sample.

The sequences of primers for detecting target genes are shown as following. Human /D/:

Forward, CTGCTCTACGACATGAACGG; Reverse, GAAGGTCCCTGATGTAGTCGAT.

Human ID3: Forward, CACCTCCAGAACGCAGGTGCTG; Reverse,
AGGGCGAAGTTGGGGCCCAT. Human SMAD6: Forward, ACAAGCCACTGGATCTGTCC;
Reverse, ACATGCTGGCGTCTGAGAA. Human GAPDH: Forward,

TGCACCACCAACTGCTTAGC; Reverse, GGCATGGACTGTGGTCATGAG. Mouse [dI:
Forward, ACCCTGAACGGCGAGATCA; Reverse, TCGTCGGCTGGAACACAT. Mouse /d3:
Forward, GCTGAGCTCACTCCGGAACT; Reverse, CGGGTCAGTGGCAAAAGC. Mouse
Gapdh: Forward, TGGCAAAGTGGAGATTGTTGCC; Reverse,
AAGATGGTGATGGGCTTCCCG.

Wound healing assay

MDA-MB-231 (5x10° cells/well) were cultured in a 6-well plate and pre-treated with the
indicated concentration of TGFB, BMP7 or FK506 for 24h. Scratches were created using a P200
pipette tip to scratch a straight line on the culture plate through the cell monolayer. The culture
medium was replaced with 1% serum fresh medium containing the same treatment as before to
remove detached cells. Phase-contrast images were acquired at 0 and 16h post-scratch using a

microscope equipped with a CCD camera, and ImagelJ was used to analyze the closed area.

Embryonic zebrafish xenograft

115




Chapter 4

All zebrafish experiments were carried out according to the international guidelines and was
approved by the local Institutional Committee for Animal Welfare (Dier Ethische Commissie
(DEC)) of the LUMC. The zebrafish xenograft model was established as described before [24,
30]. Briefly, approximately 400 mCherry-labeled MDA-MB-231 cells were injected into the duct
of Curvier (DoC) of transgenic zebrafish embryos (Fli:enhanced green fluorescent protein
(EGFP)), whose vasculature is marked in green, at 48h post-fertilization. After verification by
microscopy, only correctly injected and viable zebrafish were grouped, and received
corresponding treatments by directly administrating compounds into egg water. Xenografted
zebrafish embryos were maintained at 34°C after injection, a compromise for both the fish and
the human cell lines. 5 days post implantation (dpi), the MDA-MB-231 cells that extravasated
individually from circulation into the collagen fibers of the tail fin were imaged and counted
under a confocal microscope (SP5 STED, Leica Microsystems). All experiments were repeated

at least two times independently, and representative experiments are shown.

Whole mount immunostaining of embryonic zebrafish

Embryos at 3dpi were fixed in 4% paraformaldehyde overnight at 4°C. Embryos were
permeabilized with 10 pg/ml proteinase K (AM2546, ThermoFisher Scientific), washed, and
blocked with phosphate buffered saline (PBS) containing 0.1% triton, 2% goat serum before
incubation with pSMAD1/5 (9516, Cell Signaling Technology) overnight at 4°C in 1% goat
serum. Secondary antibody Alexa Fluor 350 goat anti-rabbit IgG (Z25300, ThermoFisher
Scientific) was used for detection. Embryos were imaged under a confocal microscope (SP5

STED, Leica Microsystems)

Mice experiments
Mice homozygous for the severe combined immune deficiency spontaneous mutation in DNA

dependent protein kinase active subunit PrkdcS¢'P

were purchased from animal resource center
(ARC, West Australia). All animal experiments were performed in accordance with National
Health Medical Research Council of Australia code of practice for the care and use of animals
for scientific purposes and approved by The University of Melbourne Animal Ethics Committee
(Ethics ID: 1613813).

For BMP signaling restoration model, mice were challenged with 3x10°® Ad-Bre-Luc

labelled MDA-MB-231-G-luc tumor cells (2 tumors/mouse contralaterally) orthotopically into
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mammary fat pads at day 0. At 5 dpi, mice were randomly and evenly divided, followed by daily
Bioluminescence imaging and treatment via intraperitoneal (i.p.) injection for 5 days.
Bioluminescence signal of mice was measured using an in vivo IVIS imaging system (200 Series,
Caliper Life Sciences) after being by administrating 150 mg/kg of D-Luciferin (50227, Sigma-
Aldrich) via i.p. injection. The signal intensity was analysed using total flux (photons/second) in
the regions of interest and normalized to background signal by Living Image software (V3.2,
Caliper Life Sciences).

