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Abstract

Here we describe three new small-molecule activators of BMP signaling found by high throughput
screening of a library of ~600,000 small molecules. Using a cell-based luciferase assay in the
BMP4-responsive human cervical carcinoma clonal cell line, C33A-2D2, we identified three
compounds with similar chemotypes that each ventralize zebrafish embryos and stimulate
increased expression of the BMP target genes, bmp2b and sz/. Because these compounds
ventralize zebrafish embryos, we have termed them “ventromorphins.” As expected for BMP
pathway activators, they induce the differentiation of C2C12 myoblasts to osteoblasts. Affymetrix
RNA analysis confirmed the differentiation results and showed that ventromorphins treatment
elicits a response similar to BMP4 treatment. Unlike Isoliquiritigenin (SJ000286237), a flavone
that maximally activates the pathway after 24 hours of treatment, all three ventromorphins induced
SMAD1/5/8 phosphorylation within 30 minutes of treatment and achieved peak activity within 1
hour, indicating that their responses are consistent with directly activated BMP signaling.
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Introduction

Bone Morphogenetic Proteins (BMPs) are members of the Transforming Growth Factor
Beta (TGFp) family of secreted signaling molecules. BMPs, originally described as inducers
of bone and cartilage formation,! are widely conserved across phyla with family members
found in vertebrates, arthropods, and nematodes.?2 BMP signaling governs diverse biological
processes including embryonic patterning and development,2~* stem cell renewal and
differentiation,* ° tissue homeostasis,* & and bone development.* The twelve BMP family
members form homo- and heterodimers and bind to type | and type Il serine-threonine
kinase transmembrane receptors.’~9 BMP2 and BMP4 bind with high affinity to the type |
BMPR1A (ALK3) and BMPR1B (ALKS®6) receptors, while TGF and activins bind to the
type IA activin receptor (ALK2).7-® BMP2 and BMP4 binding induces the formation of a
heterotetrameric complex composed of two BMPR1A and/or BMPR1B receptors and two
BMPR2 receptors. In turn, constitutively activated BMPR2 receptors transphosphorylate
BMPRI1A, thereby activating its serine-threonine kinase activity.1% The activated
heterotetrameric complex recruits intracellular signal transduction proteins of the Similar to
Mothers Against Decapentaplegic (SMAD) family, SMAD1, SMAD5, or SMADS, which
are phosphorylated at the C-terminus.1: 12 Phospho-SMADs1/5/8 (p-SMAD1/5/8) interact
with SMAD4 and translocate to the nucleus where they activate transcription of target genes
such as /nhibitor of DNA Binding 1 (ID1) and /D213

Medulloblastoma, a cerebellar tumor, is the most common malignant pediatric brain tumor.
It is characterized by four major subgroups, one of which displays constitutively activated
Sonic Hedgehog (SHH) signaling.14-17 BMP2 and BMP4 antagonize SHH signaling,8 and
BMP4 signaling induces irreversible differentiation of cerebellar granule neuronal
progenitors (GNPs) and tumor cells from the SHH medulloblastoma subgroup.1® This
finding suggested that BMP agonists might be useful as differentiation therapy for SHH
medulloblastoma. Because BMP homodimers do not cross the blood brain barrier, their use
as potential therapy for medulloblastoma is not an option.

Several groups, including our own, have previously identified agonists of BMP signaling,
however the effects of these compounds are modest at best. Rapamycin, a mTOR inhibitor,
causes upregulation of BMP2 which promotes osteoblastic differentiation.2? Spiekerkoetter
et al. identified an activator of BMPR2, FK506 (tacrolimus), using a low-throughput
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compound screen.2! We previously identified isoliquiritigenin (SJ000286237), as an agonist
of BMP signaling,22 however this chalcone scaffold raised concerns for further chemical
optimization since it is from a pan assay interference compound (PAINS) class.2® To identify
additional compounds that might be amenable to chemical modification for improved
activity and metabolic availability, we screened a library of ~600,000 compounds using a
BMP-responsive luciferase cell-based assay. We report identification of three compounds
with similar chemotypes, which induced BMP signaling in a variety of assays, including
morphological ventralization of zebrafish embryos, /n vivo activation of direct and indirect
BMP4 targets, induction of SMAD1/5/8 phosphorylation, and myoblast differentiation to
osteoblasts. Based upon the ability of these compounds to ventralize zebrafish embryos, we
have termed them “ventromorphins.”

