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Abstract

Bone morphogenetic proteins (BMPs) are a group of phylogenetically conserved signaling
proteins, first identified to play important roles in bone formation. Since their discovery, they have
been recognized to contribute to embryonic development and adult homeostasis in a multitude of
tissues, by regulating cellular lineage commitment, morphogenesis, differentiation, proliferation,
and apoptosis. BMPs transduce their signals through intracellular downstream effectors, primarily
the Smad transcription factors, many of which bind to genomic BMP-responsive cis-regulatory
elements (BMP-CREs) to direct gene expression. Despite their importance in cellular processes
and maintenance, BMP-CREs remain largely unidentified at a genomic level for most BMP-

dependent cellular processes.

The overall objectives of this thesis were to experimentally characterize the widespread
function of a novel low-affinity BMP-CRE motif in the Drosophila nervous system and to identify

the BMP-driven regulatory network underlying mammalian chondrogenesis.

To address the first goal, we used computational methods to identify this novel BMP-CRE
through the Drosophila genome and used in vivo transgenic reporters to determine their function
in the Drosophila nervous system. Our results show that this BMP-CRE is used within multiple
enhancers to mediate their BMP-dependent activity. For our second goal, we used poly-A
transcriptome sequencing (RNA-seq) to characterize differentially expressed genes (DEGs) during
chondrogenesis in primary murine cells. Amongst these DEGs, we identified transcription
factors/cofactors with previously unknown roles in chondrogenesis that are of interest for further

study. Further, we used histone modification ChIP-seq to identify more than 2000 candidate



regulatory regions in the vicinity of BMP-responsive DEGs. Using computational tools, we
examined these candidate regulatory regions for Smad-binding sites using BMP-CRE motifs
identified in Drosophila. We then applied multiple selection criteria to prioritize likely BMP-
responsive regulatory regions and assessed four novel regions for BMP-responsive reporter
expression, using mouse primary limb mesenchymal (PLM) cells. Among these, we identified two
BMP-responsive regulatory regions, including one within 50kb of the transcription factor Jdp2, a

gene with previously unknown roles in chondrogenesis.

The genomic mapping of BMP-CREs remains incomplete. Mutations in these cis-
regulatory sites and BMP-regulated genes could potentially result in disease, and therefore their
identification is of critical importance to help further our understanding of disorders in various

human tissues.



Lay Summary

From fruit flies to humans, bone morphogenetic protein (BMP) signaling plays critical roles in
many tissues. Defects in this pathway are implicated in many human diseases; however, the exact
roles of BMPs in these diseases are mostly unknown. BMPs control proteins called transcription
factors that can direct gene expression through DNA sequence sites called cis-regulatory elements
(CREs). Mutations occurring in CREs have been linked to several human disorders. Despite being
extremely important, BMP-dependent CREs are not well characterized. This thesis identifies and
studies CREs in fruit fly neurons, providing insight into BMP-dependent gene regulation. Further,
it identifies important new genes and BMP-dependent CREs that regulate the process of cartilage
formation during mouse embryonic development. This work will help us understand the process
of cartilage formation in humans and lays the foundations for identifying cartilage-related BMP-

dependent CREs that are associated with human disease.
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Chapter 1: Introduction

1.1 cis-Regulatory Modules and cis-Regulatory Elements

The focus of my thesis is identifying and experimentally verifying cis-regulatory regions
that regulate gene expression in bone morphogenetic protein (BMP)-dependent cellular
differentiation. To this end, the next section provides a basic background on the nature of cis-

regulatory elements in transcription regulation.

Differential gene expression is a fundamental process that underlies cellular development
and differentiation. An important step in this process is the transcription of a DNA sequence into
MRNA by the RNA polymerase Il (Pol I1). Transcription requires the recruitment of Pol Il and the
formation of the pre-initiation complex (i.e. general TFs, Mediator complex) at the core promoter,
which is comprised of genomic sequences around the transcription start site (TSS). However,
control of the recruitment of this basal transcriptional machinery and/or clearance of this complex
from the promoter to initiate transcription is regulated by transcription factor (TF) complexes
bound to non cis-regulatory regions, commonly referred to as enhancers or silencers (Shlyueva et

al., 2014).

Cis-regulatory elements (CRESs) are short 4-12bp DNA binding sites for TFs (Shlyueva et
al., 2014; Suryamohan and Halfon, 2015; Guo and Huo, 2017). TFs that bind CREs act to enhance
or repress transcription, depending on the factors recruited and/or their post-translational
modifications. One of the defining hallmarks of a CRE is that they can influence transcription
regardless of their location or orientation relative to the promoter of the gene they regulate (Banerji
etal., 1981; Ong and Corces, 2011; Shlyueva et al., 2014). CREs are typically organized in 50bp-
2kb clusters (Levine 2010; Cho 2012; Long et al., 2016; Hojo et al., 2017), termed cis-regulatory
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modules (CRMs, i.e. enhancers, silencers, insulators, promoters; Hardison and Taylor, 2012).
CRMs may be up to 1Mb away from the TSS they regulate, in intergenic non-coding sequence or
5" UTR, 3’ UTR or introns relative to their target genes (Lettice et al., 2008; Spitz and Furlong,
2012; Evans et al., 2012; Hardison and Taylor, 2012; Suryamohan and Halfon, 2015; Long et al.,
2016). Thus, there are CREs that are located within a few kb of the promoter, referred to as
promoter-proximal CREs, and those that interact with distally located promoters, called distal
CREs. DNA looping allows distal CRM complexes to come into proximity with their target
promoters, where they help recruit or stabilize interactions with the core transcriptional machinery
(Weake and Workman, 2010; Bulger and Groudine, 2011; Beagrie and Pombo, 2016). The
modular nature of CRMs allows the integration of signaling and tissue-specific inputs via the
assembly of several TFs, which then recruit co-activators or co-repressors and chromatin
modifiers, including post-translational modifiers or nucleosome-remodeling complexes (Levine,
2010; Weake and Workman, 2010; Mathelier et al., 2015). The combined regulatory input of all
bound factors results in the spatiotemporal-specific regulation of target gene transcription (Levine,

2010; Yanez-Cuna et al., 2013).

1.1.1 cis-Regulatory Element Tuning and Specificity

As Chapter 2 deals largely with a novel pSmad CRE binding site that relies upon a low-
affinity interaction for its appropriate function, here I will be discussing some of our current
knowledge on CRE specificity, how it arises and the use of low-affinity binding sites in

transcriptional regulation.

The binding of TFs to CREs is dependent upon the specific DNA sequence of the CRE.

Historically, CREs have been defined and searched as high affinity, stringent binding sites.
2



However, most TFs can tolerate a degree of sequence diversity, or degeneracy, at the CRE
(Mathelier et al., 2015). Beyond the linear organization, spacing and number of transcription factor
binding sites, the relative strength/quality of regulatory binding sites is key for tuning enhancer
activity for appropriate expression. For each TF, there is an optimal motif with highly constrained
nucleotide composition conferring the lowest possible binding free energy, and thus, making the
binding between TF and DNA more stable, favorable and high affinity. Since each nucleotide
within a sequence contributes additively to the free energy of the binding site, it stands to reason
that there are multiple nucleotide substitutions that can convert a sequence to a lower affinity
binding site (Badis et al., 2009; Slattery et al., 2012; Ramos and Barolo, 2013; Farley et al., 2015;
Crocker et al., 2016). Thus, CREs that exhibit high degeneracy have been called low-affinity

motifs.

A growing body of literature has identified low-to-moderate affinity binding sites that are
required for regulating spatiotemporal gene expression. Importantly, in these cases, conversion to
a high affinity site often disrupts gene expression, or results in ectopic expression, indicating that
low-affinity sites are necessary to specify precise gene expression patterns (Swanson et al., 2011,
Farley et al., 2015; Crocker et al., 2015; Lorberbaum et al., 2016; Crocker et al., 2016). One such
example is from the Drosophila Cubitus interruptus (Ci) TF that mediates gene expression in
response to a Hedgehog (Hh) morphogen signaling gradient (Von Ohlen et al., 1997). Depending
on the intensity of Hh signaling, Ci activates or actively represses the transcription of Hh
responsive genes. Multiple low-affinity binding sites for Ci in Hh-responsive enhancers were
found to be required for normal activation in regions with relatively low Hh signaling. Changing
these low-affinity sites into optimal Ci binding motifs resulted in a switch from Ci-mediated

activation to Ci-mediated repression (Parker et al. 2011). Therefore, the low-affinity nature of the
3



binding sites contributed to limiting the response to a pleiotropic and broadly active pathway,
allowing for adjustment of that response in specific tissues and cells (Ramos and Barolo 2013).
Another example is the regulation of the shavenbaby (svb) gene by (homotypic) clusters of low-
affinity binding sites for the Ultrabithorax TF in Drosophila. Clustering of many low-affinity sites
was shown to confer robustness of svb regulation and replacing these sites with high affinity ones
not only resulted in ectopic expression, but it also decreased normal expression patterns (Crocker

et al. 2015).

Even with sequence tolerance, we cannot explain how a family of TFs, with overlapping
or similar sequence recognition, can carry out distinct functions in vivo. In other words, how can
each of the nearly 60 basic helix-loop-helix (bHLH) transcription factors that bind to a variation
of the sequence “CACGTG” carry out their discrete functions (Murre et al., 1989; Jones, 2004)?
Spatiotemporal differences in expression, as well as the small variances in binding sequence
preference between TF family members alone, cannot explain how TFs can regulate their unique
set of target genes. A mechanism called “latent specificity” could account for the added TF
specificity observed in vivo. Based on work with the Drosophila Hox homeodomain TFs, it was
shown that individual members of the same TF family acquire novel DNA binding sequence
preferences by forming complexes with cofactors (Joshi et al., 2007; Slattery et al., 2011). Further
work with a larger set of TFs verified that interactions between cofactors can significantly alter a
TF’s sequence preference (Jolma et al. 2015). This added complexity further hinders our ability to
identify CREs, as TFs form different complexes under different contexts and bind to degenerate
sequences, making it challenging to define universal and computationally identifiable consensus

sequences.



1.1.2 Chromatin Modifications and their use in CRM Discovery

Another layer of transcriptional regulation is epigenetic regulation by modification of
chromatin structure. DNA is compacted into repeated structures termed nucleosomes; these are the
basic subunits of chromatin and consist of 147bp of packaged DNA wrapped around a histone
octamer. Two copies of each H2A, H2B, H3, and H4 core histone proteins form this octamer. The
core histones are mainly globular with unstructured N-termini (histone tails). The linker histone

H1 binds on the outside and stabilizes the folding on the nucleosome (Luger et al., 1997).

Chromatin structure can be altered to facilitate or suppress transcription; for example,
actively transcribed regions tend to be in looser chromatin structures so that transcription factors
and RNA polymerases can access the genes. Post-translational modifications on histone tail
residues have a large impact, by disrupting chromatin structure or by recruiting non-histone
proteins, such as a class of co-factors called histone-modifying enzymes, described below. For
instance, acetylation of a lysine residue can neutralize its positive charge and weaken the binding
between the histone and the negatively charged DNA, exposing the DNA to regulatory proteins

(Kouzarides 2007), and facilitate the recruitment of transcriptional machinery.

Histone modifying enzymes promote covalent modifications of histone protein tails. Out
of the many distinct types of modifications (e.g. phosphorylation, ubiquitylation, sumoylation;
Butler et al., 2012), here I will only focus on acetylation and methylation since these are commonly
used to identify active/repressed genes and enhancers. Histone acetylation was first identified in
the 60s (Allfrey et al., 1964) and is characterized by the addition of an acetyl moiety to the e-amino
group of a conserved lysine residue (Postberg et al., 2010). Acetylation is controlled by histone

acetyltransferases (HATSs) and histone deacetylases (HDACSs). As both HATs and HDACSs are



unable to directly bind to DNA, they are recruited to the promoter or regulatory regions along with
other multiprotein complexes by DNA-bound activators. Histone methylation can occur at both
lysine and arginine residues. Lysines may be mono-, di-, or tri-methylated and arginines may be
mono- or di-methylated. Methylation of lysine on histone subunits H3 and H4 is catalyzed by
histone methyltransferases (HMTs), and methylation of arginines is catalyzed by the protein

arginine methyltransferases (PRMT) family. (Whetstine 2010; Burke and Grant 2010)

Examining histone modification patterns during various stages of cell development in
many tissues and organisms revealed that certain marks correlate with specific gene expression or
transcriptional states (Bernstein et al., 2006; Calo and Wysocka, 2013) (Figurel.2). While a
significant number of histone post-translational modifications have been identified to date (Huang
et al., 2014; Zhao and Garcia, 2015), the most extensively studied H3 methylation sites are lysines
4,9, 27, 36, 79 and acetylation sites at lysines 9, 14, 18, 23, 27, 56 (Lennartsson and Ekwall, 2009;
Greer and Shi, 2012). The following section will outline what is currently known about H3 post-
translational modifications at K4mel, K4me3, K27ac, and K27me3, as they are widely used to

identify active/repressive enhancer function or gene expression.

Methylation of histone H3K4 is predominantly found at CREs and promoters during
transcription. Monomethylated H3K4 (H3K4mel) marks active, primed and poised enhancers,
while H3K4me3 is found at the promoters/TSS of actively transcribed genes (Santos-Rosa et al.,
2002; Bernstein et al., 2006). Histone H3 lysine 27 acetylation (H3K27ac) identifies both actively
transcribed gene promoters/TSS and active enhancers (Wang et al., 2008; Tie et al., 2009). In fact,
active enhancers bear both the H3K4mel and H3K27ac marks and are typically bound by the

histone acetyltransferase P300 (Heintzman et al., 2007; Heintzman et al., 2009; Creyghton et al.,



2010; Zentner et al., 2011). Primed enhancers drive low levels of gene expression and are
characterized by a lack of H3K27ac and retention of H3K4me1l and P300 (Creyghton et al., 2010;
Zentner et al., 2011). Finally, at repressed genes, regulatory elements are enriched for H3K27me3,
a mark which is also associated with Polycomb Repressive Complex 2 (PRC2) silencing, and are
depleted of other activating modifications (Bernstein et al., 2006; Boros et al., 2014). However, a
bivalent modification pattern containing the “opposing” H3K4me3 and H3K27me3 marks was
identified in ES cells and found to keep certain developmental genes in a silent but poised-for-
activation state (Bernstein et al. 2006). This type of chromatin modification pattern tends to be
resolved during ES cell differentiation, with differentiated cells only maintaining one of the two
marks on each given gene. Poised enhancers are inactive, and are marked by H3K4mel and P300
while also bearing the repressive H3K27me3 mark (Rada-Iglesias et al., 2011; Shlyueva et al.,
2014). During differentiation, these poised enhancers transition to their active state and

H3K27me3 residues replace their methylation with acetylation marks (Rada-Iglesias et al. 2011).

In short, combinations of H3K4mel, H3K27ac, and H3K27me3 are widely used to classify
active enhancers (containing both H3K4mel and H3K27ac), inactive enhancers (containing
H3K4mel but lacking H3K27ac) or poised enhancers (containing both H3K4mel and H3K27me3)

(Heintzman et al. 2007; Creyghton et al. 2010; Rada-Iglesias et al. 2011).
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(Pundhir et al., 2015) as source material.



1.2 Bone Morphogenetic Protein Signaling

BMPs were first identified in 1965 (Urist, 1965), but were only characterized as critical
components of bone extract that direct cartilage and de novo bone formation in the late 1980s
(Wozney et al. 1988). Since then, multiple studies have confirmed the role of BMPs in cartilage
and bone formation, and expanded our understanding of their important functions in the formation,
maintenance and regeneration of multiple tissues and organs (Mehler et al. 1997; Whitman 1998;
Massague et al., 2000; Liu and Niswander 2005; Wang et al. 2014). As would be expected by these
diverse functions, altered BMP signaling is associated with several human diseases including
amyotrophic lateral sclerosis, arthritis, osteoporosis, kidney diseases, fibroses, multiple cancers

and pulmonary hypertension (Wang et al. 2014).