For metastasis model, mice were challenged with 1x10° MDA-MB-231 (left side) and
3x10% MDA-MB-231-G-luc (right side) tumor cells in the contralateral fat pads at day 0. Mice
were randomly and evenly divided at 5 dpi, followed by daily treatment for 3 weeks. Mice were
monitored for body weight and tumor size 2-3 times per week. At the endpoint, immediately
after sacrifice of the mice, 1ml whole blood each mouse was collected by cardiac puncture and
preserved into tube containing heparin. 5Sul of the blood samples were lysed and assessed for G-
Luc activity, which can represent the degree of circulating tumor cells (CTCs). Blood from mice
without MDA-G-LUC tumor implantation was used as a negative control. Unlabeled MDA-MB-
231, lung, liver, leg, and brain were harvested for detection of self-seeding and metastasis.
Muscle and G-luc labelled tumors were used as negative and positive control, respectively. Three

pieces from different sites of all tumors and organs were cut.

Statistics
Data are presented in bar and line graphs as the mean + standard deviation (s.d) or mean +
standard error (s.e.m) as indicated in the figure legends. All statistical analyses were performed

Student’s ¢ test. P < 0.05 indicates statistical significance.

Results

TGFp abolishes BMP-induced SMAD1/5 activation in highly-invasive breast cancer cells
To determine TGFp’s effect on SMADI1/5 signaling, MDA-MB-231 cells were infected with
adenoviral transcriptional reporter Ad-BRE-F-Luc, where the BMP/SMADI/5 response element
drives firefly luciferase expression, and stimulated with TGFf at different time points. As shown
in Figure 1A, SMADI1/5-driven transcription activity was induced by TGF initially (up to 6h)
Western blotting further confirmed TGF’s stimulatory and inhibitory effects on SMADI1/5
phosphorylation (Figure 1B). The pSMADI1/5 level was increased in the first 0.5h, then was
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reduced to levels lower than the baseline (Oh) after 2h. unlike pSMADI1/5, pSMAD3
(downstream of TGFP type I receptor activation) continued (above baseline) though there was
reduction after peaking, indicating a different dynamic response for SMAD3 and SMADI1/5
signaling upon TGFf stimulation. TGFp had little effect on Wnt pathway according to Ad-TCF-
F-Luc transcriptional reporter assay (Figure S1A), confirming the specificity of TGFp on
inhibition of SMADI1/5 signaling. In fact, TGFp also suppressed BMP-induced SMADI1/5
phosphorylation in MDA-MB-231 cells. In contrast, this inhibitory effect is much less (Figure
1C) in MCF7 cells, indicating a TGFp’s suppression of BMP-SMAD1/5 signaling is cell context
dependent.

To further investigate whether this suppressive effect by TGFB occurs in cells with
different invasiveness, we infected highly-invasive breast basal cancer MDA-MB-231 cell line,
non-invasive luminal MCF7 cell line or normal mammary epithelial MCF10A cell line with Ad-
Bre-F-Luc and Ad-CAGA-G-Luc for 24h, so that SMADI1/5 and SMAD3 signaling could be
quantitated in the same cells at the same time respectively. As shown in Figure 1D, TGFf
suppressed SMADI1/5 signaling significantly and more importantly inhibited BMP-induced
SMAD1/5 signaling to the level lower than the basal level (without treatment) in MDA-MB-231
cells. Whereas, in MCF7 cells, the inhibition intensity is not as strong as seen in MDA-MB-231
cells. Notably, TGFP failed to suppress BMP-induced SMAD1/5 signaling to a level lower than
the basal activity in MCF10A cells. Moreover, BMP7 significantly impaired TGFf signaling
activity in these two cell lines, which was not observed in MDA-MB-231 cells. Furthermore,
TGFB-mediated inhibition of SMADI1/5 signaling could be abolished by TGFp type I receptor
inhibitor SB-431542 in a dose-dependent manner (Figure 1E). Taken together, the effectiveness
of TGF suppressing BMP signaling goes in parallel with the tumor cells’ invasiveness.

SMADG6 acts as important negative feedback modulator of the BMP/SMAD signaling
pathway [31]. To examine the possibility that TGFP blocks BMP signaling by inducing SMAD6
expression. We first showed that SMAD6 mRNA expression increased with TGFf treatment in
MDA-MB-231 cells (Figure S1B). However, only a slightly restoration of TGFp-inhibited
SMADI/5 signaling could be observed when knockdown SMADG6 by siRNA(Figure S1C, D).
Therefore, we reasoned that SMAD6 may weakly contribute to TGFB’s anti-SMAD1/5 signaling