Results and Discussion

Cell-based HTS assay

To find new compounds that act as BMP4 signaling agonists, we performed a high
throughput screen (HTS) of a library of 643,432 compounds at a fixed concentration of
10uM using a BMP-responsive luciferase cell-based assay in a 384-well plate format.
Results of the primary screen are shown in Figure S1. The average Z-prime was 0.71.
Relative compound activity was calculated by subtracting the background from the DMSO
negative control [compound — median (DMSO)], using log2-transformed luciferase Relative
Luminescence Units (RLUs). We defined a hit as any compound displaying activity greater
than two standard deviations above the median DMSO negative control signal. This
generated a list of 5,287 compounds for hit validation.

For further chemical structure analysis, we performed topology mapping and clustering.24
Of the 5,287 active compounds, 267 were natural product fractions and had no defined
scaffold. The remaining set of molecules were abstracted into 3,247 Bemis-Murcko
scaffolds,25 which indicated sparse sampling among closely related structural analogs (1.6
molecules per scaffold). Further abstraction and clustering of the resulting scaffolds yielded
the scaffold network diagram in Figure 1.

Selection of BMP signaling activators SJ000291942, SJ000063181, and SJ000370178

We determined the dose response of the 5,287 active compounds using a 10-point, 3-fold
serial dilution, downwards from a top concentration of 50 UM. These experiments were
performed in triplicate. 2,534 compounds produced reliable (R2>0.8) fits to the Hill equation
giving a sigmoidal concentration-response curve. Of these, 1,604 had an ECgg<1 uM and
were designated validated hits. The natural product fractions and the five largest scaffold
clusters (numbered 1-5 and annotated with the structure of the cluster head) accounted for
53% of all compounds tested in dose-response. The largest cluster, represented by the
diphenylsuccinamide scaffold (cluster 5), contained 834 compounds. A summary of the
screening cascade is shown in Figure S2.

Despite identifying a significant number of validated hits (EC5g<1 uM), ~94% of all
compounds tested in dose-response had low to modest efficacy (magnitude of response <4-

ACS Chem Biol. Author manuscript; available in PMC 2017 November 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Genthe et al.

Page 4

fold the DMSO signal). Although such responses were statistically significant, their
biological significance was unclear. Furthermore, certain compounds produced non-
sigmoidal dose-response curves that suggested BMP pathway activation at low concentration
and cytotoxicity at higher concentrations. Because small molecule activators of BMP
signaling do not exist, it is difficult to define a reasonable minimal response.

BMP-signaling activators ventralize zebrafish embryos

Zebrafish have previously proven to be a useful platform for identifying compounds that
modulate signaling pathways including the BMP pathway.22: 26-28 BMP signaling in
vertebrates, including zebrafish, directs the formation of ventral tissues and genetic markers.
Stereotypical phenotypes and gene expression resulting from increased or decreased
specification of ventral tissue can provide a means to validate compounds and identify
compounds that modulate BMP signaling activity.