BMPs belong to the highly conserved transforming growth factor (TGF) B superfamily of
signaling molecules, which also includes activins, inhibins and nodal, growth differentiation
factors (GDFs) and the TGFf subfamily (Massagué et al., 2005; Mueller, 2015). Although BMPs
can signal via a variety of pathways, they do so primarily through the canonical Smad transduction
pathway. In this pathway, BMP ligand dimers bind to a heterotetrameric complex of
transmembrane receptors comprised of two dimers each of type I and type Il receptor Kinases.
Ligand binding allows type Il receptor kinases to transphosphorylate the glycine/serine rich
domain of type I receptors (Miyazono et al., 2010). Receptor engagement results in type I receptor-
driven phosphorylation of the conserved C-terminal SXS (Ser-X-Ser) motif of Receptor-Smads
(R-Smad), which are Smad1/5/9 in vertebrates and Mad in Drosophila. Phosphorylated R-Smads
form a 2:1 complex with their cofactor, the Co-Smad (Smad4 in vertebrates and Medea in
Drosophila), that translocates to the nucleus to act as the sequence specific transcription factor

pSmad complex (Fig.1.1) (Zawel et al., 1998; Massague et al., 2005; Mueller, 2015). While in the
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nucleus, the activated pSmad complex binds to a CRE (BMP-CREs are described in Section 1.3.1)
and interacts with various transcriptional co-activators and co-repressors to fine-tune cell-type

specific transcription of target genes (Miyazono et al., 2006; Ross and Hill, 2008; Hill, 2016).

R-Smads and co-Smads both have two conserved domains that are connected by a proline-
rich linker. These domains are the Mad Homolog 1 (MH1) domain, which contains the sequence-
specific DNA binding domain, and the MH2 domain, which contains transactivation and protein-

protein interaction domains (Heldin et al., 1997; Kretzschmar and Massagué, 1998).

Canonical BMP signaling can be regulated at all steps along the pathway (Zhu et al., 1999;
Massagué et al., 2005; Xu, 2006); however, here | will only briefly discuss those directly relevant
to this thesis. Extracellular molecules, such as Drosophila Short gastrulation (Sog) and vertebrate
Noggin (NOG) act as extracellular antagonists of BMP signaling via sequestering of ligand and
suppression of receptor activation. In addition, intracellular regulators of BMP signaling such as
inhibitory Smads (I-Smads; Smad6, Smad7 in vertebrates and Dad in Drosophila) can compete
with R-Smads for binding to the activated type | receptors and thereby reduce R-Smad
phosphorylation (Mulloy and Rider, 2015). Smad complex co-regulators, such as Schnurri (Shn)

in Drosophila, will be discussed further in Sections 1.2.2 and 1.3.1.
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Figure 1.2: Summary of the BMP Signaling Pathway in Drosophila and mouse.
Schematic representation of the canonical BMP signaling pathway. Table containing the
orthologues of relevant BMP signaling components in Drosophila and mouse.
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121 BMP-CREs, Smads, and their Co-factors

One of the long-term goals of this project is to identify TFs that act together with Smads to
define cell-type specific gene expression. Smads have weak affinity for DNA relative to many
other TFs (Shi et al., 1998; Shi et al., 1999), and have often been found to require cooperative or
collaborative interactions with other TFs or cofactors for high-affinity and specificity in
recruitment to CRE binding sites (Ross and Hill, 2008; Blitz and Cho, 2009). This is seen by many
as a mechanistic basis for diversifying Smad transcriptional activities in a wide variety of cellular

processes.

Homeodomain TFs, such as HOXCS8 (Shi et al., 1999) and Zen (Xu et al., 2005), and BMP-
activated Smads have been commonly observed to maintain cooperative or collaborative
interactions (Henningfeld et al., 2002; Li et al., 2006; Walsh and Carroll, 2007; Zhou et al., 2008;
Liang et al., 2012). There are several other well-documented examples of TFs that interact with
Smads. Some of these include: transcriptional coactivators like EP300/CREB binding protein
(CBP) (Pouponnot et al., 1998) and OAZ (Hata et al. 2000), transcriptional corepressors like ZEB2
(Verschueren et al. 1999) and EVI1 (Alliston et al. 2005), as well as other transcription factors like
RUNX2 (Hanai et al. 1999), NKX3-2 (Kim and Lassar, 2003), YY1 (Lee et al., 2004), TCF4 (Hu
and Rosenblum, 2005), GATA4 (Brown et al. 2004), GATAS and GATAG6 (Benchabane and
Wrana, 2003). More recently, SOX5 was shown to physically interact with R-Smads and that it is
essential for the recruitment of Smadl/4 to BMP response elements during Xenopus laevis
ectodermal patterning (Nordin and LaBonne, 2014). While we still do not have a comprehensive
list of all potential cofactors that cooperate with Smads, according to the BioGRID database
(version 3.5.170; Oughtred et al., 2019) it is estimated that human SMAD1, SMADS5, and SMAD9

interact with 126, 62 and 114 proteins, respectively. While these estimates may not be completely
12



reliable, due to potential false-positives, it opens up the possibility of identifying many more Smad

coregulators.

1.3 Conservation of Bone Morphogenetic Protein cis-Regulatory Elements

BMP signaling is highly conserved from invertebrates to vertebrates and used to regulate
a diverse array of processes across development (Schmierer and Hill, 2007; Blitz and Cho, 2009).
Likewise, evidence suggests that BMP-CREs are also highly conserved. Studies have shown that
BMP-CREs from one organism can recapitulate the function of autologous enhancers in another
organism. For instance, Weiss et al. showed that a multimerized BMP-CRE from the Drosophila
Dad gene enhancer induced reporter expression in zebrafish embryos (Weiss et al., 2010).
Additionally, the Allan lab demonstrated that a BMP-CRE taken from the Xenopus bambi BMP-
responsive enhancer functionally replaced a fly BMP-CRE in vivo and a multimerized fly Dad
BMP-AE could drive reporter expression in chick spinal cord (Vuilleumier et al. 2018).

The following subsections discuss current knowledge on BMP-CREs in Drosophila and

vertebrate systems.

1.3.1 Bone Morphogenetic Protein cis-Regulatory Elements in Drosophila

The pMad-binding consensus motif GCCGNCGC was originally identified in Drosophila
in the promoters of Vestigial (Kim et al., 1997) and Tinman (Xu et al., 1998). Since then, work
primarily in the wing imaginal disc has identified two bipartite BMP-CRESs sequences for Mad
and Medea binding found in the regulatory regions of Drosophila BMP-regulated genes. These
are termed the BMP-Silencer Element (BMP-SE) (Pyrowolakis et al., 2004) and the BMP-

Activation Element (BMP-AE). These motifs have since been found to be operational in other
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tissues of developing Drosophila; however, it is notable that less than 10 of these motifs had been
identified and functionally analyzed prior to recent work by the Allan lab in the fly nervous system
(Vuilleumier et al. 2018). Thus, we still do not know how broadly they are used to regulate gene
expression in other tissues.

The BMP-SE and BMP-AE motifs operate to pattern BMP-regulated gene expression
across a gradient of BMP ligand availability across the developing wing imaginal disc.
Phosphorylated Mad (pMad; Drosophila R-Smad) binds to GRCGNC or GGCGCC motifs, while
Medea (Drosophila co-Smad) binds to GTCT or GNCV. Two additional regulators are also
recruited to these motifs, the conserved co-regulator Schnurri and the Dipteran specific repressor

Brinker, that play critical roles in BMP-dependent developing wing imaginal disc patterning.

BMP-Silencing Element (BMP-SE) GRCGNC(Ns)GTCT (R=GorA)

BMP-Activating Element (BMP-AE) GGCGCCA(N4)GNCV (V=A,CorG)

Recruitment of the conserved co-repressor Schnurri requires the Ns spacer and the terminal
thymidine of GTCT of the BMP-SE. This recruitment makes the BMP-SE a repressor motif. The
lack of Schnurri recruitment to the BMP-AE, due to the lack of the terminal thymidine in the
GNCV motif, allows the pMad and Medea complex to activate gene expression (Pyrowolakis et
al., 2004; Gao et al., 2005; Weiss et al., 2010). In many tissues of the fly, a major gene silenced
by the BMP-SE is brinker. Brinker is itself a sequence-specific transcriptional repressor. In the
wing disc and other tissues, brinker repression by BMP signaling results in de-repression of genes
that would be otherwise repressed by Brinker. Notably, many BMP-activated genes in the
developing wing imaginal disc are in fact de-repressed via BMP-dependent brinker repression

(Sivasankaran et al., 2000; Zhang et al., 2001; Weiss et al., 2010). However, Brinker not only acts
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to promote BMP-dependent gene activation through de-repression but also competes with pMad
binding to BMP-AE motifs to counteract pMad/Medea-driven gene activation from this motif.
Brinker binds sequences with the consensus sequence GGCGYY (Y=C, T). This overlaps with the
pMad binding site of the BMP-AE (GGCGCC), serving as a template for competitive binding to
this motif, placing gene activation from the BMP-AE under the control of the relative expression
of pMad and Brinker. This serves to finely tune gene expression across the BMP ligand gradient
of the developing wing imaginal disc (Rushlow et al., 2001). In addition to the work in the imaginal
wing disc, the Allan lab has recently verified the widespread use of the BMP-AE motif in the
Drosophila CNS, by identifying and experimentally verifying 34 BMP-AE containing genomic
fragments near BMP-activated genes (Vuilleumier et al. 2018). This is the first study to show that
the BMP-AE motif is utilized by a large number of BMP-responsive genes in any tissue.

Despite mounting evidence that the BMP-SE and BMP-AE are widespread motifs
governing BMP-regulated genes, several diverse pMad/Medea-responsive motifs have been
identified in Drosophila (Xu et al., 1998; Rushlow et al., 2001; Lin et al., 2006; Walsh and Carroll,
2007; Deignan et al., 2016). The deviation of some of these motifs from the AE/SE consensus
sequences may be required in order to enable pMad/Medea interactions with other TFs and
cofactors (Ross and Hill, 2008; Blitz and Cho, 2009). Adding to this body of work, we have
identified and characterized a novel BMP-CREs motif that we have termed the BMP-AE2 in the
Drosophila CNS (see Chapter 2). This motif has a low affinity, compared to the BMP-AE and
BMP-SE, and our evidence indicates that this lowered affinity is required for cell-specific
activation of the nearby gene. Additionally, biochemical studies have shown Smad complex
binding to the bipartite BMP-CRE sequence with varying linker spacing, demonstrating that linker

ranges of 5x1bp and even 5+ multimers of 10bp may be tolerated (Gao and Laughon, 2007). This
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further indicates that novel BMP-CREs with varying sequences or linker site lengths may exist
and should be further investigated. Studying the deployment and roles of these varied motifs will

deepen our understanding of BMP-dependent gene regulation.

1.3.2 Bone Morphogenetic Protein cis-Regulatory Elements in Vertebrates

Early insight into the DNA-binding specificity of human Smads came from oligonucleotide
binding screens, where the palindromic 5-GTCTAGAC-3" termed Smad binding element (SBE),
was identified as a binding site for Smad4 (vertebrate co-Smad) and Smad3 (TGFp pathway R-
Smad) (Zawel et al. 1998). This was further corroborated by the identification of SBE sites that
bind Smads and regulate the expression of genes like Nkx2.5, the mammalian homologue of the
BMP-responsive Drosophila transcription factor Tinman (Lien et al., 2002; Brown et al., 2004).
Furthermore, the X-ray crystal structure of the N-terminal MH1 domain of Smads 1, 3, 4 and 5
indicated that they all recognize and bind to the GTCT motif (Shi et al., 1998; Baburajendran et

al., 2010; Baburajendran et al., 2011; Chai et al., 2015).

Though able to bind to the SBE (GTCT) motif as cited above, Smadl binds to GC-rich
sequences with higher affinity (Kim et al., 1997; Korchynskyi and Ten Dijke, 2002). X-ray
crystallography of the Smad5 MH1 domain confirms that it binds to GC-rich sequences (in
addition to the SBE sequence) (Chai et al. 2015). Additionally, canonical BMP pathway
Smads1/5/9 were shown to bind GC-rich sequences (such as GCCG, GGCGCC), termed a BMP
Response Element (BRE), near well-known BMP-regulated genes such as the 1d1, 1d2, 1d3 and
Id4 genes (Ishida et al., 2000; Lopez-Rovira et al., 2002; Korchynskyi and Ten Dijke, 2002;

Karaulanov et al., 2004). There are many variations of this GC-rich BRE sequence, for example,
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a ChlIP-seq study mapping SMAD1/5 occupancy in primary human cells revealed enrichment for

both GGCGCC and GGAGCC sequences (Morikawa et al. 2011).

Akin to Drosophila BMP-CREs, bipartite arrangements of SBE and GC-rich sequences
(i.e. TGGCGGC(Ns)GTCT) have been observed in the regulatory regions of numerous vertebrate
BMP-regulated genes such as Ihh, Bambi, Smad7 (I-Smad) and Id genes (Katagiri et al., 2002;
Korchynskyi and Ten Dijke, 2002; Karaulanov et al., 2004; Seki and Hata, 2004; Nakahiro et al.,
2010). A notable difference between the fly and vertebrates is that these BMP-CREs serve as
activators (Yao et al., 2006), despite the fact that these are BMP-SE silencers in the Drosophila
wing imaginal disc and early embryonic blastoderm (Gao et al., 2005; Pyrowolakis et al., 2004;
Weiss et al., 2010). For a more detailed description of these vertebrate BMP-CRES see Table 3.10
in Chapter 3, Section 3.3.3. Recently, published work by the Allan lab demonstrated that a
multimerized fly BMP-AE-type motif functions as a functional activator element in the vertebrate
CNS (Vuilleumier et al. 2018). This opens the possibility that BMP-AE-type BMP-CRES may

regulate BMP-responsive genes in vertebrates.

If these more ‘complex’ bipartite motifs are widely utilized in vertebrates, as opposed to a
degenerate “GC-rich” sequence, this would improve our ability to use computational methods to
detect putative BMP-CREsS, as was previously done in Drosophila. However, the question remains
as to the fraction of BMP-CREs that have this bipartite structure and conform to the BMP-SE

consensus. This has not been examined directly.

Experimentally validating the existence of diverse bipartite BMP-CRE sequence types,
perhaps with different functions, will be an important step in understanding BMP-gene regulation

in vertebrates. Identifying discrete sequences and the extent to which each of these is utilized in
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vertebrates will help us further elucidate BMP regulatory mechanisms, as well as improve our
ability to accurately detect such motifs by purely computational methods. My project partially
aims to identify such motifs, and ultimately test their contribution to the BMP-regulatory

landscape.

1.4 Challenges in Studying cis-Regulatory Modules and cis-Regulatory Elements
Mutations in non-coding CREs are known to cause or contribute to human disease,
resulting in a growing class of diseases classified as “enhanceropathies” (Smith and Shilatifard,
2014; Mathelier et al., 2015). Mapping BMP-CREs on a genomic scale and defining their sequence
variation tolerances would help interpret disease susceptibility arising from sequence variants in
non-coding regions (Mathelier, Shi, and Wasserman 2015). CRE discovery has been historically
challenging, as CREs are located at varying distances to the genes they regulate and can have high
sequence degeneracy. However, their crucial role in gene regulation makes their identification very
important, particularly in light of human genome sequencing efforts to identify disease

susceptibility loci in the genome (Wasserman and Sandelin, 2004; Petersen et al., 2017).

1.4.1 Combining Computational and Experimental Methods to Detect CREs

Several computational and experimental methods have been developed to predict and
identify CRES; however, none of these strategies alone can confidently identify functional CREs.
In this section, 1 will be discussing the advantages and disadvantages of using some of these
methods.

Computational methods include enrichment and clustering of characterized transcription

factor binding sites (TFBS), as well as comparative genomics based on sequence conservation
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between species. TFBS are typically short (4-12bp), and such short motifs can be frequently found
in the genome, with only a few functioning as in vivo binding sites. Searching for clusters of short
TFBS motifs can improve predictions but these can also be widespread in large genomes, resulting
in many false-positive predictions. Chromatin context, cell type, developmental stage, as well as
the presence or absence of regulatory co-factors, all contribute to whether a predicted binding site
is occupied in vivo (Gaulton et al., 2010; Kaplan et al., 2011), making it almost impossible to
experimentally verify a false-positive prediction as false. The high variability in TFBS sequences,
especially when TFs act cooperatively (Jolma et al. 2015) can also result in a high degree of false
negatives. Incorporation of sequence conservation information can improve prediction accuracy,
assuming that important non-coding functional DNA sequences are more likely to be conserved
across multiple species during evolution. However, CRE evolution is a driving force of
evolutionary change, hence phylogenetic conservation can also be misleading (Long et al., 2016;
Douglas and Hill, 2014; Rebeiz and Williams, 2011). Additionally, as many computational
methods of enhancer prediction rely on the strongest biochemical TF binding signals (high-affinity
binding sites), they typically fail to detect low to moderate affinity binding sites (Jaeger et al.,
2010; Ramos and Barolo, 2013).