effect but not the main cause.
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Figure 1. TGFp impaired BMP signaling activation. A, Kinetic response of BMP signaling reporter
(Ad-Bre-F (firefly)-Luc) to TGFp stimulation (5 ng/ml) in MDA-MB-231 cells. The value is normalized
to G (Gaussia)-Luc activity. n = 3. B, Kinetic response of SMADI1/5, SMAD3 phosphorylation
(pPSMADI1/5, pSMAD3, the home-made used here pPSMAD1/5 antibody can well cross act with pPSMAD?3)
to TGFP stimulation (5 ng/ml) in MDA-MB-231 cells. B-Actin is used as a loading control. C, TGFf
suppressed BMP-induced SMAD1/5 phosphorylation (pSMAD1/5) in MDA-MB-231 cells, not in MCF7
cells. B-Actin is used as a loading control. D, BMP/TGFB-SMAD signaling reporter (Ad-Bre-F-Luc/Ad-
CAGA-G-Luc) assay in response to BMP/TGFf alone or combination stimulation in MDA-MB-231, or
MCF7, or MCF10A cells. The results are expressed as the mean + s.d, n = 3. Student’s ¢ test, NS, not
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significant, *P < 0.05, ***P < 0.001. E, Impaired response of BMP/SMAD signaling reporter (Ad-Bre-F-
Luc) to BMP stimulation by TGFp is restored by TGFP type I receptor inhibitor SB431543 in MDA-MB-
231 cells. The value is normalized to G-Luc activity. The results are expressed as the mean + s.d, n = 3.

Student’s ¢ test, **P < 0.01, ***P <(.001.

MEK inhibitors specifically restore BMP signaling activity

To further explore other possible mechanism of TGFP suppression of SMAD1/5 signaling, we
resorted to non-canonical TGF signaling [19, 20]. Surprisingly, TGFB-induced prolonged
ERK1/2 phosphorylation in MDA-MB-231 cells as shown in Figure 2A. TGFp also induced
transient AKT phosphorylation suggesting temporary activation of PI3K signaling. Next, two
selective small molecule MEK inhibitors (U0126 and PD98059) and PI3K inhibitor (LY294002)
were utilized to investigate whether these pathways are involved in TGF-induced inhibition of
SMADI/5 signaling in MDA-MB-231 cells. As shown in Figure 2B, U0126 or PD98059
treatment significantly enhanced BMP/SMAD1/5-dependent transcription activity, and overcame
TGFP mediated inhibitory effect on SMADI1/5 signaling. However, LY294002 treatment had
little effect on SMAD1/5 signaling (Figure 2C). Perturbation of TGFp’s activation of AKT and
ERK1/2 had no effect on TGFB-SMAD3-dependent transcriptional reporter activity (Figure 2B,
O).

For further conformation, we manipulated MAPK/ERK pathway activation independent of
TGFp. In A431 and HNS cells lines, where the EGF receptor (EGFR) is highly expressed [32],
EGF stimulation significantly suppressed BMP-induced SMADI1/5 activation. Importantly,
UO0126 treatment ameliorated such suppression (Figure 2D). Additionally, BMP-induced
SMAD1/5 activation in Ras-transformed 21D1 cells was significantly lower than in its parental
MDCK cells. TGFB-induced inhibition of SMADI1/5 activity in 21D1 cells could be fully
restored by U0126 (Figure 2E). Furthermore, using a doxycycline-inducible-Ras expression
NIH3T3 fibroblasts (Figure 2F), similar results were obtained, except U0126 further amplified
BMP-SMADI1/5 signaling in inducible NIH3T3 fibroblasts without doxycycline treatment,
possibly due to leaky Ras expression in this system [23]. Collectively, these data established that
MAPK/ERK activation abolishes BMP-SMAD1/5 activation, which could be reversed by small
molecule MEK inhibitors.
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Figure 2. Prolonged ERK1/2 activation induced by TGFp mediated inhibition of BMP signaling. A,
TGFP induced sustained ERK1/2 activation in MDA-MB-231 cells. The level of ERK1/2, SMAD1/5,
SMAD?2 phosphorylation (pERK1/2, pSMAD1/5, pSMAD2), ERK1/2, SMAD1/5, were determined by
western blotting. B-Actin is used as a loading control. B, TGFp-inhibited SMAD1/5 signaling (Ad-Bre-F
(firefly)-Luc assay) could be restored by administration of MEK inhibitors, U0126 or PD98059, in MDA-
MB-231 cells. SMAD3 signaling (Ad-Bre-G (Gaussia)-Luc assay) is not affected. C, PI3K inhibitor
LY294002 could not interfere the inhibition of TGFB on SMAD1/5 signaling (Ad-Bre-F-Luc assay) in
MDA-MB-231 cells. SMAD3 signaling (Ad-Bre-G-Luc assay) is not affected. The results are expressed
as the mean + s.d, n = 3. Student’s # test, NS, not significant, *P < 0.05, ***P < 0.001. D, U0126 restores
EGF-inhibited SMAD1/5 signaling (Ad-Bre-F-Luc assay) in EGFR redundant cell lines, A431 and HNS.
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The results are expressed as the mean + s.d, n = 3. Student’s ¢ test, **P < 0.01, ***P < 0.001. E, U0126
restores SMADI/5 signaling (Ad-Bre-F-Luc assay) inhibited by sustain activation of MAPK/ERK in