We utilized a zebrafish phenotypic screen to test the ability of 97 hits validated by dose-
response to activate the BMP pathway and produce a ventralized phenotype. The set of 97
compounds sampled 16 of the 27 existing scaffold clusters, with over 70% of compounds
coming from the five largest clusters, labeled 1-5 (Figure 1). Of the tested hits, 4 showed
activity at all concentrations tested but failed to fit the Hill equation (*Super Active’); 62
compounds demonstrated sigmoidal dose-response behavior and good potency (ECsp<1 pM,
‘Sigmoidal’); 18 had non-sigmoidal behavior (‘Inverse’); 6 were only active at the highest
concentration tested (“Single-Point’); and 7 showed no response at any concentration tested
(“Inactive’) (Figure 2). The ‘Single-Point’ and ‘Inactive’ classes were expected to be inactive
in the phenotypic assay and were considered negative controls. ‘Super Actives’ tend to be
either highly potent compounds that were screened at too high a concentration or the result
of assay artifacts. We expected most true positives in the zebrafish assay to be from the
‘Sigmoidal’ and ‘Inverse’ classes. The HTS and phenotypic screening results are reported in
Table S1. This screen identified three compounds, SJ000291942 (compound 1),
SJ000063181 (compound 2), and SJ000370178 (compound 3) as positive hits at 1pM
(Figure 3).

During early axis patterning BMP signaling directs ventral tissue formation in zebrafish.
Ectopic activation of the BMP pathway leads to a spectrum of ventralized phenotypes
(Figure 3a i-v) ranging from mild cyclopia (V1; Figure 3a ii) and headlessness (V3, Figure
3aiv) to loss of all dorsoanterior tissues (V4, Figure 3a v). We examined the phenotypes of
embryos treated with dose escalations of the test set of validated hits, including the BMP
activator SJ000286237 (Isoliquiritigenin, compound 4) as a positive control, and scored
them using this scheme.22 All three compounds tested caused a dose-dependent
ventralization of the zebrafish embryo at 24 hours post fertilization (hpf). Embryos treated
with 1 displayed the most severe ventralization and this compound was also the most potent.
Interestingly, 1 also caused more mortality, and at lower doses than controls and the other
two compounds. This demonstrates our compounds cause ventralization of embryos
consistent with increased BMP signaling activity.

Interestingly, while all compounds in the ‘Single-point’ and ‘Inactive’ classes were inactive
in the zebrafish assay, the three phenotypically active compounds all belonged to the class
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producing well-behaved, dose-response curves (‘Sigmoidal’) in the cell-based assay (Figure
2). However, these three compounds were not among the most potent compounds in that
screen. Sixteen compounds, all from the ‘Sigmoidal’ and ‘Inverse’ classes, were toxic. We
previously reported that the chalcones, 4, and 4-hydroxychalcone, induced a ventralization
phenotype at concentrations 25uM, whereas the 2 flavones, diosmetin and apigenin, did
not.22 Both chalcones failed to show any appreciable phenotype at 1uM, suggesting that the
three novel compounds reported in this work have higher potency /in vivo. The compounds 1,
2, and 3 were topologically similar N-phenylamides representing scaffold cluster 5 (Figure
2). We also identified several close analogs in the set of 97 compounds which we assayed in
the phenotypic screen: all were inactive except for SJ000297687 (compound 5) which was
toxic. Interestingly, this chemotype has been found to be an agonist in several unrelated
luciferase screens including a SMN2 screen that identified a compound, LDN-75654, which
is very similar to compound 2.2%-31 The FDA-approved drugs leflunomide and its active
form teriflunomide have a similar chemotype to our three hits. Leflunomide has been
previously studied3?: 32 and was in our initial compound screen but it did not meet the
requirements to pass the EC50 cut off. We tested leflunomide and teriflunomide in zebrafish,
but neither caused ventralization in zebrafish embryos (Figure S3), although they did show
the previously observed ability to inhibit neural crest differentiation to pigment.