Experimentally, one of the ways occupies CREs can be identified is by using ChiP-seq
either against transcription factors or against histone post-translational modifications characteristic
of active transcription (Hardison and Taylor, 2012; Shlyueva et al., 2014). This provides
experimentally verified, unbiased, genome-wide detection of CREs in a systematic manner. Using
ChlP-seq, we can recover binding sites of a transcription factor with a resolution of 150-300bp
(Park 2009). However, this method only allows the study of single factors in a snapshot of time

and space. This hinders the detection of cell-specific CREs unless they are directly examined
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(Schmidt et al. 2010). An additional caveat of this method is the recovery of a substantial number
of candidate CREs, many of which are false positives and do not contribute to gene regulation.
Finally, it is possible that more “rare” binding sites can be dismissed as false-positives or
“background”. In order to better discriminate functional TF binding sites, one can also assess
chromatin accessibility and histone modifications that mark genomic regions areas by their
functional status, such as the enrichment of H3K4mel and H3K27ac. H3K4mel enrichment at
enhancers can be quite broad, extending 1kb or more on either side of the CREs, thereby providing
a large sequence area to identify the actual TF binding site (Heintzman et al., 2007; Creyghton et
al., 2010).

In isolation, any single strategy is limited in its ability to confidently predict functional
CREs. However, predictions can be improved by the combined use of ChIP-seq data for TF
occupancy and chromatin modifications, coupled with TF binding motif models and multi-species
sequence comparisons. In addition to data generated in-house, public datasets such as those
available through the ENCODE projects can be added to enhance CRE prediction. These available
datasets include, but are not limited to, DNA-seq and FAIRE-seq data (from various cell types and
conditions) to identify nucleosome-depleted and open chromatin regulatory regions (Dailey 2015),
as well as STARR-seq data which are massively parallel functional assays for the discovery of
active enhancers in vertebrates and invertebrates (Arnold et al., 2013). Combining all these
complimentary methods to identify and experimentally verify TF binding sites will markedly

enhance the predictive power of any CRE characterization project.
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1.5 Thesis Research Objectives and Aims

Despite the importance of BMP-CREs to BMP-driven genomic responses and the potential
for BMP-CRE sequence variants in disease susceptibility, they remain largely unidentified on a
genomic scale. The overall objective of my thesis is two-fold; to characterize the widespread
deployment of a novel low-affinity BMP-CRE motif our lab found to be active in the Drosophila
central nervous system and to start the process of identifying the BMP-driven gene regulatory

network underlying mammalian chondrogenesis.

My specific experimental aims were to:
1) Experimentally validate a novel set of BMP-CRE motifs in Drosophila.
2) Perform genomic identification of BMP-regulated genes and active enhancer regions
during mouse chondrogenesis.

3) Experimentally verify candidate BMP-CREs that are active during mouse chondrogenesis.
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Chapter 2:
Genomic ldentification and Validation of a Novel BMP cis-Regulatory Element
in the Drosophila CNS.

2.1 Introduction

Neurogenesis is a complex and tightly regulated process driven by local extrinsic cues and
genetically encoded intrinsic programs that control cell fate (Hobert et al., 2010; Allan and Thor,
2015). Late stages of neural circuitry differentiation and maturation, such as the formation and
growth of synapses, arborization of axons and dendrites and acquisition neurotransmitter
phenotype, also require “retrograde” signaling from dendritic and axonal targets (Hippenmeyer et
al., 2004; Marqués, 2005; da Silva and Wang, 2011). A well-studied example of retrograde
signaling in Drosophila is retrograde BMP signaling in efferent neurons. Retrograde BMP-
signaling is required for the induction and maintenance of neuronal subtype-specific gene
expression including neuropeptide genes, such as FMRFa, in developing and mature neurons in
the VNC (Allan et al., 2003; Marqués et al., 2003; Eade and Allan, 2009; Veverytsa and Allan,
2011). Additionally, retrograde BMP signaling is required in motor neurons for increased
neuromuscular junction (NMJ) growth and neurotransmission to homeostatically match muscle

growth (Aberle et al., 2002; Marqués, 2005; Goold and Davis, 2007; Berke et al., 2013).

In Drosophila efferent neurons, retrograde BMP-signaling is triggered by Glass bottom
boat (Gbb) ligand engagement at a presynaptic BMP-Receptor complex of Wishful thinking (Wit),
Thickveins (Tkv) and Saxophone (Sax) that phosphorylates Mad (Aberle et al., 2002; Rawson et
al., 2003; Allan et al., 2003; Mccabe et al., 2004). Phospho-Mad binds Medea to form the Smad
complex (Gao, Steffen, and Laughon 2005) Gao and Laughon, 2006) that translocates to the
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nucleus and regulates transcription by binding DNA in a sequence-specific manner at BMP-
response elements (Kim et al., 1997; Xu et al., 1998; Shi and Massague, 2003; Berndt et al., 2015;

Vuilleumier et al., 2018).

The role of retrograde BMP-signaling in neuronal gene regulation is best defined for the
neuropeptide gene FMRFa. This gene is selectively initiated and maintained in Tv4 neurons
through the integration of BMP-activated Smad transcription factors with a Tv4-specific
transcription factor code at two closely spaced cis-elements, a homeodomain-response element
(HD-RE) and a BMP-response element (BMP-CRE, within a Tv4-neuron specific enhancer of the
FMRFa gene (Allan et al., 2003; Miguel-Aliaga et al., 2004; Allan et al., 2005; Berndt et al., 2015).
These results lead to a model wherein retrograde signaling contributes a BMP input to complete a
combinatorial transcription factor code that determines selective gene expression in differentiating

neurons (Allan et al., 2003; Berndt et al., 2015).

Studies primarily in the Drosophila wing imaginal disc have established core principles
regarding BMP-CRE sequence and function. Drosophila BMP-dependent gene activation is
mediated directly by Smads acting as activators, or indirectly through de-repression whereby
BMP/Smad-dependent repression of the transcriptional repressor brinker reduces its activity, and

de-represses numerous genes (Affolter and Basler, 2007; Hamaratoglu et al., 2014).

The existence of activating/repressing BMP cis-Response Element motifs (see Section
1.3.1) in Drosophila suggests that the nature of the BMP-mediated gene regulation can be textured
by the specific BMP-CRE sequence contained within a gene’s cis-regulatory region. Therefore, in
addition to a model where the BMP-CRE is a simple docking site for BMP input to a combinatorial

transcription factor code, a second model presents itself in which the BMP-CRE sequence plays
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an additional functional role to diversify the regulatory outcomes of BMP input. These models
have not been tested for their relevance in diversifying BMP-dependent gene expression in

neurons.

2.2 Preliminary Work

This section summarizes work performed by a former graduate student, Anthony Berndt,
upon which my work for Chapter 2 builds on, for manuscript submission. In studying the highly
restricted expression of the FMRFa neuropeptide gene, our lab identified a minimal BMP-
responsive cis-regulatory element (BMP-CRE) that mediates BMP-dependent FMRFa gene
transcription in the 6 Tv4 neurons of the Drosophila VNC (Berndt et al., 2015). Follow-up work
revealed that this BMP-CRE is a novel Activating-like Element (BMP-AEZ2;
GGCGCCA(N4)GTAT) that differs from the previously identified BMP-SE and BMP-AE
sequences (see Section 1.3.1), mainly by virtue of a C > A transversion of a functionally critical C
nucleotide in the Medea binding site (GTAT vs. GTCT/GNCV), that confers reduced Smad
recruitment compared to BMP-AE (GNCV) or BMP-SE-type (GTCT) motifs (see attached
manuscript for details). Regardless of reduced Smad recruitment, functional testing of BMP-AE2
mutants demonstrated that this atypical motif directly mediates Smad recruitment and FMRFa
expression, without the contribution of brinker or schnurri co-regulators. Moreover, conversion of
GTAT to an optimal BMP-AE sequence GNCV-type motif (GACG) enhanced Smad recruitment
in vitro and led to substantial ectopic BMP-dependent reporter expression in other neuronal
populations. This indicates that the low affinity of the BMP-AE2 motif directly contributes to the
high neuronal subtype-specific expression of BMP-dependent FMRFa. Mutational analysis further

revealed that the T in position two of the Medea binding site (GTAT) is the only nucleotide that
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can be replaced without eliminating reporter activity. Taken together, this suggests that a BMP-

AE2 consensus sequence (GGCGCCA(N4) GNAT) may be a novel BMP-CRE motif.

2.3 Materials and Methods

2.3.1 Fly Genetics

Strains used: med ©?% (McCabe et al., 2004), med®® (Hudson et al., 1998), med! (Das et al. 1998),
witA2 and witB! (Aberle et al. 2002) were provided by the Bloomington Drosophila Stock Center.
Mutants were kept over TM3, Sb, dfd-GMR-nvYFP (Le et al. 2006) TM3,Sb,Ser,twiGAL4,UAS-
2XEGFP (Halfon et al. 2002) or TM6B (Craymer 1984). w8 was used as the control genotype.

Flies were reared on standard medium 25°C, 70% humidity.

2.3.2 EGFP Reporter Transgene and Transgenic Fly Construction

A list of all primers used for the construction of these transgenic flies can be found in Table 2.1.
To generate reporter constructs, approximately 2kb genomic DNA fragments (see Table 2.1) were
amplified by PCR and cloned into an empty pThunderbird EGFP vector (Berndt et al. 2015). These
fragment sizes correspond with those tested in other studies performing large scale enhancer
identification in Drosophila (Weiss et al., 2010; Kvon et al., 2014; Pfeiffer et al., 2008;
Vuilleumier et al., 2018) and are sufficiently large fragments to reduce the chance of excluding
important enhancer elements on either side of the putative BMP-CREs. Coordinates of the
fragments amplified, as well as the primers used for fragment amplification from genomic DNA,

are summarized in Table 2.2.

Mutagenesis was performed by Q5® Site-Directed Mutagenesis Kit (New England Biolabs), using

primers designed to introduce specific base pair substitutions to the Mad binding site (GCCGGC
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> tgatga), according to manufacturer's protocols. Primers were designed using the NEBase
Changer v1.2.8 tool and are summarized in Table2.1. All constructs were verified by sequencing

before the generation of transgenic fly lines.

For fly transgenesis, constructs were inserted via PhiC31 mediated site-specific integration
(Bischof et al., 2007) into the attP2 site (Groth et al, 2004) on chromosome 3 by Rainbow
Transgenics Flies Inc. (CA, USA).

Table 2.1: Q5 mutagenesis primers

DNA Primer Sequence
fragment (5'—3)
F: GGCGTATACGTGATAAGTGGCGCTA

Mutated BMP-AE2 site

AYP3 . ATtcatcaGTCACCAGATTCGGTGGTT tgatgaATGGCGTAT
oo EASTCIRCISICSISTICNTITTS  pncucrarar
pamoF TTCTAT TECACOTARCcccos o
ALl A GTATGCAACACTACAGAAGCCC tgagAAAAAAGTAT
Atypls F TICACaAGCACTTTGTCGTGGGCG (GAlGAAAAAGTAT

R: AAAAGTATGCTATAATATTTAAAGCTCACGCAAGC

2.3.3 Immunocytochemistry
Standard protocols were used throughout (Eade and Allan, 2009; Vuilleumier et al., 2018). Primary
antibodies used: rabbit anti-pSmad1/5 (1:100; 41D10; Cell Signaling Technology). Secondary

antibodies used: donkey anti-rabbit conjugated to Cy3 or Cy5 (1:250; Jackson ImmunoResearch).

2.3.4 Bioinformatic Detection of BMP-AE2

HOMER v4.10 software suite (Heinz et al. 2011) was used to scan the reference dm6 Drosophila
genome for the BMP-AE2 (GGCGCCNsGTAT) motif. Base-specific PhastCons scores (Siepel et
al.,, 2005; 27-insect conservation) were obtained from the UCSC genome browser

(https://genome.ucsc.edu/) to annotate each motif instance with evolutionary conservation scores.
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Table 2.2: Cloned AE2 fragment genomic coordinates and they primer sequences used for their amplification

DNA CRE genomic coordinates Average Primer Sequence Genomic coordinates of Fragment
frasment | (dm6 —BDGP Release 6 plus ISO1 MT) | phastCONs (5’=39) fragment cloned size
Atypl chr2R:9905662-9905676 1 FR (i:1E%¥f§§§£iig$gf§§§ciG&i? chr2R:9904061-9906149 2089bp
Atyp2 chr3R:17053115-17053129 1 FR ig%ig%z‘é(;igggt:‘éig%g;;?gé& chr3R:17051370-17053599 2230bp
Atyp3 chrX:15616808-15616822 0.998643 FR i?;é}é;ifgggggigg;éég%ﬁtaiif chrX:15616292-15618623 2332bp
Atyp4 chr3R:18498566-18498580 0.999857 FR gé‘égii‘;‘éﬁiéi%gi%iigzgggigig chr3R:18498121-18500496 2376bp
Atyp5 chr3R:28698786-28698800 1 FR ((}Z((:}izi%%;c%i?}%%titg;cf;;gggcC chr3R:28697790-28699915 2126bp
Atyp6 chr2L:15189633-15189647 0988429 FR f:?;éiéf}é?ffiﬁgf:g%%%%%té% chr2L:15187760-15189856 2097bp
Atyp7 chrX:14450410-14450424 0957214 FR TTSZ?fgrl"((}}ié%%%fi&;?TGfifT%ngT{?c chrX:14450016-14452157 2142bp
Atyp8 chrX:14696740-14696754 0.554643 FR ((}}ég?fgégggggi:‘%tﬁ?}TGTgTTSCG chrX:14695051-14697141 2091bp
Atyp9 chr3L:14589745-14589758 1 FR igégig;?g;ggg:%%gi;éigg? chr3L:14587810-14589922 2113bp
Atypl0 chr3R9836926-9836940 1 FR %i%é%%éég:fggg?&%t}gﬁ%T chr3R:9835985-9838072 2088bp
Atypll chr2L:9319175-9319189 1 FR ggi;?‘f{?ffTﬁGtﬁ;&?TtG&%cC{ chr2L:9318297-9320893 2597bp
Atypl2 chr3R:18357071-18357085 0.999929 FR TTITTS%TT((}}ITTT?}TIg(;(é(Tj((}}TAEATTGTgé:CTTtTf_Sf chr3R:18355808-18358004 2197bp
Atypl3 chr3R:15594263-15594277 1 FR %i}%ng-é:;ﬁf%G?&%;éég((}}(TZ(T:((}}C chr3R:15592738-15595782 3045bp
Atypl4 chr3L:2836246-2836260 0997214 FR Egiifgiig%;}gggigégc%fgg(}t_\étc(;c chr3L:2835299-2836800 1502bp
Atypls chr2R:19199705-19199719 1 FR ((};g:i;z((};gga%%ﬁ%%gggééggéé chr2R:19198829-19200842 2014bp
Atyple chr2R:24694131-24694145 0.99%9643 FR EEC_{}}%:CICT;(?iiiz‘;ggé‘tii%TcG_x chr2R:24693621-24694315 695bp
Atypl7 chr3L:11348427-11348441 0.6135 FR gE%tTﬁC?iggiggggiégg(T}%EGC chr3L:11347382-11349454 2073bp
Atypl8 chr2L:11595432-11595445 1 FR gégé;ggg:ggiig%;&géggg chr2L:11594630-11596060 1431bp
Atyp20 chr3R:10449056-10449070 0969214 FR (;"(T:ig{ég?}f}G&GngTffTGg}fﬁfgg_\TA chr3R:10447961-10450057 2097bp
Atyp2l chr2R:23517681-23517695 0.922 FR igiéiéii%i;%tzi%12%2?;;‘22& chr2R:23516524-23518211 1688bp
Atyp22 chr2R:13835553-13835567 0997357 FR (iTTC-'f(:}—E:%G-\J&TC%-{:ﬁ:chG-\%ICTiE?CG-\T_:T%%t chr2R:13835299-13836232 934bp
Atyp23 chr3L:15776762-15776776 1 FR gégéii;ié;‘;&gggﬁ}c;ff é; GT é} ;; é} f chr3L:15775869-15777334 1466bp
Atyp24 chrX:10180864-10180878 0588214 FR %éf&?}g}_\(iﬁggz‘i;i?é}ggg?%?gg chrX:10180102-10182068 1967bp
Atyp25 chrX:1649111-1649125 0997143 FR iii%%g%g;gi;%g%igzigggigé}; chrX:1647378-1649894 2517bp
Atyp2e6 chr3L:13570864-13570878 0.756857 FR g%gigég:gii%éi}iéié%ézggc chr3L:13569638-13572061 2424bp
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2.3.5 Imaging Analysis and Quantification of Reporter Expression

Images were acquired as z-stacks on an Olympus FluoView FV1000 confocal microscope or a
Zeiss Axio Imager VIS LSM880 confocal microscope. We examined native GFP reporter
expression (without anti-GFP immunoreactivity enhancement) in late L3 larval VNCs, in the
context of anti-pMad immunoreactivity (to mark nuclei with active BMP-signaling). In all cases,
four or more VNC were dissected and imaged for each genotype. All tissues to be compared were
processed with the same reagents, imaged and analyzed in identical ways. To quantitate reporter
activity, we used Bitplane: Imaris v9.2 software (in Spots Mode) to identify reporter-positive
nuclei in the VNC (excluding the brain lobes). When comparing control and pMad-binding site
mutant genomic fragment reporters, we additionally assessed GFP positive nuclei that were co-
marked by pMad immunoreactivity (by mean intensity thresholding). Imaris settings were
established independently for each set of reporters, in order to provide optimal *spot” marking of
the GFP reporter and pMad co-immunoreactive nuclei, with minimal background fluorescence
spot marking. Each image was further subtracted, manually, for spots that erroneously labelled

background fluorescence.