21D1 cells, which is derived from H-Ras transformed MDCK cells. The results are expressed as the mean

+ s.d, n = 3. Student’s ¢ test, NS, not significant, **P < 0.01, ***P < 0.001. F, U0126 restores SMAD1/5

signaling (Ad-Bre-F-Luc assay) inhibited by induced activation of MAPK/ERK in doxycycline-inducible-

Ras transformed NIH3T3 cells. The results are expressed as the mean =+ s.d, n = 3. Student’s ¢ test, *P <

0.05, **P <0.01, ***P < 0.001.

FKS506 is a selective BMP-SMAD1/5 agonist in breast cancer cells

We screened for small molecule compounds that can work as a BMP-SMADI/5 signaling

agonist by testing a panel of FDA approved drugs and biologically active compounds for ability
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Figure 3. FK506 activates BMP signaling, but not TGFp signaling. A, FK506 enhances BMP
signaling by Bre-F (firefly)-Luc reporter assay in NMuMG or MDA-MB-231 cells. The value is
normalized to Pgal activity. The results are expressed as the mean + s.d, n = 3. Student’s ¢ test, **P < 0.01,
***p < 0.001. B, FK506 promotes BMP-mediated SMAD1/5 phosphorylation (pSMAD1/5) by western
blotting in NMuMG, or 4T1, or MDA-MB-231 cells. GAPDH is used as a loading control. C, FK506
promotes expression of BMP signaling target genes, /d1/3 in NMuMG, or 4T1 cells, /D1/3 in MDA-MB-
231 cells. Gapdh or GAPDH is used as an internal control. The results are expressed as the mean + s.d, n

= 3. Student’s ¢ test, *P < 0.05, **P <0.01, ***P <0.001.

to activate Bre-Luc transcriptional reporter activity in breast NMuMG cells (Figure S3A). The
result showed that FK506 (Tacrolimus) is the most potent activator among tested compounds.
Indeed, previous study had shown that FK506 can activate BMP signaling in endothelial cells by
interfering with binding of negative regulator FKBP12 to BMP type I receptors [33]. We found
that FK506 strongly promoted BMP signaling, as shown by increased Bre-Luc reporter activity
(Figure 3A), SMADI1/5 phosphorylation (Figure 3B), and BMP/SMADI/5 target genes (ID1/3)
expression (Figure 3C) in several tested breast cell lines, NMuMG, 4T1, MDA-MB-231. FK506-
mediated promotion of SMADI1/5 phosphorylation could be blocked by addition of a selective
BMP type I receptor kinase inhibitor LDN193189 to cells (Figure S3B). We observed that the
TGFB-SMAD3 pathway was not affected by FK506 treatment (Figure S3C, D, E). This was
contrary what we expected as FKBP12 has been previously reported to bind to all TGFP family
type I receptors [34]. Instead, we found that FK506 treatment slightly but significantly inhibited
TGFB-SMAD3 signaling in NMuMG cells (Figure S3C, D, E). What’s more, FK506 treatment
had little effect on TGFp-induced phosphorylation of ERK1/2 in MDA-MB-231 cells (Figure
S3F).

The combination of suboptimal dosages of U0126 and FK506 treatment exhibits synergistic
effect on BMP signaling restoration in vitro

Given that U0126, PD98059 and FK506 were able to restore BMP signaling at 10uM, 20uM and
100ng/ml, respectively, this may raise a potential risk of side effects on clinical usage. Therefore,
we questioned if lower concentration of U0126, or PD98059 or FK506 could synergistically
amplify BMP signaling. Cells were incubated with various doses of these drugs in the presence
of BMP. As a result, the fold of induction increased with U0126, PD98059 and FK506 treatment
in a dose-dependent manner. Even 1uM U0126, 4ng/ml FK506 and 2uM PD98059 was able to
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enhance SMAD1/5 signaling significantly (Figure 4A). Herein, we tried to combine U0126 and
FK506 at their suboptimal concentrations to minimize the potential toxicity. As expected,
combination of 1uM U0126 and 20ng/ml FK506 amplified BMP-induced SMAD1/5 signaling
synergistically. Meanwhile, the combination treatment exhibited synergistic effect on restoration
of SMAD1/5 signaling in the presence of TGFp, to extent of higher than BMP single treatment.
Again, TGFB-SMAD3 signaling was not influenced by U0126 or/and FK506 stimulation (Figure
4B) in the very same cells where BMP/SMAD1/5 signaling were enhanced.