Ventromorphins induce BMP-responsive genes in zebrafish embryos

Our experiments indicate that the three compounds produce embryonic phenotypes
consistent with activated BMP signaling. To evaluate whether these responses indeed arise
from BMPR activation, we analyzed the expression of genes that are established direct
targets of BMP signaling, bone morphogenetic protein 2b (bmp2b),33-36 even-skipped-like 1
(evel),36-39 and sizzled (sz/)36: 40 whole mount /n situ hybridization of zebrafish embryos
treated with compound and controls. Compounds 1, 2, and 3 all caused an increase in bmp2b
(Figure 4a—e) and sz/expression (Figure 4f—j). However, we did not observe an increase in
evel expression (Figure 4k—0). These data indicate that in embryos, ventromorphins activate
a subset of BMP signaling responses, likely either because they engage restricted elements
of the BMP signal transduction machinery or because they activate additional modulatory
programs.

We also examined indirect or cooperatively induced BMP targets. These included the
transcriptional repressors vox (also known as vegal) and vent (also known as vega2), as well
as chd, which encodes a secreted BMP inhibitor, and is repressed by ventand vox.4143 As
would be expected for embryos with ectopic BMP signaling, all three compounds expanded
expression of the ventralization markers, vent (Figure 4p, q) and vox (Figure 4r, s), and
decreased expression of the negative target chd compared to controls (Figure 4t, u). Together
our data reveal that the ventromorphins induce phenotypic and genetic ventralization.

Ventromorphins activate BMP signaling responses in cell culture

Our zebrafish assays suggested that the compounds activate the canonical BMP signaling
pathway. To extend these observations, we performed immunoblotting of protein lysates
from C33A-2D2 cells stimulated with compounds at different times. All three compounds
activated phosphorylation of SMAD1/5/8 (Figure 5, Figure S4) in serum-free medium
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(Figure S5). Like in zebrafish embryos, compound 1 was most active. It induced p-
SMAD1/5/8 maximally at 1hr of treatment (Figure 5a—c). In contrast, 2 (Figure 5d—f) and 3
(Figure 5g—i) achieved peak activity 0.5hrs after stimulation. Compound 2 was the weakest
activator of SMAD phosphorylation, with minimal increase in p-SMAD1/5/8 over control.

BMPs can also signal through SMAD-independent mechanisms, including the MAPK
pathway.*4 Immunoblotting analysis of lysates from C33A-2D2 treated with compounds
revealed clear induction of the phosphorylated Extracellular Signal-regulated protein Kinase,
ERK1/2 (P-ERK1/2) by compound 1 (Figure S6) but not by compounds 2 or 3 (data not
shown). None of the compounds stimulated SMAD2 phosphorylation (Figure S7), which
responds to other TGFP family members. Our data demonstrate that /n vitro, as in embryos,
the three compounds activate selective BMP signaling responses.

Ventromorphins induce osteoblastic differentiation of myoblasts

Conclusions

C2C12 is a mouse myoblast cell line that differentiates into osteoblasts in response to
treatment with BMP4.45-47 A hallmark of osteoblast induction by BMP is development of
cellular “cobblestone” morphology. All three compounds could induce osteoblast
differentiation of C2C12 cells (Figure 6), as measured by this morphologic marker,
consistent with the idea that ventromorphins are capable of stimulating BMP4 signaling.

Differentiation of myoblasts to osteoblast by the three new compounds was confirmed by
examining the changes in mRNA levels of mediators and targets of the differentiation
pathway, as measured by Affymetrix gene expression array. All three compounds, and
BMP4 controls, directed expression of a set of common genes (Figure 7a). As expected, the
highest dose (100 and 300ng) BMP4 treatments generated a gene expression signature most
similar to osteoblast expression. Low dose (10ng) BMP4 treatment aligned closely with
25uM 3 treatment and with 25uM 1 (although separated in the heat map, Figure 7a). GO
analysis confirmed that genes induced by BMP4 and compound 1 corresponded to those
found in osteoblasts (Figure 7b). In addition, regression analysis confirmed a correlation
between BMP4 and compound 1 (Figure 7c, Figure S8) but not between BMP4 and
compounds 2 or 3 (Figure S8). Expression of three targets: Alcohol dehydrogenase 7
(Adh?), Prostaglandin F receptor (Ptgfr), and Ankyrin repeat domain-containing protein 2
(Ankrad2) was confirmed by gRT-PCR. Both Adh7and Prgfrdisplayed a significant increase
following BMP4 or 1 treatment compared to control (Figure 7d, e). Ankra2 had decreased
expression in cells treated with BMP4 or 1 as compared to controls, although BMP4 had a
more potent effect (Figure 7f). Taken together, our data show that ventromorphins direct
multiple BMP signaling responses.