2.3.6  Statistical Analysis

Statistical analysis and graphing were performed with GraphPad Prism Version 8.0.1 (GraphPad
Software, San Diego, CA). The normality of sample distribution was determined with Shapiro-
Wilk normality tests. All multiple comparisons were done with One-Way ANOVA and a Tukey
post-hoc test or Student’s two-tailed t-test when only two groups were compared. Mann-Whitney
U test was used when the samples were not normally distributed. Differences between genotypes
were considered significant when p-value < 0.05. Data are presented as mean + Standard Error of

Mean (SEM).
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2.4 Results

2.4.1 ldentification of 128 Highly Conserved AE2 Genomic Fragments in Drosophila
Following the identification of the novel BMP-AE2 regulating FMRFa expression in Tv4

neurons, we examined if this cis-regulatory motif was widely distributed through the genome to

regulate numerous neuronal genes in a BMP-dependent manner. Therefore, I examined the

distribution of conserved BMP-AE2 motifs in the genome and tested the BMP-dependent activity

of a 2kb genomic fragment surrounding the motif, following established methods (Vuilleumier et

al. 2018).

We identified all 178 BMP-AE2 motifs in the D. melanogaster genome using the motif
discovery tool HOMER (v4.10) (Heinz et al. 2011). These were filtered for high sequence
conservation across 24 sequenced Drosophila species using PhastCons scores, limiting the list to
128 BMP-AE2 with an average PhastCons score over 0.55 (Supplemental Table S1). Out of these
128 motifs, we found that 68% (87/128) are located within an intron or UTR, while the remaining

32% (41/128) are intergenic relative to the nearest gene.

Towards selecting a subset of these for functional testing in vivo, we prioritized 24 of the
BMP-AE2 motifs based on their proximity to genes expressed in the larval nervous system
(Chintapalli et al., 2007; Weiszmann et al., 2009) (see Table 2.3). Out of the 24 selected motifs,
we selected 20 highly conserved with an average PhastCons score above 0.9 in order to optimize
the chance of characterizing functional BMP-CRE's, but also added 4 motifs with scores 0.75-0.55
in order to test of lesser conserved motifs were also functional (Table2.3, Supplemental Table S1).
We additionally identified the nearest wit-responsive gene TSS for each motif (unpublished data,

Allan lab). These data are included in Table 2.3.
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Table 2.3: Cloned AE2 fragment conservation, genomic location, and corresponding nearby genes

DNA CRE genomic coordinates Average Nearby CN'S Distance inbp | pogition relative |  Nearest BMP- Distance in bp
fragment | (dm6 _BDGP Release 6 plus ISO1 MT) phastCons* expressed gene e e to nearest gene regulated gene** (CRE to nearest BMP-
= < expressed gene TSS) < = = regulated gene TSS)
Atypl chr2R: 9905662-9905676 1 FMRFa 618 intergenic FMRF 618
Atyp2 chr3R:17053115-17053129 1 Dad 878 intergenic Dad 878
Atyp22 chr2R:13835553-13835567 0.997357 CG6357 4486 intergenic CG6357 4486
Atyp21 chr2R:23517681-23517695 0.922 RabXl 5018 intergenic RabX1 5918
Atypl1l chr21.:9319175-9319189 1 FEaatl 14378 intergenic Eaarl 14378
Atyp24 chrX:10180864-10180878 0.588214 CG43902 22431 intronic CG43902 22431
Atyp3 chrX:15616808-15616822 0.998643 sog 13535 intronic CG9220 23275
Atypl2 chr3R:18357071-18357085 0.9999290 CG31235 28085 intergenic CG31235 28130
Atyp20 chr3R:10449056-10449070 0.969214 Cypllel 14252 intergenic CG6325 41772
Atyple chr2R:24694131-24694145 0.99964 3 STeGal 255bp intronic Mid] 42512
Atyp8 chrX:14696740-14696754 0.554643 Net4 42813 intronic NetA4 42813
Atypl0 chr3R:9836926-9836940 1 Tehl 31308 intronic CGS8507 45444
Atypl3 chr3R:15594263-15594277 1 AOX3 46528 intergenic AOX3 46528
Atyp9 chr3L:14589745-14589758 1 HGTX 0814 intronic Mpcp2 52094
Atypls chr2R:19199705-19199719 1 Hppy 21070 intronic CG15118 62537
Atyp26 chr3L:13570864-13570878 0.756857 bru-3 96083 intronic CG10089 96078
Atyp6 chr2L:15189633-15189647 0.988429 CG4168 10850 intronic CGI5270 114858
Atyp23 chr3L:15776762-15776776 1 Comm 48800 intergenic PHCI-1 122253
Atypl4 chr3l:2836246-2836260 0.997214 Tet 43090 intronic Fife 124557
Atypl7 chr3l:11348427-11348441 0.6135 CG6163 16516 intergenic Ube3a 137845
Atyp7 chrX:14450410-14450424 0.957214 dpr8 11990 intronic sbm (CG9413) 152156
Atyp4 chr3R:18498566-18498580 0.999857 fiu 47233 intronic CG31235 169625
Atyp25 chrX:1649111-1649125 0.997143 Br 74545 intronic/3 " UTR Jutsch 240043
Atyp1l8 chr2L:11595432-11595445 1 kek2 13580 intronic CG42486 247692
Atyp5s chr3R:28698786-28698800 1 htt 36100 intronic beat-VI 280579

* Average evolutionary conservation score of a motif calculated based on the base-by base conservation score of each position in the motif.

*# Color indicates whether genes were upregulated or downregulated in wif mutant background. Green labeled genes are downregulated, and blue ones are upregulated.

Reporters were sorted based CRE distance to nearest BMP-regulated gene TSS.
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2.4.2 ldentification of 7 BMP-Responsive Genomic Fragments in Neurons
To test the in vivo activity of these BMP-AEZ2s, 24 genomic DNA fragments (of~2kb) each
containing one of these motifs were cloned in front of a minimal promoter and a nuclear-localizing

GFP reporter.

We examined reporter activity driven from these genomic fragments in wandering third
instar larvae. Out of the 24 reporters, 5 showed no expression in the VNC, but only 1 of these
exhibited no reporter expression in any of the other tissues examined (Table 2.4, Figure 2.1). The
remaining 19 reporters exhibited low to robust reporter activity in the VNC (Table 2.4).
Additionally, a subset of the 19 reporters exhibited reporter expression in the optic lobes and/or
other larval tissues, indicating that these reporters may not only have a restricted function in the

CNS but may have roles outside the CNS during larval development.

Of these active reporters, 10 exhibited expression in subsets of pMad-positive cells in the
VNC (which at this developmental stage comprises motor and neuropeptidergic neurons) (Allan
et al., 2003), as well as pMad-negative glia and neurons (Figures 2.3, 2.4, 2.5). The other 9 active

reporters only exhibited reporter expression in pMad-negative glia and neurons (Figures 2.2).

We tested the BMP-responsiveness of the 10 reporters expressed in subsets of pMad-
positive cells reporters, by placing all 10 into a wit mutant background. The transgenic flies were
crossed to a wit mutant allele line (wit?*?) to create recombinant animals that would contain both
the enhancer reporter and wit mutant allele on the third chromosome. As third instar larvae
heterozygous for wit?'? are viable and have normal BMP signaling in the VNC (pMad" stain) they
were used as controls (wit**?/+). The corresponding wit mutants were made by crossing with

another wit mutant line (wit®'t), generating wit*'?/wit!! transheterozygotes that are pupal lethal
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(Veverytsa and Allan, 2011) and lack normal BMP signaling and pMad stain in the VNC. Out of
those 10 reporters, 7 showed partial to total loss of reporter expression, and 3 reporters showed no

significant change (Figures 2.3, 2.4, 2.5).

Three of these wit-responsive fragments were Atypl8, Atyp23, and Atyp26 (Figure 2.4).
Atypl8 reporter was expressed in 33915 nuclei, of which 134+25 (34%) nuclei were pMad-
positive (n=16). In wit mutants, reporter activity was reduced by 47% to 181+5 nuclei (n=17)
(Figure 2.4-A,D). Atyp26 reporter had very robust and widespread expression across the whole
L3 brain. In the VNC it was expressed in 805+22 nuclei, of which 217+10 (27%) nuclei were
pMad-positive (n=6). In wit mutants, reporter activity was reduced by 30% to 592+39 nuclei (n=6)
(Figure 2.4-B,E). Finally, Atyp23 had a sparser expression pattern and was expressed in 61+6
nuclei (n=5). In wit mutants, reporter activity was reduced by 50% to 30£5 nuclei (n=5) (Figure

2.4-C,F).

We next tested whether the activity of the identified wit-responsive fragments was
dependent on the AE2 Mad binding site included in these fragments. We selected 4 wit-responsive
fragments (Atyp3, 8, 11 and 15) and one non-wit responsive fragment (Atyp9, Figure 2.3-C,F), to
introduce specific mutations into the pMad-binding site of the AE2 (GGCGCC > TGATGA). We
placed these mutant genomic fragment reporters into the same attP2 site as the corresponding WT
reporter. In all 4 wit-responsive fragments tested, there was a significant loss of reporter expressing
cells; however, this loss was less pronounced than the loss in wit mutants (Figure 2.5-A-C, E-G).
Atyp15™ was the only fragment with the same loss of cell numbers in the pMad-binding site

mutant compared to the wit mutant (Figure 2.5-D,H).

32



We quantified the number of cells in which reporters were expressed for these 4 wit-
responsive fragments (Atyp3, 8, 11 and 15). In the VNC, Atyp3 reporter was expressed in 224+16
nuclei, of which 566 (25%) nuclei are pMad-positive (n=7). In wit mutants, reporter activity was
reduced by 61% to 88+10 nuclei (n=12). Once the pMad-binding site was mutated (Atyp3™a),
reporter activity was reduced by 27% to 159+9 nuclei (n=15) compared to controls that had
reporter expression in 218+19 nuclei (n=6) (Figure 2.5-AE). Atyp8 reporter was expressed in
4945 nuclei, of which 9+2 (18%) nuclei are pMad-positive (n=5). In wit mutants, reporter activity
was reduced by 75% to 12+1 nuclei (n=5). In the pMad-binding site mutant (Atyp8™), reporter
activity was reduced by 50% to 23+3 nuclei (n=7) compared to controls that had reporter
expression in 46x5 nuclei (n=6) (Figure 2.5-B,F). Atyp11 reporter was expressed in 228+17 nuclei,
of which 118+10 (52%) nuclei are pMad-positive (n=10). In wit mutants, reporter activity was
reduced by 88% to 2448 nuclei (n=9). In the pMad-binding site mutant (Atyp11m), reporter
activity was reduced by 41% to 131+8 nuclei (n=9) compared to controls that had reporter
expression in 221+15 nuclei (n=6) (Figure 2.5-C,G). Finally, Atyp15 reporter was expressed in
212+17 nuclei, of which 68+7 (32%) nuclei are pMad-positive (n=9). In wit mutants, reporter
activity was reduced by 64% to 77+5 nuclei (n=9). In the pMad-binding site mutant (Atyp15™),
reporter activity was reduced by 67% to 76+7 nuclei (n=9) compared to controls that had reporter
expression in 228+17 nuclei (n=9), of which 68+8 are pMad-positive (Figure 2.5-D,H).
Coincidently, Atyp15 reporter is the only case where a near complete loss (90%) of pMad* stain
and reporter expression overlap were observed in the pMad-binding site mutant (Figure 2.6).
Taken together, the data strongly suggest that these 4 motifs are functional BMP-AE2 where

binding to the Mad-binding site plays an important role in driving reporter expression in the VNC.
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Next, we examined reporter intensity effects in all 7 wit-dependent motifs and found that
only 4 of these exhibited altered reporter intensities (Figure 2.7). Both Atyp18 and Atyp26 had a
significant reduction in mean relative reporter intensity when comparing controls to their
respective wit mutants. For Atypl8, control mean relative reporter activity per nucleus was
measured at 120£11, while in wit mutants it dropped by 63% to 45+7 (Figure 2.7-C). The reduction
was even more significant in Atyp26, where control mean relative reporter activity was measured
at 260+30, while in wit mutants it dropped by 88% to 32+3 (Figure 2.7-D). In Atyp15, while there
was no significant mean relative reporter intensity reduction between wit controls (64+2) and wit
mutants (66+3), there was a 27% reduction in Atyp15™ mutants (49+2) compared to the controls
(67£8) (Figure 2.7-A). In this case, we were also able to measure relative reporter intensities of
pMad* stained nuclei only, where the mean relative reporter intensity of controls (70+4) was
reduced by 54% in the Mad-binding site mutants (32+2) (Figure 2.7-B). Finally, Atyp23 had the
most surprising result, with the wit mutants exhibiting a 24% increase in mean relative reporter
expression compared to the controls (Figure 2.7-E). Based on the distribution in the Atyp23 graph
(Figure2.7-F), the highest reporter-expressing cells appear to be maintained in the wit mutants,
suggesting that the increase in mean relative reporter intensity observed in Figure2.6-E could be a

result of a loss of mainly low reporter-expressing cells.

Having established the necessity of Medea for the BMP-dependent activity of the FMRFa
BMP-RE (Berndt et al., manuscript pending resubmission), we decided to test the necessity of
Medea for reporter expression in a subset of the 7 BMP-dependent AE2 motifs. We placed Atyp3,
Atyp8, Atypll, and Atypl5 in a null Medea background, and in all these cases, reporter expression
was lost with the same pattern observed when the reporters were placed in a wit mutant background

(Figure 2.8).
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Overall, we have identified 7 BMP-dependent AE2 motifs out of the 10 motifs with
reporter expression overlap with pMad stain in the L3 VNC tested, which gives our approach a
discovery rate of 70%. This discovery rate is in line with previous studies done using other BMP-

motifs (Vuilleumier et al. 2018).
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Table 2.4: AE2-enhancer genomic fragment-driven GFP reporter expression patterns.