A == -BMP7 mm +BMP7 (100 ng/ml)

B Bre-F-Luc/MDA-MB-231
Bre-F-Luc/MDA-MB-231 800 - . .
< 500
g ** & —
g 400 2 6001 —3
_E 300 way FEX .é
‘5 200 = 4004 .
o o ik -
g 100 2 o0l ey
0 s
Ot Nl Gh g ol
FK506 (ng/ml) Uo126 (1pMy- + - - - + + + - - - + + - + +
FK506 (20 ng/ml) - - + - - + - - + + - + + + - +
100 Bre-F-Luc/MDA-MB-231 TGFR(Ingml)- - - + - - + - + - + + - + + +
5 BMP7 (100 ng/ml) - - - - + - - + - + + o+ o+ o+
= 80 Kk
Q
60 N
= 40 1500 CAGA-G-Luc/MDA-MB-231
o
g% é NS
oo 5 1000 i
Q N 3] > CD L3 rl/ ’\ Q £ —
U0126 (uM) = 5004
[T
Bre-F-Luc/MDA-MB-231
100 0
S 80 i UO126 (1 uM) - + - - - + + + - - - + + - + +
§60 * FK506 (20 ng/ml) - - + - - + - - + + + o+ o+ -+
2 TGFR(1ng/ml)- - - + - - + - + - + + - + + +
5 40 BMP7 (100 ng/ml) - - - - + = - + - + + - + + + +
o 20
o
- 0
A ® B oA A D
PD98059 (uM)

Figure 4. The combination treatment of suboptimal concentration of U0126 and FK506 exhibits
synergistic effect on amplification of BMP signaling. A, FK506, or U0126, or PD98059 could restore
SMAD1/5 signaling (Ad-Bre-F (firefly)-Luc assay) at low dose in MDA-MB-231 cells. The results are
expressed as the mean + s.d, n = 3. Student’s ¢ test, *P <0.05, **P < 0.01, ***P < 0.001. B, U0126 and
FK506 combination at suboptimal dose shows synergistic effect on amplification of BMP signaling (Ad-
Bre-F-Luc assay) in MDA-MB-231 cells. SMAD3signaling (Ad-CAGA-G (Gaussia)-Luc assay) is not
affected. The results are expressed as the mean + s.d, n = 3. Student’s 7 test, NS, not significant, *P < (.05,

**P<0.01, ***P<0.001.
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Combination treatment of suboptimal FK506 and U0126 suppresses MDA-MB-231 cells

metastasis in zebrafish xenograft model
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<0.05, **P < 0.01. The panel shows the representative images. Green, Fli:EGFP labelled endothelium of
zebrafish; red, mCherry-labeled MDA-MB-231 cells. C, Combination treatment of suboptimal FK506
and U0126 on MDA-MB-231 cells extravasation in xenografted zebrafish. The graph, panel description

and statistical analysis are the same as described in B.

We wondered if enhanced BMP signaling functionally affects cancer cell migration in vitro. As
shown in Figure S3A, FK506 treatment of MDA-MB-231 cells failed to suppress cell migration
in wound healing assay. Using zebrafish xenograft model, mCherry labelled MDA-MB-231 cells
were injected into zebrafish blood stream. Then zebrafish were subjected to FK506 treatment.
Clearly activation of BMP signaling in MDA-MB-231 cells in xenografted zebrafish and in host
zebrafish cells could be observed by whole mount immunostaining of pSMAD1/5 at 3dpi upon
treatment with FK506 (Figure 5A). At 5dpi, the result showed FK506 decreased number of
extravasated cells in the tail fin of zebrafish in a dose dependent manner (Figure S3B). Moreover,
BMP type I receptor inhibitor LDN193189 reversed FK506-mediated inhibition of MDA-MB-
231 cells metastasis (Figure 5B). These results suggest that activation of SMADI1/5 signaling in
MDA-MB-231 and/or zebrafish host cells inhibits extravasation of these cells.

In view of U0126 and FK506 synergistically enhanced BMP signaling in vitro, xenografted
zebrafish were challenged with combinational treatment to investigate if synergistic inhibition of
breast cancer metastasis could be achieved. The result showed that U0126 and FK506
combination at suboptimal dose treatment led to dramatic inhibition of MDA-MB-231 cells
metastasis. The number of extravasated cells was reduced by single U0126 treatment. This is
probably due to the involvement of MAPK/ERK pathway in regulating cell migration [35].When
looking at the detail, 1 ng/ml FK506 treatment did not inhibit cancer cell metastasis significantly,
whereas combining such low dose of FK506 (1 ng/ml) with U0126 displayed significant
inhibition effect on MDA-MB-231 cell extravasation (Figure 5C).