BMPs are metabologens currently used for the treatment of bone regeneration and kidney
disorders. Unfortunately, BMPs are expensive to produce, bulky, and do not cross the blood-
brain barrier. Their clinical use is also limited due to the supra-physiological doses required
for therapeutic efficacy, which cause severe side effects.*8 We believe that small molecule
activators of the BMP signaling pathway identified in this manuscript would be a more cost-
effective alternative and would also be potentially more deliverable to the brain than BMP
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molecules. Peptide and pharmacological antagonists of BMP signaling have been identified,
including the naturally secreted BMP antagonist Noggin, and the small molecule
Dorsomorphin that blocks SMAD1/5/8 phosphorylation. However, to our knowledge the
three small molecules reported here represent the first in class small molecule activators of
BMP4 signaling. As a follow up for these hit compounds, we will perform hit optimization
and hit-to-lead process with more profound SAR study to improve potency through chemical
modifications and target identification to understand their mechanism of action.

We previously found that BMPs can induce differentiation of GNPs and SHH
medulloblastoma tumor cells suggesting that activators of BMP signaling could be used as
differentiation therapy of SHH medulloblastoma.? Improved potency of BMP activators
might eventually lead to their use in tissue engineering efforts, including bone repair with
less toxic effects than those described for BMP2 and BMP4. Their use could also be more
cost-effective and potentially more easily deliverable. Finally, because these three small
molecule agonists of the BMP can penetrate zebrafish embryos, they might be useful as
chemical probes to interrogate BMP signaling.

Cell lines and tissue culture

The generation of the human cervical carcinoma C33A-2D2 subclone was previously
described.?2 Cells were maintained in Eagle’s medium essential medium (EMEM)
supplemented with 10% fetal bovine serum (FBS), 2mM glutamine, 500units/ml penicillin
and 500pg/ml streptomycin and grown at 37°C and 8% CO,. The mouse myoblast cell line
C2C12 was grown in Dulbecco’s modified eagle medium (DMEM) supplemented with 5%
FBS, 2mM glutamine, 500units/ml penicillin and 500ug/ml streptomycin and grown at 37°C
and 8% CO». To avoid depletion of the myoblastic population, C2C12 cells were not
allowed to grow to confluence and were passaged at a density less than 70%.

Compound library selection and high throughput screening

The entire content of the St. Jude compound library (N = 643,432 unique) was screened in
the primary high-throughput screening (HTS) using a human cervical carcinoma clonal
reporter cell line, C33A-2D2, that provided a robust BMP4 response for the high throughput
cell-based assay. Details of the method for the HTS were reported previously.22 Briefly cells
were plated and compounds diluted in DMSO were added approximately 0.5hrs later. The
assay plates were incubated overnight followed by luminescence assay for luciferase
reporter activity with SteadyLite HTS reagent (PerkinElmer, Waltham, MA). The library
was composed as follows: ~80% from commercial ‘diversity’ libraries designed to broadly
sample from available scaffold space while abiding by drug-like/lead-like criteria;*® ~10%
from in-house focused libraries which are based on scaffolds from major therapeutic target
classes such as kinases, G-protein-coupled receptors (GPCRs), and proteases; ~5% natural
product fractions from an in-house program;®° and the remaining ~5% from external
collaborators and in-house lead optimization projects. CScore was determined as previously
described.?!
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Fish Maintenance and compound administration