Expression* in:

DNA Reporter/pMad wit
Fragment VNC  Optic stain overlap responsive  VNC Expression Details  Expression in Other Tissues
lobes
Atyp26 o+t o+t \ \ neurons and glia glial cells, cells in trachea
Atyp3 +++ ++ \ \ medial and lateral neurons fat body, muscle tissue, salivary glands
Atypl8 +++ i \ \ medial and lateral neurons salivary glands
Atypl5 +++ - \ \ medial and lateral neurons cells in trachea
Atyp1l ++ + \ \ medial and lateral neurons  salivary glands
Atyp8 + + \ \ sparse tip of mouth hooks
Atyp23 + + \ \ sparse none
Atyp13 +++ + \ - medial neurons none
Atyp9 ++ ++ \ - lateral neurons none
Atyp7 + + \ - sparse none
Atypl7 ++ + - - neurons and glia cells in midgut, pharynx and glial cells
Atyp22 + ++ - - sparse brain glial cells, Malpighian tubule cells
Atypl4 T+ ++ - - sparse none
Atyp24 + + - - sparse none
Atyp20 + + - - sparse none
Atyp21 + - - - sparse none
Atyp5 + + - - low intensity none
Atypl10 + + - - low intensity none
Atypl2 + - - - low intensity ring of cells in proventriculus
Atyp2 - +++ - - none disc cells
Atypl6 - + - - none cells in midgut
Atyp25 - - - - none epidermis (specifically cells in segment borders)
Atyp6 - + - - none none
Atyp4 - - - - none none

* Expression pattern was assessed in wandering third Instar larvae.
Reporters were sorted based on VNC expression intensity and pattern, wit responsiveness and expression in other tissues.
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Figure 2.1 AE2 motifs with no detectable expression in the CNS of third Instar (L3) larvae.
I. (A) Generation of the transgenic flies required the generation of plasmids containing the AE2
motifs of interest upstream of a minimal promoter driving a GFP reporter. Using ¢C31 integrase,
the plasmid was placed in an attP2 site on the 3" chromosome. (B) Schematic representation of
the L3 larvae Central Nervous System (CNS). I1. (A-E) Transgenic reporter lines Atyp2, 4, 6, 16,
25 exhibit no GFP reporter expression in wandering L3 larvae brains. Genotypes: All lines

examined here were heterozygous (w;;AtypX/+).
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Figure 2.2: Non-BMP responsive AE2 motifs with expression in the VNC of third Instar larvae.
Transgenic reporter lines Atyp5, 10, 12, 14, 17, 20, 21, 22, 24 exhibit GFP reporter expression in L3 larvae VNCs, with no observed

overlap of GFP reporter (green) and pMad (magenta). Genotypes: All lines examined here were heterozygous (w;;AtypX/+).
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Figure 2.3: Three of the fragments tested are non wit-responsive in the L3 VNC.
(A-B) Representative images of transgenic reporter lines Atyp7 and Atypl3, along with their
respective wit mutants. (C) Representative images of reporter line Atyp9 control, wit mutant and
pMad-binding site mutant (Atyp9™). Side panels indicate overlap of GFP reporter (green) and
pMad stain (magenta). (D-F) Quantification revealed non-significant change of number of
reporter-expressing cells in the mutant genotypes compared to the controls, indicating that these
reporters do not have BMP-dependent expression in the L3 VNC, despite observed overlap of
reporter and pMad stain in some cells. Each point in the graph represents the total number of
reporter-expressing cells in the VNC of a single animal. Significance was calculated with one-way
ANOVA with a Tukey post-hoc test: no was significance detected in any of the comparisons.
Genotypes: All control and pMad-binding site mutant lines examined here were heterozygous

(w;; AtypX/+); wit mutants (w;;AtypX,witA2/witB11),
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Figure 2.4: wit-mutants exhibit a significant loss in reporter-expressing cells compared to
controls in the VNC of third Instar larvae.

(A-C) Representative images of transgenic reporter lines Atypl8, Atyp26 and Atyp23 where
reporter expression is significantly altered in wit mutants (wit*'2/wit81). Side panels indicate nuclei
with overlapping GFP reporter (green) and pMad stain (magenta). (D-F) Quantification of
numbers of reporter-expressing cells indicates a significant difference in the mutant genotypes
compared to their controls (Atypl18 controls: 339+15 cells and wit: 181+5 cells; Atyp26 controls:
80522 cells and wit: 592+39 cells; Atyp23 controls: 61+6 cells and wit: 305 cells). Data shown
as mean+zSEM and n indicate the number of VNCs analyzed. Significance was calculated with
Student’s t-test: Atyp18 p<0.0001; Atyp26 p=0.0004; Atyp23 p=0.0028. Each point in the graphs
represents the total number of reporter-expressing cells in the VNC of a single animal. Genotypes:
All  control lines examined here were heterozygous (wj;;AtypX); wit mutants

(w;; AtypX, witAL2/witBh),
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Figure 2.5: wit-mutants and AE2 Mad-binding site mutants exhibit significant loss of reporter-
expressing cell numbers compared to controls in the VNC of third Instar larvae.

(A-D) Representative images of transgenic reporter lines Atyp3, Atyp8, Atypll and Atyplb5,
where reporter expression was significantly altered in wit mutants (wit**?/witt!!) and pMad-
binding site mutants (AtypX™). Side panels indicate nuclei with GFP reporter (green) and/or
pMad stain (magenta). (E-H) Quantification of numbers of reporter-expressing cells indicates a
significant difference in the wit and pMad-binding site mutant genotypes compared to their
controls. Significance was calculated with one-way Anova with a Tukey multiple comparisons test
for the following genotypes: Atyp3 control vs wit mutants p<0.0001 and control vs pMad-binding
site mutants p=0.0143; Atyp8 control vs wit mutants p<0.0001 and control vs pMad-binding site
mutants p=0.0021; Atypl15 control vs wit mutant and control vs pMad-binding site mutants
p<0.0001. For Atypl1, as the wit control samples were non-normally distributed, significance was
calculated with Mann-Whitney U test for control vs wit mutants p<0.0001; Student’s t-test was
used for control vs pMad-binding site mutants p<0.0001. In all cases, wit control and AtypX
controls had non-significant differences in reporter-expressing cell numbers. Each point in the
graphs represents the total number of reporter-expressing cells in the VNC of a single animal and
n indicates the number of VNCs analyzed. Genotypes: All control and pMad-binding site mutant

lines examined here were heterozygous (w;;AtypX/+); wit mutants (w;;AtypX,witA*2/witB),
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Figure 2.6: Near complete loss of pMad stain and reporter-expression overlap in pMad-binding

site mutant Atyp15mad,

Quantification of reporter-expressing pMad™ cells reveals a 90% loss in pMad-binding site mutant

Atyp15™ (average of 7+2 cells per VNC) compared to controls. Significance was calculated with

Student’s t-test: p<0.0001.

Data shown as mean+SEM and n indicate the number of VNCs analyzed. Each point in the graph
represents the number of pMad™ reporter-expressing cells in the VNC of a single animal and n
indicates the number of VNCs analyzed. Genotypes: All control and pMad-binding site mutant

lines examined here were heterozygous (w;;AtypX/+).
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Figure 2.7: Significant change in relative reporter intensity was observed in 4 mutant genotypes
compared to their respective controls.

(A-B) Quantification of mean relative reporter intensity for Atypl5 indicates a significant
difference of reporter expression in the controls and pMad-binding site mutant genotypes. Graph
(A) plots the mean relative reporter intensity (in arbitrary units) of all reporter-expressing cells in
the VNC. Significance was calculated with Student’s t-test: p=0.006. Graph (B) represents the
mean relative reporter intensity of pMad® cells only, indicating that the BMP-dependent cells
exhibit a larger reporter intensity loss (54% loss) than all the reporter expressing cells combined
(27% loss). Significance was calculated with Mann-Whitney U test: p<0.0001. It is important to
note here that there was an average of 7+2 pMad™ with reporter overlap per VNC (FigureS1). (C)
Quantification of mean relative reporter intensity for Atyp18 indicates a significant loss of reporter
expression in wit mutants compared to controls (63% loss). Significance was calculated with
Student’s t-test: p<0.0001. (D) Quantification of mean relative reporter intensity for Atyp26
indicates a significant loss of reporter expression in wit mutants compared to controls (88% loss).
Significance was calculated with Mann-Whitney U test: p=0.0095. (E) Quantification of mean
relative reporter intensity for Atyp23 indicates a significant increase of reporter expression in wit
mutants compared to controls (24% increase). Significance was calculated with Student’s t-test:
p=0.0057. (F) All reporter-expressing cells from the 5 VNCs of controls and wit mutants were
distributed into groups based on their relative reporter intensity. Each column represents the
average number of cells in each bin across the 5 VNCs that were quantified. Despite the significant
loss of reporter-expressing cells in Atyp23 wit mutants (Figure2.4-F), the highest expressing cells
appear to be maintained.

Each point in the graphs (A-E) represents the mean relative reporter intensity of reporter-

expressing cells in the VNC of a single animal. a7
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Figure 2.8: Medea is necessary for BMP-dependent activity of 4 wit-responsive BMP-AE2s.

(A-D) Representative images of Atyp3, Atyp8, Atypll and Atypl5 control reporter expression
compared to the same lines in a Med and wit mutant backgrounds. In all cases, reporter expression
loss in both mutants exhibit the same pattern. Genotypes: All control lines examined here were
heterozygous (w;;AtypX/+); wit mutants (w;;AtypX, witA2/witBl!): Med mutants (w;;AtypX,

Med®?*6/Med*?).
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2.4.3 ldentification of other BMP-CRE Binding Sites within the BMP-AE2 Fragments
Evaluation of the genomic fragments cloned into our reporter lines for additional or high-
affinity BMP-CREs revealed that the Atypll fragment contains a BMP-AE type enhancer
previously cloned and characterized (Muilleumier et al. 2018). This previously identified and
characterized fragment, called VVan23, includes the same BMP-AE but only partially overlaps with
the Atypll genomic fragment (Figure 2.9-A). Van23 was shown to be wit-responsive in
(Vuilleumier et al. 2018), as the reporter expression (Figure 2.9-B,C) was completely lost in a wit
mutant background. Comparing Van23 reporter with Atypll, we observe a striking difference
between the two expression patterns with regards to the numbers of reporter expressing cells, as

well as distribution of reporter expressing cells (Figure 2.9-B-D).
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Figure 2.9: Comparison of two reporter lines with a common BMP-CRE binding site reveals
strikingly different expression patterns.

(A) Represents a USCS genome browser (https://genome.ucsc.edu/, dm6 - Aug.2014-Release 6

plus ISO1 MT) snapshot with the location and size of the genomic fragments contained in the
reporter lines Atypll and Van23 (Vuilleumier et al. 2018). The position of the BMP-AE2 and
BMP-AE motifs are also indicated in red text. (B, C) Images taken from (Muilleumier et al. 2018)
indicating the expression pattern of the reporter line VVan23, which only contains a BMP-AE.
Permission to use data was granted via email. (D) Representative image of Atypll reporter line,

which contains two CREs, one BMP-AE2 and one BMP-AE.
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2.5 Discussion

In this Chapter, we show that many instances of conserved BMP-AE2 motifs exist in the
Drosophila genome. Functionalizing a subset of these in vivo revealed that several have a wit-
dependent expression in the L3 VNC. In the case of Atyp3, Atyp8, and Atypl1, wit mutants exhibit
a more severe loss of reporter-expressing cells compared to their respective Mad-binding site
mutants. This suggests that additional wit-dependent co-factors could contribute to reporter
expression. Another possibility is that alternative BMP-CRE binding sites compensate for the loss.
In fact, for Atypl1, we have identified an additional BMP-CRE included in the genomic fragment
cloned (Section 2.4.3). The difference in reporter expression between Van23 and Atypl1 could
reflect the combinatorial effect of BMP-AE and BMP-AE2 binding sites. On the other hand, since
the Atypll fragment (2597bp) is significantly larger than the VVan23 fragment (740bp), it may
include additional cofactor binding sites that may be missing in Van23, thereby strengthening
reporter expression. The partial loss of reporter-expressing cells in the pMad-binding site mutant
of the BMP-AE2 in the Atypll line compared to the wit-mutant reporter loss in Atypll could

reflect compensation by the still intact BMP-AE in the pMad-binding site mutant.

In the case of Atypl5, loss of reporter-expressing cells in wit mutants and the pMad-
binding site mutants is comparable. This suggests that in this genotype, the BMP-AE2 motif could
be the sole or most important driver of wit-dependent reporter expression. Intriguingly though, wit
mutants maintain wild-type (control level) mean relative reporter intensity while reporter intensity
significantly diminishes in the pMad-binding site mutants. A possible explanation for this is the
existence of wit-independent cofactors that help maintain reporter intensity expression in
populations of pMad- cells that maintain reporter expression in a wit background (see Figure 2.10

for a schematic model). The need for other BMP-dependent cofactors could explain the loss of
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reporter expression in pMad- cells in wit mutants. In pMad-binding site mutants, the ability of the
activated Smad-complex to bind to the BMP-AE2 motif is impaired, resulting in loss of reporter
expression in almost 90% of the pMad™ cells. Remaining reporter-expressing cells have decreased
mean relative reporter intensity, suggesting that the cofactors driving expression in these cells may
also be impaired due to the pMad-binding site mutation. This could be due to direct interaction
with the BMP-AE2 motif or, more likely due to conformational changes to the immediately
flanking sequence of the AE2. There is increasing evidence that DNA structural parameters such
as bendability, curvature, groove shape, of flanking sequences of a TF binding site play an
important role in DNA-TF recognition and binding for some TF families (Yella et al. 2018).
Therefore, it stands to reason that cofactors that bind to the immediate vicinity of the BMP-AE2

would be affected by the mutation of the pMad-binding site.

In line with what we observed with the FMRFa BMP-AE2, Medea is required for the
expression of the reporter, as putting the Atyp BMP-AE2s in a med-mutant background
phenocopied the reporter loss observed in a wit-mutant background. Since the exact grammar of
the Medea binding site was crucial to restricting FMRFa expression to the TV4 neurons, it is
possible that the Medea binding site (GTAT) plays an important role in directing the pattern of

reporter expression in the Atyp BMP-AE2s as well.

It is becoming increasingly clear that the use of low affinity cis-regulatory sequences is a
common mechanism for spatiotemporal restriction in gene expression (Crocker et al., 2016). While
most other low affinity cis-regulatory elements are highly degenerate, we find that the BMP-AE2
motif is very well conserved. Furthermore, based on my work described in this chapter, we now

know that FMRFa might not be the only gene controlled by a BMP-AE2 motif CRE. The
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conservation of this motif, especially the C>A conversion in the Medea binding site that
distinguishes the AE2 motif from the previously described AE and SE motifs, could be attributed
to sequence specificity for a cofactor. However, due to the fact that many other functional BMP-
AE2 motifs were identified, it is somewhat unlikely that the same cofactor is used in all these
scenarios and different types of cells. The differences in expression pattern and intensity between
the BMP-AE2 reporters tested in this chapter could be conferred partially by the combination of
TFs present and contributing to each scenario. It is also likely that the specific sequence encoded
by the BMP-AE2 motif may provide additional critical information that guides TF binding and
dictates some of the effect observed in intensity and expression pattern. Detailed bioinformatic
work could help us identify other degenerate BMP-CREs, as many low-affinity (redundant)
binding sites have been identified as clusters, as well as cofactors and other transcription factors
that directly interact with or bind sequences that flank the BMP-AE2 motif.

In the end, having a detailed understanding of the regulatory motif network utilized in
different tissues, under different conditions will help build better bioinformatic prediction models
for regulatory elements. With our growing understand of the contribution of non-coding sequences
to disease, every effort to understand how regulatory elements are used across the genome is

important.

2.6 Strengths and Limitations
This is the first study to systematically search for and identify low-affinity non-canonical

versions of the well-established BMP-AE and BMP-SE.

Preliminary, unpublished work in our lab (by both Dr. Berndt and Dr. Vuilleumier)

indicates that Brinker is not be involved in the BMP-responsiveness of AE2 sequences in the CNS.
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No orthologue of Brinker has been identified in any metazoan other than insects (Blitz and Cho,
2009), suggesting that BMP signaling in the Drosophila CNS may be more similar to that of
mammals, compared to the better-studied Drosophila wing disc. This gives us the means to study
the use of a low-affinity BMP-CRE in a more similar context to that of mammals, thereby enabling

us to more easily transition this work in vertebrates.

However, our approach to identifying and characterizing these CREs has its limitations.
By using a biased approach and restricting our search to the BMP-AE2 “GGCGCC(Ns)GTAT”
sequence we are potentially disregarding other non-canonical low-affinity BMP-CREs that could
be employed in the Drosophila CNS. Additionally, the use of chromosomal reporter integration to
a non-native site takes each tested BMP-CRE out of its native chromatin context. This could result

in false-positive or more likely false-negative results.

Here we utilize episomal reporters assays to functionally characterize the genomic regions
we have identified, and though this is the most commonly used tool in the field to test candidate
CREs, episomes lack native chromatin features, which may affect our ability to identify all real
CREs. Comparison between genomically-integrated versus episomal reporter assays, of the same
sequence, show higher reproducibility and better correlation with ENCODE annotations based on
chromatin accessibility assays and TF ChlIP-seq for the integrated reporters (Inoue et al. 2017).
Despite this, episomal reporter assays remain useful since active sequence-fragments in these

assays are likely to also be active in a genomically-integrated context (Inoue et al. 2017).
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2.7 Conclusions
In conclusion, we have identified 7 conserved BMP-CREs with the same sequence as the
newly identified FMRFa BMP-AE2 binding site, supporting that this CRE type is not a unique

feature of FMRFa regulation.
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Figure 2.10: Schematic representation of gene regulation model in the Atypl15 reporter line.

Genotypes represented here should be considered the same as in the experimental figures described previously: controls (w;;AtypX/+);

wit mutants (w;;AtypX, wit**2/wit!%); pMad-binding site mutants (w;;AtypX™mad/+),

56



Chapter 3:
Determining the BMP-Dependent Regulatory Network Underlying the Early

Stages of Chondrogenesis in the Murine Limb Bud.