FKS506 and U0126 treatments suppress tumor self-seeding, liver and bone metastasis in
mice model

Then, we sought to study synergistic effect of U0126 and FK506 alone or in combination on
metastasis of MDA-MB-231 cells in mice model. G-Luc labelled MDA-MB-231 cells were
infected with Ad-Bre-F-Luc reporter and then implanted orthotopically in the mammary fat pads
of mice to monitor BMP signaling activation by IVIS imaging (Figure 6A). Mice were imaged

and treated daily at 5dpi. The treatment dosages in mice were equivalent to the suboptimal
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Figure 6. Combination treatment of FK506 and U0126 suppresses tumor self-seeding, liver and
bone metastasis in mice. A, A diagram of BMP signaling detection experiment. MDA-MB-231-G
(Gaussia)-Luc cells were infected with Ad-Bre-F-Luc two days before tumor implantation. 3x10° cells
were orthotopically injected into the mammary fat pads of immunocompromised SCID mice (2
tumors/mouse contralaterally, 3 mice/group). Daily treatments started at day 5. 24h later, the reporter
activity in the tumors was measured by IVIS Lumina imaging system following intraperitoneal (i.p.)
injection with 150mg/kg D-Luciferin. B, Representative figures (left) and corresponding quantification of
the signal in the mammary fat pad area (right) at 5 days post implantation (dpi, before treatment), 6dpi,
7dpi. The results are expressed as the mean + s.e.m., Student’s t test, *P < 0.05, C, A diagram of breast
cancer metastasis experiment. MDA-MB-231 and MDA-MB-231-G-Luc cells were orthotopically
injected into mammary fat pads of SCID mice (2 tumors/mouse contralaterally, 6 mice/group) as shown.
Daily treatment started at 5 dpi through i.p. injection. 3 weeks later, mice were sacrificed for tumor/organ
collection. D, E, Unlabeled tumor (MDA-MB-231), liver and bone were lysed to determining G-Luc
activity. The results are expressed as the mean + s.e.m, Student’s ¢ test, *P < 0.05, **P < 0.01. F,
Working model. In normal cells, TGFB-SMAD?2/3 signaling could not interfere BMP-SMAD1/5 signaling
evidently. In invasive/aggressive cells, TGFf inhibits SMAD1/5 signaling via activation of MAPK/ERK
pathway. Enhancing BMP-SMADI/5 signaling by U0126 and FK506 combination treatment reduces

cancer cell metastasis.

dosages in vitro. 24, 48h after (6, 7dpi), bioluminescent signals in U0126 and FK506
combination treated mice were higher than that in control, while single treatment of U0126 or
FK506 had little effect on BMP-SMADI1/5 signaling. This result indicates efficient BMP
signaling activation by the combination of suboptimal dosages of these two drugs in vivo (Figure
6B).

Next, mice were challenged with MDA-MB-231 and MDA-MB-231-G-Luc tumor cells in
contralateral mammary fat pads respectively. Five days later, mice were treated as indicated and
monitored for another three weeks (Figure 6C). U0126 or/and FK506 treatment had little effect
on primary tumor growth (Figure S4A). Circulating tumor cells (CTCs) were analyzed by
measuring the G-Luc activity of lysed blood sample. Interestingly, as shown in Figure S4B,
CTCs number in different treatment groups were almost the same. We reasoned that the
shedding of tumor cells into the circulation was mainly TGFf-regulated, which was not
influenced by U0126/FK506 stimulation as indicated in vitro. Previously, CTCs were reported to

re-infiltrate an established tumor, in a process termed “tumor self-seeding” [36]. MDA-MB-231
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tumors were collected and lysed for detecting tumor self-seeding. The result indicated that
U0126, U0126/FK506 combination and higher dose of FK506 treatments significantly reduced
MDA-MB-231-G-Luc tumor cells self-seeding. This indicates BMP signaling efficiently
suppressed tumor cells colonizing their tumors of origin. Lower dose of FK506 decreased tumor
cell self-seeding as well but it was not statistically significant (Figure 6D). In addition, G-Luc
activity in mice liver, lung, bone and brain were measured for evaluating intensity of cancer cell
metastasis. Both liver and bone metastasis were reduced by low or high dose of FK506 compared
to control group. Combination treatment of FK506 and U0126 at low dose further inhibited
metastasis compared to low dose of FK506 treatment, even there is no significant difference.
U0126 alone did not decrease liver and bone metastasis significantly (Figure 6E). The
aforementioned treatments did not lead to significant reduction in lung and brain metastasis
(Figure S4C), suggesting that restored BMP signaling plays a differential role in organ specific
metastasis. Taken together, enhancement of BMP signaling activity in vivo by FK506 and U0126
treatment efficiently suppressed tumor self-seeding and distant organ metastasis especially to

liver and bone (Figure 6F).