Wild-type zebrafish (WIK-Danio rerio) embryos were obtained and maintained in
accordance with standard husbandry procedures®2 and in compliance with IACUC
guidelines. Embryos at approximately 2 hours post fertilization (hpf) were placed into a 6-
or 12-well flat bottom dishes and treated with DMSO or compounds at a concentration of
0.1 uM to 50 puM, as indicated in the text. The treatments were as follows: 1) no treatment
[E3 media (5mM NaCl, 0.17mM KClI, 0.33mM CaCl,, 0.33mM MgSQy], 2) vehicle (1%
DMSO in E3), 3) 1, 4) 2, 5) 3, 6) 4. Embryos were treated until either shield stage (6hpf) or
the onset of circulation (24hpf). For /n situ hybridization, shield stage embryos were fixed in
4% paraformaldehyde for 24hrs. Circulation stage embryos were manually dechorionated
and assessed for ventralization as previously described.>3

Whole mount in situ hybridization and quantification

Probe synthesis and whole mount /7 situ hybridization was performed as described
previously.>* The following probe constructs were used: pGenTeasa-bmp2b (bmp2b, gift of
A. Lekven), pBS SK+ chordin (chd, gift of D. Kimelman), evel (evel, gift of A. Lekven),
pZL1-szl-BamHI (sz/, gift of A. Lekven), pBS SK- vent (vent, gift of D. Kimelman), and
pBS SK- vox (vox, gift of D. Kimelman). /n situ hybridization signal was quantified using
ImageJ (http://imagej.nih.gov/ij) by tracing the positive, correlating to mRNA expression of
the indicated gene. Embryos of equivalent size were analyzed, permitting quantification of
signal alterations as a general measure of altered transcript abundance, as previously.>*

Immunoblotting

1.8x106 C33A-2D2 cells were plated on 100mm plates, and grown for 24hrs in EMEM
media supplemented with 10% FBS, 2mM glutamine, 500units/ml penicillin and 500pg/ml
streptomycin at 37°C and 8% CO,_After 24hrs, the medium was changed to serum-free
EMEM supplemented with 2mM glutamine, 500units/ml penicillin, and 500pg/ml
streptomycin and grown overnight. The next day medium was replaced with fresh serum-
free medium containing the compounds dissolved in methanol for 0.5, 1, 3, 6, 9, or 12hrs.
Cells were also treated for 0.5hrs with 10ng/ml of human recombinant BMP4 (R&D
Systems, Minneapolis, MN) for positive control. Methanol (MeOH) concentrations ranging
from 0.034% to 0.038% for 0.5, 1, and 3hrs were used as negative control, respectively.
After collection, cells were lysed (RIPA lysis buffer) and sonicated (VirSonic 475
dismembranator). Proteins were quantified using a bicinchoninic acid (BCA) protein assay
reagent (Pierce, Rockford, IL) per manufacturer’s instructions. 20 g of protein lysate per
sample were loaded on a 10% or 12% SDS-PAGE gel, as previously published.?2 Antibodies
used were rabbit polyclonal antibodies to human p-SMAD1/5/8 (homemade; 1:2500
dilution),22 SMAD1/5/8 (Santa Cruz sc-6031-R; 1:500 dilution), ID1 (Abcam #EPR7098;
1:1000 dilution), P-ERK1/2 (Cell Signaling #4370; 1:500 dilution), ERK1/2 (Cell Signaling
#4696; 1:2000 dilution), p-SMAD?2 (Cell Signaling #3108; 1:1000 dilution), SMAD?2 (Cell
Signaling #3122; 1:1000 dilution) and ACTIN (Santa Cruz sc-1615; 1:2000 dilution).
Secondary antibodies were anti-rabbit IgG HRP (Cell Signaling #7074; 1:2000 dilution),
anti-mouse 1gG HRP (ECL/GE Healthcare NA931V, 1:2000 dilution), and anti-goat 1gG
HRP (Life Technologies A16005, 1:2000-1:3000 dilution).
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Myoblast differentiation