3.1 Introduction

Musculoskeletal conditions are the second leading cause of disabilities globally. Disrupted
or enhanced cartilage and bone formation or regeneration underlie the majority of this global
burden, including arthritis, osteoporosis, chondrodysplasias and heterotopic ossification.
Deciphering the molecular steps required to regulate chondrogenesis is essential in understanding
the cause of various cartilage diseases, including skeletal malformations, chondrodysplasias, as
well as osteoarthritis. According to the CDC (Centers for Disease Control and Prevention;
https://www.cdc.gov/arthritis/data_statistics/index.htm), osteoarthritis (OA) is the most common
form of arthritis affecting not just older adults, but also athletes and others with physically
demanding jobs (Allen and Golightly, 2015). Progressive and irreversible degradation of articular
cartilage plays an important role in the pathology of osteoarthritis (Bentley 1975). Being an
avascular tissue, articular cartilage lacks access to necessary nutrients. Thus, cartilage is unable to

sufficiently heal post trauma or chronic damage (Huey et al., 2012).

Current strategies to repair or replace damaged cartilage have many limitations and
disadvantages (Zuscik et al., 2008; Smith et al., 2011; Solchaga et al., 2011; Huang et al., 2018).
It is widely believed that a better understanding of chondrogenesis will provide novel therapeutic
strategies. Concentrated efforts in the past two decades to understand the process of chondrocyte
differentiation has led to the identification of numerous important factors in this process (reviewed
in Section 3.1.1; (Akiyama and Lefebvre, 2011; Liu et al., 2017)).
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Despite this wealth of discoveries, our understating of the chondrogenic transcriptional
networks is far from complete. Therefore, further elucidating the molecular and regulatory
mechanisms that control and direct chondrogenesis will provide us with a better foundation to

enhance current and develop novel therapeutics.

3.1.1 Chondrogenesis

Chondrogenesis is the process by which cartilage is formed during the development and
maintenance of the vertebrate skeleton (Kozhemyakina et al., 2015; Liu et al., 2017). Almost all
mammalian skeletons are (mainly) cartilaginous during early fetal development. This cartilage
matrix serves as a template for bone formation and is slowly replaced by bone through a process
known as endochondral ossification until only a few cartilaginous tissues remain in skeletally-
mature animals. Though endochondral ossification accounts for the development of the majority
of the vertebrate skeleton, not all bones are formed via this process. The skull and facial bones
develop through a process called intramembranous ossification, where mesenchymal cells directly

differentiate into osteoblasts, without the cartilage matrix “intermediate” stage (Hojo et al., 2016).

The chondrogenic process is initiated by the recruitment and migration of embryonic
mesenchymal cells (MSC) committed to the chondrogenic lineage. These pre-chondrogenic cells
aggregate and form pre-cartilaginous condensations, where cells begin to differentiate into ovoid-
shaped chondroblasts. Chondroblasts secrete molecules such as type Il collagen, hyaluronic acid,
glycoproteins, and proteoglycans (including aggrecan) to form the extracellular matrix (ECM) of
the cartilage. Pre-hypertrophic chondrocytes proliferate within the condensations until they exit

the proliferative phase to undergo hypertrophy. Terminal differentiation of chondrocytes into
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hypertrophic chondrocytes is characterized by cartilage matrix calcification/mineralization and

vascular invasion. (Goldring et al., 2006; Underhill et al., 2014)

Historically, it was widely accepted that hypertrophic chondrocytes undergo programmed
cell death, initiating the process of endochondral ossification where bone marrow-derived
osteoblast cells migrate and replace the apoptotic chondrocyte population (Gibson, 1998;
Kronenberg, 2003; Mackie et al., 2011). However, recent cell lineage tracing techniques revealed
that a significant portion of bone cells are derived directly via transformation of chondrocytes into
osteoblasts (Ono et al., 2014; Zhou et al., 2014; Yang et al.,, 2014). This suggests that
chondrogenesis and osteogenesis are not separate processes, but rather sequential phases of the

same process, where hypertrophic chondrocytes transdifferentiate into bone cells.

3.1.2  Current Knowledge of Chondrogenic Regulatory Mechanisms
3.1.2.1 SOXO9, the “Master” Regulator of Chondrogenesis

SOX9 (or Sex-Determining Region Y-Box 9) is a key transcription factor involved in
chondrogenesis. It is essential for mesenchymal condensation, proliferation, and differentiation of
chondrocytes (Bi et al., 1999; Bi et al., 2001; Akiyama et al., 2002). At the onset of
chondrogenesis, Sox9 induces expression of two other Sox family members, Sox5 and Sox6, and
together as the “‘Sox trio’, these three TFs direct transcription of a multitude of chondrogenic genes
(Smits et al., 2001; Smits et al., 2004; Akiyama et al., 2007). For example, during the early stages
of chondrogenesis, SOX9 directly induces the expression of cartilage matrix components and
markers of committed chondrocytes, like collagen type Il alpha 1 (COL2A1), COL9A1 and
aggregan (ACAN). In addition to SOX5 and SOX6, several other regulators have been reported to

function with SOX9 in the transcriptional control of targets, including the co-regulators WWP2,
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SIK3, ARID5A, and the histone deacetylase HDAC4 (Akiyama and Lefebvre, 2011; Lefebvre and

Dvir-Ginzberg, 2017).

From the pre-hypertrophic stage onwards, further differentiation of chondrocytes is mainly
directed by RUNX2 (and RUNX3 to some extent), and by the MADS-box-containing transcription
factor MEF2C, with MEF2D enhancing MEF2C’s action (Takeda et al., 2001; Yoshida and
Komori, 2005; Arnold et al., 2007). SOX9 delays pre-hypertrophy and prevents osteoblastic
differentiation by downregulating Runt domain transcription factor RUNX2 (CBFALl) and f-
catenin (Akiyama et al., 2004; Zhou et al., 2006; Topol et al., 2009; Cheng and Genever, 2010; Dy
et al., 2012). During hypertrophy, SOX9 still has important functions as it cooperatively
transactivates expression of Coll0al (hypertrophic chondrocyte-specific collagen gene) along

with MEF2C (Dy et al. 2012).

3.1.2.2 BMP Signaling in Chondrogenesis

BMPs are necessary for chondrogenesis, skeletal development, and fracture repair.
Disrupted BMP signaling causes many debilitating human disorders of bone, vasculature, as well
as many cancers and fibroses (Gazzerro and Canalis, 2006; Garcia et al., 2016; Morrell et al.,
2016). Conditional deletion of BMPs, BMP receptors, Smads or even BMP antagonists leads to a
failure of chondrogenesis, severe chondrodysplasia and bone malformations (Gong et al., 1999;
Yoon et al., 2005; Bandyopadhyay et al., 2006; Tsuji et al., 2006), and even embryonic lethality
in some cases (Retting et al., 2009). For example, the targeted deletion of BMP Receptor la
(BMPR1A) in chondrocytes results in severe cartilage defects and halts the process of

endochondral bone formation (Jing et al. 2014).
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BMPs control nearly every aspect of chondrogenesis (Song et al., 2009). Components of
the BMP signaling pathway are highly expressed in growth plates with specific temporal-spatial
patterns that correlate with functions during growth plate development and homeostasis (Minina
et al. 2001). In vitro, BMPs can promote primary mesenchymal cells to differentiate into
chondrocytes in high-density cultures (e.g mesenchymal limb bud-derived micromass cultures;
Karamboulas et al., 2010). In vivo, conditional deletion of Bmp2 and Bmp4 in prechondrogenic
limb mesenchyme revealed that they are both essential for the initiation of mesenchymal
condensations (Bandyopadhyay et al. 2006). Additional in vivo experiments revealed a role for
BMPs in chondrocyte differentiation, as well as a potential role in maintaining Sox (Sox9, Sox5,
and Sox6) protein expression (Yoon et al. 2005). After chondrocytes have differentiated, continued
TGF-B-mediated SMAD1/5/9 signaling leads to terminal differentiation hypertrophy, potentially
via interaction with RUNX2 (Leboy et al., 2001; Bandyopadhyay et al., 2006; van der Kraan et
al., 2009). To further support this, a recent study has demonstrated that SMAD4 controls
chondrocyte hypertrophic differentiation by directly binding to regulatory elements in the Runx2
promoter and upregulating its expression during skeletal development (Yan et al. 2018). Finally,
BMP7 has a pivotal role in postnatal maintenance of articular cartilage and has been shown to
delay cartilage degeneration, such as when induced by excessive running in rats (Sekiya et al.

2009).

Despite advancements in understanding the impact of BMP signaling, many questions
remain unanswered regarding the specific regulatory contributions of the canonical BMP pathway
during the initial stages of chondrogenesis. Remarkably, we do not know how BMP signaling and
Smad TFs control chondrogenesis. How do Smads fit in with the other known TFs and cofactors

mediating this process? The goal of this thesis is to provide a more comprehensive report on the
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molecular players involved in embryonic chondrocyte development. Specifically, we aimed to
identify transcription factors and regulatory regions, and subsequently characterize downstream

gene regulatory processes involved in chondrogenesis.

3.1.2.3 Signaling Pathway Crosstalk During Chondrogenesis

At the molecular level, several signaling pathways such as WNT/B-catenin, Notch,
Retinoid, Hedgehog, FGF, and TGF-B/BMP regulate the initiation of the chondrogenic process,
chondrocyte maturation and subsequent bone formation during embryonic skeletogenesis

(Goldring et al., 2006; Long and Ornitz 2013; Kozhemyakina et al., 2015).

Sonic hedgehog (SHH), along with BMPs, is able to promote chondrogenesis of the somitic
mesoderm by inducing the expression of both Sox9 and Nkx3.2 (Zeng et al., 2005). NKX3.2 is a
BMP-dependent transcriptional repressor that blocks BMP-dependent expression of GATA 4, 5
and 6 (Daoud et al. 2014). These same GATA TFs were shown to block SHH-dependent induction
of Sox9 gene expression, thus NKX3.2 effectively de-represses Sox9 and promotes chondrogenesis
(Daoud et al. 2014). WNT signaling proteins were shown to inhibit chondrocyte differentiation
(Rudnicki and Brown, 1997), potentially by repressing Sox9 via methylation of its promoter by the
methyltransferase DNMT3. Fibroblast growth factor (FGF) signaling was shown to block the
recruitment of DNMT3 (Kumar and Lassar, 2014). In addition, FGF signals have been
demonstrated to boost the expression of Sox9 in chondrocytes via a mitogen-associated protein
kinase (MAPK)-dependent pathway (Murakami et al., 2000). Retinoid and Notch signaling, on
the other hand, were both shown to suppress chondrogenesis (Cash et al., 1997; Hardingham et al.,

2006; Dong et al., 2010).
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BMP signaling is also required for the condensation of chondroprogenitor cells and
chondrocyte differentiation. In vitro studies suggest that TGF-p signaling operates prior to BMPs
and regulates the formation of pre-cartilaginous condensations, potentially via a SMAD3-driven
regulation of Sox9 (Leonard et al., 1991; Furumatsu et al., 2005; Lorda-Diez et al., 2009;
Karamboulas et al., 2010). TGF-p can also signal via the MAPK proteins p38, ERK, and JNK in
MSC cells and contribute to the progression from condensation to chondrocyte differentiation by
blocking WNT-mediated B-catenin nuclear translocation, thereby reducing N-cadherin and cell-
cell interactions (Tuli et al., 2003; Zhang, 2009; Mu et al., 2012). TGF- also mediates the end of
proliferation (by counteracting the FGF-mediated cell proliferation) and the subsequent initiation

of chondrocyte differentiation (Cleary et al., 2015).

The parathyroid hormone-related peptide/Indian Hedgehog (PTHRP/IHH) signaling
pathway has been defined as an important negative regulator of chondrocyte maturation. IHH is

mainly expressed in pre-hypertrophic and early hypertrophic chondrocytes and regulates
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Figure 3.1: Chondrocyte differentiation
A general schematic representation of differentiating chondrocytes from mesenchymal stem cells.
This is a non-exhaustive list of key TFs, extracellular matrix components and signaling molecules
characteristic of the cells at each of the differentiation steps. The red box indicates the stages of
chondrogenesis during which we are conducting our experiments.
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chondrocyte maturation by maintaining expression of PTHRP (Vortkamp et al., 1996). PTHRP
signals repress chondrocyte hypertrophy by inhibiting the activity of both Mef2 and Runx family

members (Kozhemyakina et al., 2009; Correa et al., 2010).

Taken together, although we have a much better understanding of regulatory mechanisms
that take place during the maturation process of already committed chondrocytes, the same cannot
be said about molecular events that induce and regulate the initial steps of mesenchymal cell
differentiation into chondrocytes. Although some of the signaling molecules necessary for the
induction of this sequential process (chondrogenesis) have been identified, our understanding of
the exact regulatory mechanisms at play and the extent of crosstalk between these pathways are

yet to be clarified.

3.1.2.4  cis-Regulatory Elements in Chondrogenesis

Some of the earliest work in identifying the cis-regulatory elements that are utilized during
chondrogenesis focused on extracellular matrix components, starting with Col2al (Horton et al.,
1987; Mukhopadhyay et al., 1995; Krebsbach et al., 1996). It was later shown that SOX9, along
with SOX5, SOX6, and NKX3.2, were bound to this enhancer and directed Col2al expression in
chondrocytes (Bell et al., 1997; Lefebvre et al., 1997; Lefebvre et al., 1998; Leung et al., 1998;
Kawato et al., 2012). Subsequent studies revealed that other extracellular matrix components like
Coll1a2, Col9al, Col27al, Col10al, Acan (AGC1), MIA (Cd-rap), Haplnl (CRTL1) and Matnl
(Matrilin-1), owed their cartilage-specific expression to SOX9, SOX5, SOX6 as well (Bridgewater
etal., 1998; Xie et al., 1999; Bridgewater et al., 2003; Kou and Ikegawa, 2004; Jenkins et al., 2005;

Rentsendorj et al., 2005; Han and Lefebvre, 2008; Liu and Lefebvre, 2015; Li et al., 2018).
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In the era of genome-scale ChlP-seq experiments, hundreds to thousands of putative
binding sites for chondrogenic and osteogenic transcription factors have been identified (Hojo et
al., 2016). Many of these experiments were conducted in various cell-lines, whole limbs or other
primary tissues, in different organisms (mice, rats, humans) and at various timepoints during
development, which makes it difficult to utilize in conjunction with our experiments and analyses.
Several SOX9 ChlP-seq experiments have been done in the developing mouse limb (Oh et al.,
2014; Liu and Lefebvre, 2015; Liu et al., 2018), revealing many putative cis-regulatory elements
relevant to our work (Garside et al. 2015; Yamashita et al. 2019). One of these studies further
revealed that SOX9 binds to low-affinity motifs and that many of these binding sites are grouped
together and form “super-enhancer like” clusters providing insights into specific regulatory
strategies that might be employed by Sox9 (Ohba et al., 2016). While ChlP-seq experiments have
been conducted in chondrogenic cells for SMAD2/SMAD3 (Wang et al., 2016) and more recently

SMAD4 (Yan et al. 2018), there are no such published experiments for SMAD1/5/9.

3.1.24.1 BMP cis-Regulatory Elements in Chondrogenesis
Over the years there have been some attempts to identify bona fide chondrogenic BMP-

CREs and Smad-binding sites; however, very few have been successful thus far.

One of the first attempts was by Kusanagi et al. who showed that SMAD1 and SMAD4
could bind to the GCCG motif (derived from the early GCCGnCGC consensus identified in flies)
in a BMP-dependent manner (Kusanagi et al. 2000). They then constructed a multimerized version
of this motif, placed it upstream of a minimal Col10al promoter and transfected two cell lines that
can be differentiated into chondrocytes (the C3H10T1/2 mesenchymal progenitor cells and the

murine teratocartinoma ATDCS5 cells). The reporter responded to a combination of canonical BMP
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signaling components (transfection with SMADZ1/BMPRII/constitutively active BMPRIB
receptor) in both cell lines, but not to a combination of TGF-f signaling components (transfection
with SMAD3/TBRII/constitutively active TBRI receptor). It is important to note the authors did
not describe the use of differentiation culture protocols for the C3H10T1/2 and ATDCS5 cell lines
during their experiments, which is what is normally done with these cells to differentiate them into
chondrocytes (Shukunami et al. 1997; Andrew et al. 1999). Therefore, the multimerized GCCG
motif was not studied in a chondrogenic context, but rather in a mesenchymal

cell/teratocarcinogenic context.

A subsequent study identified a Smadl binding site in the promoter of the chicken
COL10A1 gene with the sequence ‘CAGAGATTATTCACCTCTCT’ that was responsive in
chicken embryonic chondrocytes (Drissi et al. 2003). Unfortunately, the promoter region upstream
of the chicken COL10A1 gene (Appendix, Figure S2A) is not very well conserved to the murine

and human genomes and no such putative binding sites have been identified in other vertebrates.