Discussion

In the present study we found that BMP-SMADI/5 signaling could be abolished by TGFf in
highly metastatic MDA-MB-231 cells, but to a lesser extent in non-invasive MCF7 cells and
even weaker inhibitory effect in normal mammary epithelial MCF10A cell. Importantly,
chemical activation of BMP-SMADI1/5 signaling inhibited extravasation and metastasis of breast
cancer cells. Thus, the TGFf stimulatory effect on the invasion and metastasis of breast cancer
cells is not only induced by directly activating SMAD2/3 as reported [2, 3], progressive loss or
suppression of BMP-SMADI1/5 signaling by TGF could be an important factor for metastatic
cancer development (Figure 6F).

The underlying mechanism by TGF inhibits SMADI1/5 activation relates to the its
sustained activation of MAPK/ERK in aggressive MDA-MB-231 cells. Challenging of MDA-
MB-231 cells with MEK inhibitors, resulted in a reactivation of SMAD1/5 signaling. Consistent
with these finding we found that EGF-induced overactivation of MEK in A431 and HNS cells
that express high EGF receptor or activation of MEK by inducible overexpression of active Ras
in NIH3T3 fibroblasts elicited a strong inhibition of BMP-SMADI1/5 signaling. Previously,
multiple studies have reported BMP signaling and TGFf signaling can antagonize mutually in
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physiological process, like tissue morphogenesis and organogenesis, and also in pathological
setting, mainly fibrotic and cancerous diseases [5, 37]. This antagonism was reported to occur at
the level of common mediator SMAD4 by competing with limiting amounts for this common
mediator [17], MAPK/ERK inducing SMADI1/5 phosphorylation in linker region leading a
SMADI1/5 cytoplasmic retention [38], by formation of SMAD1/5-SMAD2/3 mixed complexes
[39], or by antagonism by a TGFB-induced target genes [40]. All these mechanisms occur
downstream of pPSMAD1/5, whereas we found that MEK pathway activation inhibits upstream of
pSMADI1/5. TGFB-induction of inhibitory SMADG that could inhibit BMP-SMAD1/5 response,
was found to play, if any, a minor role. Another possibility could be that MEK activation induces
an activation of a phosphatase that triggers pSMAD1/5 dephosphorylation. Genetic screening
efforts suggest a role for PPM1A phosphatase, which is under current investigation.

In parallel, we identified FK506 as an agonist of BMP-SMADI1/5 signaling in breast
cancer cells. This finding is consistent with previous reports in which FK506 is shown to
displace the negative regulator FKBP12 from BMP type I receptors [33]. It is not clear to us why
FK506 did not activate TGFB-SMAD2/3 signaling in breast cancer cells as FKBP12 has been
reported to interact with all TGFP family type I receptors [34]. A possibility is that FK506 has
other interaction partners that negatively regulate pSMADI1/5. Multiple FK506 interaction
partners have peptidyl-prolyl cis/trans isomerase activity, of which activity is inhibited by FK506
[41]. Peptidyl-prolyl cis/trans isomerase Pinl was found to stabilize SMAD1 and promote BMP-
SMADI/5 signaling [42]. The slight inhibitory effect of FK506 that we observe may have been
caused by the increased BMP-SMAD1/5 signaling antagonizing TGFB-SMAD3 signaling.

Consistent with notion that BMP-SMADI1/5 signaling has a tumor suppressive effect we
found that a single dose of MEK inhibitor U0126 or FK506 alone inhibited breast cancer cell
extravasation and metastasis. The FK506-induced inhibition of breast cancer cell extravasation
was blocked by treatment with BMP type I receptor kinase inhibitor. This is consistent with the
action of FK506 promoting BMP type I receptor kinase activity [33]. Of note, a low-dose FK506
was previously shown to activate BMP signaling and inhibit bladder cancer progression [43].

Importantly, we demonstrated a synergistic effect arose in restoring BMP signaling in
vitro/vivo by combining U0126 and FK506 at suboptimal concentrations. Combination treatment
by both small molecules synergistically suppressed breast cancer cells extravasation in zebrafish

xenograft model and self-seeding and adaptation to distant organs to liver and bone in mice
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(Figure 6F). This could be beneficial to patients who may suffer from high dose drug side effects.
FK506 is being used as an immunosuppressant to prevent the rejection of organ transplants.
Applying FK506 on cancer patient could weaken the host anti-tumor immunity. Even a good
treatment response to anti-PD1 immunotherapy was reported in an advanced urothelial
carcinoma patient with kidney transplant who received simultaneously FK506 treatment [44].
Recently, a FK506 analog FKVP without immunosuppressive activity was developed to enhance
BMP-SMADI/5 signaling [23]. We found that FKVP potently activated BMP/SMAD1/5
signaling in mammary epithelial NMuMG cells (Figure S5). Thus, FKVP could be explored as a
potential FK506 substitute in treatment of cancer metastasis. For MEK inhibitor, several
inhibitors have been approved by FDA, and could be tested as an alternative for U0126.