Evaluation of myoblast differentiation activity was as previously described.22 Briefly, 2x10%
C2C12 cells were plated in 24-well plates and allowed to grow overnight at 37°C. The next
morning medium was replaced with fresh medium containing 5% FBS and individual wells
were treated with MeOH, 6.25 pM or 25 pM of each compound or recombinant BMP4 (10,
300ng/mL). Cells were treated for 6 days (with repeated dosing on days 4 and 6) and fixed
with 3.7% formaldehyde, washed and counterstained with Neutral Red Solution (from
Sigma-Aldrich, St. Louis, MO). 20x magnification images were taken on a Nikon TE 2000
E2 (20x%, 0.5 Plan Fluor objective; DS-Fil camera).

Gene expression profiling and GO analysis

RNA expression profile of BMP4, compounds 1, 2, 3, or control treated C2C12 cells were
assayed using MoGene-2_0-st-v1 Affymetrix microarrays (Mountain View, CA). Data was
Robust Multi-array (RMA) summarized and quality controlled using Partek Genomics Suite
6.6 (St. Louis, MO). Gene expression responses to each drug were modelled by linear
regression. Genes, which were concordantly positively or negatively correlated with drug
dose for BMP4 and 1 at the 0.9 level or greater with a nominal regression p-value<.05, were
visualized in an unsupervised heat map using Partek Genomics Suite 6.6. Arrays from wild
type primary osteoblasts data from GEO (GSE57195) were downloaded, RMA summarized
and normalized together with the other arrays to facilitate comparison in the heat map. For
GO analysis in KEGG the logFC of max dose vs control was found for each drug and those
94 genes that were induced by at least 0.5 by both BMP4 and 1 were tested in Enrichr.55: 56
Scatterplots of log ratios were regressed and visualized using STATA/MP 14.2 (College
Station, Texas).

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from C2C12 cells (untreated, vehicle (0.036% MeOH), 10ng
BMP4, 12.5uM, or 25uM of 1). RNA was extracted with TRIzol reagent (Ambion, Life
Technologies). cDNAs were synthesized using High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Thermo Fisher Scientific #4374966), per the manufacturer’s
instructions. QRT-PCR was performed using TagMan Fast Advance Master Kit (Applied
Biosystems, Thermo Fisher Scientific #4444557), according to the manufacturer’s
procedures and performed in a QuantStudio3 machine (Applied Biosystems, Thermo Fisher
Scientific). The context sequences of the primers used were listed as follows: mouse Adh7,
5 -TCGGGGAAAAGCATTCGGACTGTCC-3" (Assay ID Mm00507750_m1); mouse
Prgfr, 5'-CTGGAGTCCCTTTCTGGTAACAATG-3" (Assay ID Mm00436055_m1); mouse
Ankra2, 5" -GTGATGAGTTCCGTCGGACAGCACT-3" (Assay ID Mm00508030_m1);
mouse GAPDH, 5 -GGTGTGAACGGATTTGGCCGTATTG-3" (Assay ID
Mm99999915 g1). All the primers were FAM-Labeled TagMan (Applied Biosystems,
Thermo Fisher Scientific). Threshold cycle (CT) values from triplicate measurements were
averaged and normalized to those obtained from an internal control gene, GAPDH. Relative
gene expression was determined by the 272ACT method.5” Data are expressed as the mean
+SEM. Statistical analyses were performed in GraphPad Prism Software v.6.0. Statistical
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significance was determined by one way ANOVA with Tukey’s multiple comparison test
(p<0.05).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Summary of the high-throughput screen and hit identification
Network Graph showing the chemical structures of 5,287 hits selected based on the hit

criteria from the preliminary screen. Similar structures cluster together in the branches of the
network based on their molecular topology. Structure of the three hits [SJ000291942 (1),
SJ000063181 (2), and SJ00037178 (3)] grouped in cluster 5 and are highlighted in blue
boxes.
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Figure 2. Structure Activity Relationship (SAR) study using cScore, EC50 and zebr afish
phenotypic screen