A study utilizing an in vivo approach identified a 560bp fragment upstream of the Msx2
gene that was able to drive BMP-responsive lacZ-expression in 10T1/2 mouse embryonic
fibroblasts, as well as various tissues in E11.5 mouse embryos, including the developing limb bud
(Brugger et al. 2004). Deletion analysis narrowed down the BMP-responsive region to a 52bp
fragment that drove weaker lacZ-reporter expression in a subset of the original 560bp fragment
expression tissues. Further study of a multimerized 52bp fragment revealed that it responded to
BMP4 stimulation in the anterior mouse limb bud, but it did not respond to stimulation in the
proximal or posterior regions of the limb. This suggests that other sequences within the larger

560bp fragment help mediate BMP-responsiveness in a subset of tissues/developmental stages
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(Appendix, Figure S2B). Finally, mutation of the 4 “GCCG” sequences or “AATTAA” sequence

within the 52bp fragment revealed that they are necessary for BMP-responsiveness.

Deletional analysis, using a luciferase reporter in P19 embryo-derived murine
teratocarcinoma cells, identified a 163bp BMP7-responsive region upstream of the Ihh gene (Seki
and Hata, 2004). Mutation of the 6 GCCGNGC-like motifs and the palindromic “GGCGCC”
sequence within this region revealed that each of these motifs contributes to the overall BMP-
responsiveness of the 163bp fragment. Reviewing the promoter/enhancer fragments in their
deletional assay revealed that the initial “2HC8” fragment had a much higher BMP7 response than
any subsequent fragments tested and that deletion of the +1 to -123 region resulted in a substantial
loss of reporter activity. However, this region (+1 to -123 from the Ihh gene TSS) was not studied
further for BMP-responsiveness and potential Smad-binding sites. See Section 3.3.3, Table 3.10

for more details.

A 28bp GC-rich BMP-responsive sequence, with two overlapping GCCGNCGC-like
sequences in the 5'end and another GCCGNCGC-like sequence in the 3’end, was identified
upstream of the Smad6 gene via deletional analysis in P19 cells (Ishida et al., 2000). This sequence
was multimerized (3x) and placed in a luciferase reporter plasmid with a core Col10 promoter and
tested for reporter transcriptional activation in P19 and mouse mesenchymal C2C12 cell lines, as
well as human HaCaT keratinocytes and Mv1Lu mink lung epithelial cells. Luciferase reporter
activity was increased in all cases with the addition of Smad1/5 and constitutively active BMP
type | receptors or BMP7. Mutation of the 5’end and 3" end GCCGNCGC-like sequences revealed
that the overlapping sequence in the 5 end was the one important for BMP-driven reporter activity.

Another region just upstream of the 28bp GC-rich BMP-responsive sequence was also shown to
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have significant BMP-responsive activity, however, this region was not studied further for
potential Smad-binding sites (Appendix, Figure S3; Section 3.3.3, Table 3.10). A subsequent study
in C2C12 and 2T3 (mouse osteoblast cell line) cells was able to identify a BMP2/SMAD1/RUNX2
responsive sequence within the region upstream of Smad6, however, in this case, it is likely that
SMAD1 doesn’t directly bind DNA but rather interacts with RUNX2 to mediate an effect its

Smad6 expression (Wang et al. 2007).

In addition to a lack of information regarding the contribution of BMP signaling to the
chondrogenic regulatory network, there is insufficient research identifying BMP-CREs and Smad-
binding elements. Most of the aforementioned studies, except for the one conducted by Brugger et
al., were conducted using cell lines from different animals, with only a few of them using
chondrocytes and/or cell precursors with chondrogenic potential. Utilizing primary mouse
chondrogenic cells, our study provided a robust, reliable, and consistent system to identify and test

the function of several regulatory regions important in different stages of chondrogenesis.

3.1.3 Project Rationale

Reviewing current literature on chondrogenesis, it is clear there are important unanswered
questions regarding the contribution of canonical BMP signaling to chondrogenesis. Recent work
by Liu et al. has revealed that while SOX9 plays important roles during early chondrogenesis, it is
not absolutely required to activate transcription (Liu et al., 2018). Therefore, there must be some
other activating factors that function upstream or alongside SOX9 to enable chondrogenic gene
activation. This new insight further underscores the need to study the transcriptional network of
early chondrogenesis. Additionally, there is very little knowledge available on the gene regulatory

role of Smads in chondrogenesis and the CREs that the Smads utilize.
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We chose to use high-density micromass cultures from embryonic mesenchymal cells as
they have been proven a reliable and robust in vitro model for studying the chondrogenic program
and identifying important factors and elements involved. Murine embryonic limb micromass
cultures are one of the best studied, and they can provide insights into the BMP-regulated
molecular cascade involved in directing chondrogenic lineage differentiation (Underhill et al.,

2014).

3.2 Materials and Methods

3.21 Animals and Timed Mating

Mice with a CD1 background were housed on a 12-hr light-dark cycle in a controlled climate
according to protocols approved by the UBC Animal Care Committee and in accordance with
guidelines established by the Canadian Council on Animal Care. Single male mice were paired
with female mice between the ages of 7-10 weeks old and vaginal plugs were assessed the
following morning. Plugged female mice were set as embryonic day EO0.5 at midday of discovery

and isolated in a separate cage until embryonic day E11.5.

3.2.2  Primary Cell Culture and Treatments

Primary limb mesenchymal (PLM) cell micromass cultures were established, as previously
described (Hoffman et al., 2006; Karamboulas et al., 2010; Underhill et al., 2014). Briefly, whole
limbs were harvested from E11.5 mouse embryos and dissociated in media containing 1U/mL
Dispase (Life Technologies). Dissociated cells were pelleted and re-suspended to a density of
~2x107 cells/mL. Cells were then seeded at a density of ~2x10° cells/micromass 10uL droplet into

12-well or 24-well plates. This cell density allowed chondrogenic differentiation and the formation
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of cartilage nodules. Following 1-2 hours incubation, media containing BMP4 or Noggin (NOG)
was added to each well and replaced every 24 hours. PLM cells were treated with 20ng/mL BMP4
(Calbiochem) or 100ng/mL NOG (StemCell Technologies) for 0, 12 and 24 hours, to drive and
block BMP signaling, respectively. For each experiment, additional cultures treated with BMP4
or NOG were stained with Alcian blue (protocol described in Section 3.2.3) on day 4 post-seeding
to confirm treatment efficacy. Alcian blue stains proteoglycans and other extracellular matrix
components produced by mature chondrocytes. We confirmed the doses of 20ng/mL BMP4 and

100ng/mL NOG were sufficient to induce or inhibit differentiation (Appendix, Figure S4A).

3.2.3 Alcian Blue Staining

Cells were washed with PBS, fixed for 10 min with 4% paraformaldehyde, rinsed with PBS,
followed by a wash with 0.2M HCI. Cells were stained with a 4:1 mixture of 0.2M HCI:0.5%
Alcian blue solution (Alcian Blue 8 GX, BioShop; 0.5gr Alcian Blue powder in 95% ethanol)
overnight and rinsed with 70% ethanol. Stained cultures were stored dry, but for imaging purposes,
stained cells were placed in 70% ethanol. Images were taken on a Motic SMZ-168 light microscope

with the Moticam 2300 digital camera (3.0M Pixel USB2.0).

3.2.4 Plasmids

The pCAGGS-SmadSD-IRES-H2B-RFP (constitutively active pSmadl) and pCAGGS-IRES-
H2B-RFP plasmids were kindly gifted by Dr. E.Marti (Dréau et al., 2014); 7xBRE-I1d3-Luciferase
was a gift from Dr. Ken Cho (Javier et al. 2012). The 8 times repeat concatemer of the fly dad13
BMP-AE plasmid, BMP-AE8x-EGFP, and the Mad-binding site mutant version BMP-AE8x M

were generated in the Allan lab and published (Vuilleumier et al. 2018).
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A custom destination vector (pGL3-Gateway-mpld3-eGFP; Appendix Figure S1) was created
using a pGL3-Promoter luciferase reporter vector (Promega) as the backbone. A ccdB-Gateway
cassette (Invitrogen) with attR recombination sites flanking a chloramphenicol-resistance gene
was cloned upstream of the minimal SV40 promoter to enable easy transfer of enhancer fragments
from the MCS-TOPO entry vector. The minimal SV40 promoter was replaced with the minimal
Id3 promoter from the 7xXBRE-Id3-Luciferase plasmid, and the Luciferase reporter gene was
replaced with eGFP to allow easy visualization of reporter expression. As a positive control
plasmid, we generated the pGL3-7xBRE-mpld3-eGFP vector with the 7xBRE enhancer placed in
the custom destination vector, using the Gateway LR-Clonase exchange reaction. Finally, as a
negative control, the minimal SV40 promoter from the pGL3-Basic luciferase reporter vector

(Promega) was replaced with the minimal 1d3 promoter and the luciferase reporter with eGFP.

3.25 Reporter Construction

A list of all primers used for the construction of the reporter lines can be found in Table 3.1.
Genomic DNA extraction from CD1 mice E11.5 PLM cells (isolated as described above) was
performed with a QlAamp DNA Mini kit (Qiagen) following the manufacturer’s protocols. To
generate reporter constructs, approximately 1.5kb genomic DNA fragments (see Table 2.1) were
PCR-amplified, verified for correct band size via agarose gel, prepped by restriction digest and
ligated into the MCS-TOPO entry vector (Appendix, Figure S1). We used Acc651 and Bglll
restriction enzymes to digest the forward and reverse primers, respectfully, except for the DIx2-
SE reverse primer, where we used Mfel instead. Homemade electrocompetent E.coli were
transformed with 1uL of the ligated entry vector with a BioRad MicroPulser Electroporator using
standard protocols. Transformed cells were topped up to 500uL. with SOC media and placed in a

37°C shaking incubator for 1 hour. Cells were plated at a 1:50 or 1:5 dilution and incubated
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overnight at 37°C on spectinomycin-containing LB plates. Several colonies were picked and grown
in 5mL spectinomycin-containing LB cultures at 37°C overnight for colony screening. For the
colony screen, 100uL of each culture was pelleted, lysed for 10min at 37°C and run on an agarose
gel. A comparison with an empty vector (~3kb) enabled us to identify colonies that contained the
enhancer fragments (~4.5kb). Colonies with the correct size vector were mini-prepped, verified

with a restriction digest and sent for sequencing (Genewiz; https://www.genewiz.com/). Following

sequence verification, Gateway LR Clonase Il reactions were performed to transfer the enhancer
fragments to the pGL3-Gateway-mpld3-GFP destination vector, according to manufacturer’s
protocols. Electrocompetent E.coli were transformed as described above, plated at a 1:50 or 1:5
dilution and incubated overnight at 37°C on ampicillin-containing LB plates. Colonies were
picked, grown, screened for correct plasmid size, and used to inoculate 100mL cultures for midi-
preps. Midi-prep samples were finally re-sequenced to verify that the correct enhancer fragment

was intact in the destination vector.

Mutagenesis was performed by Q5® Site-Directed Mutagenesis Kit (New England Biolabs), using
primers designed to introduce specific base pair substitutions to the Mad binding site (GCCGGC
> tgatga), according to manufacturer’'s protocols. Primers were designed using the NEBase
Changer v1.2.8 tool and are summarized in Table3.1. Mutagenesis was performed using the MCS-
TOPO plasmid, with subsequent cloning steps as described above. Verification of the mutations,

however, was done only via sequencing (no size differences between WT and mutant enhancer).
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Table 3.1: Reporter Plasmid PCR and Q5 mutagenesis primers

Name Primer Sequence (5°— 3°)
PCR primers Genomic coordinates
(mm10)
F: ACTGATGGTACCGAACGTGTCATCATCAGCCTAAAATGGGA
DIX2-AE.SE  p\ ACTGATAGATCTGTGACCAGGTAACCACATTGGACAGTACA  CNr2:71,628,376-71,630,508

F: ACTGATGGTACCCACCTCTGACTTTCAGCGTCTCCTCTT

DIX2-SE B ACTGATCAATTGCTTGAACTTGGAGCGTTTGTTCTGGA chr2:71,531,303-71,532,305
P2 AE O ATAGATCTOCAGTCT GAARAGAATCAGGCCCAGGGCT  CT12:85,548,072-85,549,296
Q5 mutagenesis primers Mutant BMP-CRE sequence

F: TCCCAAGCAGgatgaCGCCAGTCAGTCTGGCCAGG
Jdp2mut  R: GCTGCGCCACACTGGAGA tgatgaCGCCAGTCA

Bold capital letters indicate the restriction cut sites added to each PCR amplified fragment.

Bold lowercase letters indicate the BMP-CRE Mad-binding site mutations.

3.2.6 PLM Cell Transfections

Cells were transfected as previously described (Weston et al., 2002). Briefly, PLM cells were
harvested and resuspended at a density of ~2x107 cells/mL, as described above. For transfection
purposes, cells were mixed with a DNA/FuGene6 (Promega) mixture in a 2:1 ratio. FuGene6-
DNA mixtures were prepared according to the manufacturer’s instructions. Cells were seeded as
~2x10° cells/micromass droplet into 24-well plates. Following a 1 hour incubation in a humidified
37°C incubator, cells were supplemented with media containing BMP4 or Noggin (same
concentrations as above). The media was replaced every 24 hours. Cells were monitored for
reporter expression with the IncuCyte ZOOM™ software until Day4 post-seeding when cells were

fixed and stained with Alcian Blue to confirm chondrogenic differentiation (treatment efficacy).

3.2.7 Poly-A RNA-seq
RNA from PLM cultures was used for poly-A (enriched for mRNA) RNA-seq to identify

differentially expressed genes upon BMP4 and NOG exposure. This experiment was repeated for
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3 biological replicates. To collect enough total RNA from PLM cells for RNA-seq, 9 x ~2 x 10°
cells/micromass droplet were seeded per well in 12-well plates, resulting in ~1.8 x 108
cells/sample. Wells were rinsed twice with sterile PBS, homogenized in TRIzol (Invitrogen) by
pipetting and vortex, incubated at room temperature (RT) for 5min and stored at -80°C until they
could be further processed. Total RNA isolation was carried out using a TRizol/RNAeasy Kit
(Qiagen) hybrid protocol. Briefly, 0.2mL Chloroform (Sigma) per 1mL TRIzol was added to
samples, followed by vigorous shaking and a 3min RT incubation. Samples were centrifuged at
13,000 rpm for 15min at 4°C to allow for phase separation. The upper aqueous phase (containing
the RNA) was collected and mixed with an equal volume of 100% EtOH. Samples were then
transferred to RNAeasy spin columns. Subsequent steps were performed as per the RNAeasy kit
“RNA Isolation from Animal Cells using Spin technology” protocol by Qiagen. Quality control
(QC) and sample integrity were validated via 18s and 28s ribosomal RNA fragment sizes using
the Agilent 2100 Bioanalyzer (Agilent Technologies). High quality samples were reverse
transcribed to cDNA with the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems) according to manufacturer’s specifications using the Eppendorf MasterCycler EP
Gradient S Thermal Cycler. Real time PCR (gPCR) was performed to confirm that cultured cells
responded as expected to the BMP4 or NOG treatments (description below). PolyA-RNA-seq
sequencing libraries were prepared for select, high quality samples using standard Illumina
protocols. Sequencing was performed on the Illumina NextSeg500 using a NextSeq 75cycle High

Output v2 Kit sequencing at 42x42 Paired End.

3.2.8 gPCR Validation
Quantitative real time PCR was performed on a 7900HT Fast Real-Time PCR system (Applied

Biosystems) using validated IDT (Integrated DNA Technologies) primer sets for Sox9
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(Mm.PT.58.42739087), Acan (Mm.PT.58.10174685), Nog (Mm.PT.58.30936710.g), Aldhla2
(Mm.PT.58.12196815) and Thpl (Mm.PT.39a.22214839), and the TagMan Fast Universal PCR
master mix kit (Applied Biosystems). PCR consisted of one cycle at 95°C for 20 seconds followed
by 40 cycles at 95°C for 1 second and 60°C for 20 seconds, as per the manufacturer’s instructions.
Thpl was used as a reference to normalize gene expression across samples. Standard curves were
generated using serial dilutions of pooled control samples. Gene expression levels were quantified

using the absolute quantification-standard curve method.