While U0126 and FK506 co-treatment achieved a strong inhibition of metastasis to liver
and bone, no effect was observed for lung and brain metastasis. This suggests that the chemical
reactivation of BMP signaling has a differential organ effect on breast cancer homing/reseeding.
Different organs likely have different TGFB and BMP bioavailability and thereby influence
breast cancer metastasis behavior, and ability of FK506 and U0126 combination to inhibit
metastasis. It is a possibility that U0126 and/or FK506 do not reach each organ equally efficient.
For example, both compounds may not pass the blood brain barrier efficiently and therefore no
effect on brain metastasis by combination treatment was observed.

In conclusion, even though more detailed future studies are required, especially in a
clinical setting, before clinical application of our observations can be initiated. Our study
provides the feasibility that synergistic activation of BMP signaling by two small molecules at

suboptimal dose can achieve a robust decrease in breast cancer metastasis.
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Supplementary Figure 1, related to Figure 1. A, Wnt signaling transcriptional reporter (Ad-TCF-F
(firefly)-Luc) assay in response to TGFp or Wnt3a alone, or combination stimulation in MDA-MB-231
cells. The results are expressed as the mean + s.d, n = 3. Student’s t test, NS, not significant. B, Droplet
digital PCR to determine the kinetic expression level of SMADG6 to TGFp stimulation (5 ng/ml) in MDA-
MB-231 cells. The results are expressed as the mean + s.d, n = 3. C, siRNA-mediated knockdown of
SMADG6 was measured by western blotting. SMADG6 overexpressed MDA-MB-231 cells were seeded into
6-well plate and transfected with indicated amount of SMAD6 siRNA. B-Actin was used as an internal
control. D, TGFB-inhibited SMADI1/5 signaling (Ad-Bre-F-Luc) could be slightly restored by SMAD6
knockdown in MDA-MB-231 cells. The value is normalized to G-Luc activity. The results are expressed

as the mean + s.d, n = 3. Student’s t test, **P < 0.01.
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Supplementary Figure 2, related to Figure 3. A, BMP agonist screening in a panel of FDA-approved
drugs and bioactive compounds by using Bre-F(firefly)-Luc transcriptional reporter assay. The value is
normalized to Pgal activity. The results are expressed as the mean + s.d, n = 3. Student’s ¢ test, ***P <
0.001. B, BMP type I receptors inhibitor LDN193189 blocks enhancement of FK506 on SMADI1/5
phosphorylation (pPSMAD1/5). GAPDH is used as a loading control. Cells were maintained in 10% serum
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medium when receiving treatment. C, CAGA-F-Luc reporter assay in NMuMG or MDA-MB-231 cells.
The results are expressed as the mean + s.d, n = 3. Student’s t test, NS, not significant, *P < 0.05. D,
Western blotting to detect SMAD2 phosphorylation (pSMAD?2) in NMuMG, or 4T1, or MDA-MB-231
cells after FK506 or/and TGFp treatment. GAPDH is used as a loading control. E, Expression of TGFf
signaling target genes, Pail in NMuMG, or 4T1 cells, PAI/l in MDA-MB-231 cells after FK506 or/and
TGFp treatment. Gapdh or GAPDH is used as an internal control. The results are expressed as the mean +
s.d, n = 3. Student’s t test, NS, not significant. *P < 0.05. F, FK506 fails to inhibit TGFp-mediated
activation of MAPK/ERK signaling. ERK1/2 phosphorylation (pERK1/2) was determined by western

blotting. B-Actin is used as a loading control.
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Supplementary Figure 4, related to Figure 6. A, FK506 and U0126 combination treatment has limited

effect on primary tumor growth. Graph shows tumor volume of unlabeled MDA-MB-231 and MDA-MB-

231-G (Gaussia)-Luc at the indicated days after treatment (dpi). The panel is representative figures of

tumors in different groups at day 25 when the mice were sacrificed. B, G-Luc value in 5ul of the blood

samples of sacrificed mice. Blood from mice without MDA-MB-231-G-Luc tumor implantation was used

as a negative control (NC). C, Lungs and brains from sacrificed mice were collected and lysed for

metastasis analysis

by G-Luc activity assay.
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Supplementary Figure 5. FK506 analog FKVP shows significant potential in enhancing BMP signaling
by Bre-F(firefly)-Luc reporter assay in NMuMG cells, while TGFp signaling is not affected by CAGA-F
(firefly)-Luc assay. The results are expressed as the mean + s.d, n = 3. Student’s t test, NS, not significant,

**EP <0.001.

140