Three validated hits in the zebrafish assay [SJ000291942 (1), SJ000063181 (2), and
SJ00037178 (3)] exhibited well-behaved dose-response curves class (‘Sigmoidal’) in the
cell-based assay by cScore.
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Figure 3. Dose-response of the three compounds in ventralization of zebrafish embryos
(a) Representative images (i-v) of increasing ventralized phenotypes at 24hpf. Red arrows

indicate major areas of ventralization (ii-v). Distribution of phenotypes caused by each
compound, 1 (b), 2 (c), and 3 (d), at the indicated doses following treatment of embryos
beginning at 2hpf and scored at 24hpf. Graphs represent percent=SEM of embryos
displaying a given phenotype in three independent experiments, with 20-60 embryos per
condition.
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Figure 4. Expression of BMP target genesin gastrula stage embryos
Zebrafish embryos were treated with 6.25uM of each compound beginning at 2 hours post

fertilization (hpf) and examined for RNA expression patterns by /i situhybridization at 8hpf
(a—0) or 6hpf (qg,s,u). 8hpf (75% epiboly) embryos were examined for bmp2b (a—e), sz/ (f-j),
and evel (k-0) expression. At 6hpf (shield stage) embryos were fixed and expression of the

positive BMP targets vent (p,q) and vox (r,s) and the negative target chd (t,u) were examined
by whole mount /n situ hybridization and quantified using ImageJ. Representative untreated

and compound treated expression shown right (q,s,u). Data represents average area of
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MRNA expression in three independent experiments and a total of 40-70 embryos per
treatment.
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Figure5. Activation of the canonical BM P signaling pathway
Immunoblotting analysis of C33A-2D2 cells untreated (U) or treated with: \ehicle (V,

0.034%-0.038% MeOH), 10ng BMP4 (B) or 1 (a), 2 (d), or 3(g) for 0.5 to 12hrs as
indicated. Proteins were separated on 10% or 12% PAGE gels and immunoblotted with
antibodies to phosphorylated SMAD1/5/8 (p-SMAD1/5/8) or total SMAD1/5/8. ACTIN was
used as loading control. Quantification of protein signal for p-SMAD1/5/8 (b,e,h) and
SMAD1/5/8 (c,f,i) is indicated as the ratio of signal to actin expression + standard deviation.
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Figure 6. Differentiation of myoblastic C2C12 cellsto osteoblasts
Mouse C2C12 myoblastic cells were untreated (a i,ii) or treated for 6 days with: vehicle

(0.03% DMSO, b i,ii), 10ng BMP4 (c i,ii), 300ng (d i,ii) BMP4, 6.25uM 1 (e i,ii), 25uM 1 (f
i,ii), 6.25uM 2 (g i,ii), 25uM 2 (h i,ii), 6.25uM 3 (i i,ii), or 25uM 3 (j i,ii). For each treatment
one 20x magnification representative image (i) is displayed along with a zoomed in imaged
(ii) displaying cell morphology. Scale bar for 100uM is represented in panel a. Dashed lines
indicate the cells’ outline.
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Figure 7. Transcriptional profiling by Affymetrix assay
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RNA expression from C2C12 myaoblasts treated for 6 days with BMP4 10, 100, 300ng/ml,
compounds at 6.25, 12.5, 25ug/ml, or vehicle. (a) Unsupervised heat map of genes positively
or negatively correlated with BMP4 and compound 1. (b) GO analysis of 94 genes induced
by at least 0.5 fold by both BMP4 and compound 1. (c) Scatter plot with regression analysis
for 10ng BMP4 and 25uM compound 1. gRT-PCR for Adh7 (d), Prgfr (e), and Ankra? (f)
from C2C12 cells untreated, or treated with vehicle, 10ng, 300ng BMP4, 12.5uM, 25uM 1.
*=significantly different than untreated (p<0.0169). #=significantly different than vehicle

(p=<0.0209). $=treatments significantly different (p<0.05).
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