3.2.9 RNA-seq Data Analysis

Multiple analysis RNA-seq pipelines have been applied and their results combined. Briefly, for
the alignment stage, we used both STAR (Dobin et al. 2013) and HISAT2 (Pertea et al., 2016), as
well as the pseudo-aligners kallisto (Bray et al., 2016) and Salmon (Patro et al., 2017).
Quantification was performed directly with STAR, kallisto, and Salmon or with RSEM (Li and

Dewey, 2011) and StringTie (Pertea et al. 2016) for the pipelines producing real alignments. RNA-

RNAseq Analysis Pipeline

Combined results using multiple analysis pipelines

RNAseq dato
2-3 biological replicates for each sample

\

Alig nment Software Quality Control
STAR, HISAT2, kallisto and Salmon RSeQC, trinity suite PtR script

I

Quantification
STAR, kallisto, Salmon, RSEM, StringTie

Jl

Differential Expression Analysis
DESeq2, edgeR

Jl Output: genes ranked based on p-values

| Combined gene list ranked based on median ranking from various pipelines

Figure 3.2: RNA-seq Analysis Pipeline
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seq reads were mapped/aligned against the mouse reference genome (GRCm38.p5,

http://www.ensembl.org). In-house Perl scripts were used to sum the read counts at the transcript

level for each gene and create matrices comprising the read counts for all the genes in each sample.
Differential expression analysis was then performed using the R package DESeq2 (Love et al.,
2014) and edgeR (Robinson et al., 2010). Each sample was assessed using the quality-control
software RSeQC (Wang et al., 2012) and the PtR script from the trinity suite (Grabherr et al. 2011).
The output for each pipeline is a list of genes ranked by the p-value for differential expression after
correction for multiple testing. A combined list was obtained by ranking the genes according to
their median rank from the various analysis pipelines. Genes with a differential expression not

going in a consistent direction between pipelines were eliminated from that combined list.

3.2.10 Gene Ontology Term Analysis

Gene Ontology (GO) Enrichment Analysis PANTHER (Protein ANalysis THrough Evolutionary
Relationships) Version 14.1 (http://pantherdb.org/; Thomas et al. 2006; Mi et al. 2019) and
STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) Version 11 database
(https://string-db.org/; Szklarczyk et al., 2019) were used to perform gene annotations and
overrepresentation (enrichment) analysis for the differentially expressed genes (DEGSs) from our
RNA-seq experiment. In PANTHER we used the default statistical settings (Fisher's Exact test to
calculate the p-value and False Discovery Rate (FDR) p<0.05) and the whole mouse transcriptome
(22296 genes) as the reference list. The Gene Ontology database browsing tool AmiGO 2 version:
2512 was also wused to wverify GO terms associated with certain genes

(http://amigo.geneontology.org/amigo; Carbon et al., 2009).
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3.2.11 Histone Modification ChlP-seq

Histone modification ChlP-seq was used to identify chromatin marks associated with the state of
enhancer and promoter activity. PLM cell samples for histone modification ChlIP-seq were
prepared, as described (Lorzadeh et al. 2016). Each sample was split into tubes, one to be used for
pellet cell number quantification and one to carry out the ChlP-seq protocol. One biological
replicate of this experiment was carried out. Briefly, cells were lysed in mild non-ionic detergents
(0.1% Triton X-100 and Deoxycholate) and protease inhibitor cocktail (Calbiochem) in order to
preserve the integrity of histones harboring epitopes of interest during cell lysis. Cells were
pelleted, flash-frozen and stored at -80°C. Frozen cell pellets were cross-linked by 1%
formaldehyde and lysed, following chromatin shearing. Chromatin fragments were incubated with
protein G and A Sepharose beads (GE Healthcare) to eliminate non-specific binding. Unbound
chromatin fragments were incubated with beads and validated antibodies against the following
histone markers: H3K4mel (Diagenode: Catalogue#pAb-037-050, lot#A1657D), H3K4me3 (Cell
Signaling Technology: Catalogue#9751S, lot#8), H3K27me3 (Diagenode: Catalogue#pAb-069-
050, lot#A1811-001P), H3K27ac (CMA309 monoclonal antibody, (Kimura et al. 2008)). DNA
fragments were then stripped from histones, purified using the QIAquick PCR Purification Kit
(Qiagen) and subjected to Illumina library construction by end repair, 3" A-addition, and Illumina
sequencing adaptor ligation. Libraries were PCR amplified and sequenced on Illumina HiSeq 2500
sequencing platforms, with paired-end 75bp, following the manufacturer’s protocols. We

conducted one biological replicate of this experiment.

3.2.12 ChlP-seq Data Analysis
ChlP-seq sequence reads were aligned to the mouse reference genome (GRCm38.p5) using

Burrows-Wheeler Aligner (BWA; Li and Durbin, 2009). Peak calling and differential peak
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comparisons were performed with MACS2 (Model-based Analysis for ChiP-seq) version 2.1.2
(Zhang et al., 2008). Plots for histone mark distributions around TSS's were made with deepTools2
(Ramirez et al. 2016). Annotation of histone modification markers at promoter sites, as well as of
active and repressed regulatory regions, against the list of differentially expressed genes (RNA-
seq data) was performed using custom scripts. Data were visualized with the IGV genome browser

(Robinson et al., 2011).

3.2.13 Graphs
Graphs were made using GraphPad Prism Version 8.0.1 (GraphPad Software, San Diego, CA) and
R packages. The heatmap for Appendix Figure S7 was made with the web tool ClustVis

(https://biit.cs.ut.ee/clustvis_large/; (Metsalu and Vilo 2015)).

3.2.14 Bioinformatic Detection of BMP-CREs

The Perl script scanMotifGenomeWide.pl from the HOMER v4.10 software suite (Heinz et al.
2011) was wused to scan the reference mml10 mouse genome for the BMP-AE
(GGCGCCNsGNCV), BMP-SE (GRCGNCNsGNCT) and BMP-AE2 (GGCGCCNsGTAT)
motifs. Base-specific PhastCons scores (Siepel et al., 2005; 60-vertebrate conservation) were

obtained from the UCSC genome browser (https://genome.ucsc.edu/) to annotate each motif

instance with evolutionary conservation scores. Using a custom Python script, each motif was
annotated with the average PhastCons score across all bases of the motif instance. Motifs with an
average PhastCons conservation score above 0.7 across placental mammals were kept for the

correlation analysis with the RNA-seq results.
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3.3 Results
3.3.1 Differential Gene Expression During BMP4-Driven Chondrogenesis

We performed polyA-RNA-seq assays on primary limb mesenchymal (PLM) micromass
cultures prepared from murine E11.5 forelimbs and hindlimbs, treated with BMP4, NOG or
vehicle control and harvested at Ohrs, 12hrs, and 24hrs post-seeding, in order to identify changes
in gene expression during early chondrogenesis. We used BMP4 to induce chondrogenesis and
NOG (a potent inhibitor of BMP signaling) to block chondrogenesis. Genes with enhanced and
opposite responses to these treatments are likely to be direct BMP targets, especially if there are

induced as early as 12hrs post treatment.

Before sequencing, we decided to test the quality and proper induction of our samples by
gPCR. We looked at the RNA expression of a number of key chondrogenic markers (Sox9, Acan),
Noggin (as it is upregulated during chondrogenesis to oppose BMPs), as well as genes that respond
to NOG treatment (Aldhla2 — part of the retinoid signaling pathway that opposes chondrogenesis).
Results from our qPCRs are summarized in Figure 3.3. As expected, Sox9 is already expressed at
relatively high levels by ~E11.5 during the development of the limb bud. BMP4 progressively
increases Sox9 expression, while Noggin has the opposite effect. Furthermore, BMP4 upregulates
the expression of Noggin and Acan at 12hrs and 24hrs compared to controls, while NOG
downregulates them. Finally, Aldhla2 has the opposite response, BMP4 abolishes expression,
while NOG increases it over time. Alcian blue stain of Day 4 cultures from these experiments
further verifies that the treatments successfully induced or blocked chondrogenesis (Appendix,

Figure S4-B).
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Figure 3.3: Key chondrogenic genes respond to our treatments as expected, based on previously
published work. Each graph represents the average of 2 biological replicates per sample and
treatment (each biological replicate value is the average of 2 technical replicates). All samples are

normalized to the reference gene.
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3.3.1.1 Identification of Differentially Expressed Genes Between BMP4, NOG and
Control Treatments

Prior to downstream analysis and data interpretation, we performed quality assessment
steps, including coverage uniformity plots and sample matrix correlation plots that verified our

sample quality (Appendix, Figures S5 and S6).

Utilizing multiple analysis pipelines, we generated a combined gene list based on the
median ranking across all the pipelines used, increasing our confidence in the ‘differentially

expressed genes’ (DEGS) in our samples (Figure 3.2).

Comparing our samples at the 12-hour and 24-hour time points with the Oh Control, we
find significant numbers of genes that are differentially expressed (Figure3.3-A,B). The largest
change is observed in the BMP4-treated samples both at 12hours and 24hours compared to the
equivalent Control and NOG-treated samples. Based on our RNA-seq DEG expression levels and
previously published data (Karamboulas et al., 2010) it is likely that the cells in our culture system

at 24-hours are proliferating chondrocytes.

We also identified many genes that are differentially regulated at 12-hours and 24-hours
post-treatment when comparing BMP4 and NOG samples against the Oh Control (Figure 3.4-C).
The most highly differentially regulated genes at 24-hours were mainly extracellular matrix related
genes, transcription factors/cofactors, signaling proteins and growth factors/cytokines (heatmap

plot, Appendix Figure S7).
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A. 12h time point B. 24h time point

C BMP4 vs NOG treatments

Figure 3.4: Venn diagrams representing the number and overlap of differentially expressed
genes with different treatments and at different time points.
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3.3.1.2 Gene Ontology Terms used to Identify Genes Regulated via BMP-Signaling

To elucidate the regulatory network proteins involved in early chondrogenesis and
determine the contribution of BMP signaling to this process, we decided to focus on genes that
were differentially expressed between BMP4 or NOG treatments at 12-hours and 24-hours.
Specifically, we were interested in genes that had an opposite response to BMP4 and NOG
treatments (i.e. BMP4 induces, but NOG reduces gene expression), as we postulated that they were

likely to be directly regulated by BMP signaling.

To achieve this, we generated “strict” lists of genes for both BMP4 and NOG (Figure 3.5).
For instance, the BMP4 list included DEGs at 24-hours post-treatment compared to Control at 0
hours and excluded DEGs present in the 24-hours Control or NOG treatment, unless they
responded differently in the BMP4-treated samples. The list was separated into upregulated and
downregulated DEGs. A similar process was followed to generate the NOG lists. We did not repeat
the process for the 12-hour DEGs since most of the genes that this workflow would capture were

already included in our 24-hour list analyses.

The workflow generated 4 lists of genes: 1) BMP4-upregulated (total 417 genes; Appendix
Table S2), 2) BMP4-downregulated (total 319 genes; Appendix Table S3), 3) NOG-upregulated
(total 77 genes; Appendix Table S4), and 4) NOG-downregulated (total 93 genes; Appendix Table

S5).
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Strict BMP4 gene list

Strict NOG gene list

Genes Differentially Expressed with BMP4 treatment

Genes Differentially Expressed with NOG treatment
at 24hs compared to Control at Ohrs

at 24hs compared to Control at Ohrs

EXCLUDE genes that are in the Control gene list at
24hrs as well, unless they have a different response
to the BMP4 treatment than in the Control

EXCLUDE genes that are in the Control gene list at

24hrs as well, unless they have a different response
to the NOG treatment than in the Control

EXCLUDE genes that are in the NOG treatment gene
list at 24hrs as well, unless they have a different
response to the BMP4 treatment than in the NOG
treatment

EXCLUDE genes that are in the BMP4 treatment
gene list at 24hrs as well, unless they have a different
response to the BMP4 treatment than in the NOG
treatment

V2

V2

v
Separate genes into Upregulated list (417 genes) and
Downregulated list (319 genes)

v
Separate genes into Upregulated list (77 genes) and
Downregulated list (93 genes)

Figure 3.5: Workflow for generating the *“strict” gene lists from the RNA-seq results.

We used the PANTHER and STRING databases to conduct functional profiling and
enrichment analysis of genes within each of the 4 “strict” lists, and identified genes already
annotated as chondrogenic. We selected PANTHER for our analyses, as it integrated into the GO
curation process (updated monthly) and is the most reliable GO term database (Mi et al. 2019).
We selected STRING to confirm data gathered from PANTHER, as it is a widely used, well-
maintained and regularly updated database and contains information from several sources,
including experimental data, computational prediction methods and public text collections
(Szklarczyk et al. 2019). Although less reliable, the text-mining feature of STRING makes it

possible to obtain more up-to-date information.

First, we looked for enrichment of chondrogenic and osteogenic-related GO terms with the

PANTHER Annotation Data Set “Biological Process Complete”. This allowed us to identify genes
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previously known to have a role in chondrogenesis or osteogenesis, enabling their exclusion from

downstream analyses and helped establish novel chondrogenic genes.

Within the BMP4-upregulated list, we identified a total of 71 previously annotated
chondrogenic/osteogenic genes (GO term list is summarized in Figure 3.6). These results were
confirmed by searching for “Biological Process” chondrogenic and osteogenic-related GO terms
in STRING, which yielded a ~99% overlap between the two tools. We then looked at the
“Molecular Function Complete” GO terms of these 71 genes and found that 24/71 (34%) were
enriched with TF function, transcription regulation and cofactor function terms (Figure 3.6). This
could either mean that many transcription factors/cofactors are involved in the initial stages of
chondrogenesis or, more likely, that most studies focus on chondrogenic TFs/cofactors, resulting

in an overestimation of the number of such genes being annotated with GO terms.

We then wished to identify new TFs/cofactors important in chondrogenesis, among the
remaining 316 genes without any chondrogenic/osteogenic GO annotations (Figure 3.6). Using the
“Molecular Functions Complete” annotations we identified 31 potentially new TFs/cofactors that
may have a role in early chondrogenesis. Literature review confirmed that 13/31 (42%) of these
TFs/cofactors were previously shown to have important roles during chondrogenesis such as
functioning as SOX9 transcriptional coactivators, regulating the expression of RUNX2 and SOX9
TFs, and regulating cartilage ECM genes such as Col2al and Mmp-13 (Table 3.2). Additionally,
6 of the remaining 18 TFs/cofactors (Rorc, Nr4a3, Grhll, Isl2, Pouf3f3, and Cux2) displayed a
>1.5-fold increase in RNA levels by 24hrs (BMP4 vs NOG sample comparison), and this may

indicate a likely role in the chondrogenic pathway.

85



Following the same workflow for the BMP4-downregulated list, we identified a total of 20
previously annotated chondrogenic/osteogenic genes, of which 7 were TFs/cofactors (Figure 3.6).
From the remaining 286 genes without any chondrogenic/osteogenic GO annotations, we
identified 29 TFs/cofactors (Table 3.3). Literature review revealed only 4/29 (14%) to have been
previously studied in chondrogenesis. Of the remaining 25 genes, 4 (Hicl, Ebf2, Ebf3, and Scrtl)
displayed a >1.5-fold decrease in RNA levels by 24hrs, suggesting that their downregulation is

important in the chondrogenic process.

A similar analysis was performed with the NOG-upregulated and NOG-downregulated
gene lists (Figure 3.7; Table 3.4). For the NOG-upregulated list, we identified a total of 7
previously annotated chondrogenic/osteogenic genes, of which 2 were TFs/cofactors (Gsc and
Cebpa). From the remaining 33 non-signaling genes without a chondrogenic/osteogenic GO
annotation, we identified 7/33 TFs/cofactors, one of which (Nfkbia) has been previously implicated
in chondrogenesis (Table 3.3). Likewise, for the NOG-downregulated list, we identified a total of
16 previously annotated chondrogenic/osteogenic genes, of which 6 were TFs/cofactors (Runx3,
Msx2, 1d4, Heyl, Glil, and Maf). From the remaining 49 genes without a chondrogenic/osteogenic
GO annotation, we identified 8 TFs/cofactors, and once again, two of these (DIx3, Gata2) have
been previously linked to chondrogenesis. The remaining newly identified genes may potentially

be involved in the chondrogenic pathway and warrant further investigations.

86



Biological Process Complete Molecular Function Complete

31/316
genes are
Transcription -

factors,
regulators and
cofactors

3 Chondro/Osteo genes (71)
Em Others (316)

Bl Unmapped (17)

B3 Unclassified (13)

Total=417

BMP4-treated upregulated genes

= Transcription factors, regulators and cofactors (24)
mm Extracellular matrix structural constituents (8)

mm  Growth factor binding proteins (3)

=3 Calcium ion binding proteins (8)

mm Others (26)

Total=71

Biological Pracess Complete

negative regulation of ostecblast proliferation (GO:0033689)
chondrocyle development (GO:0002063)

of chondrocyte diff iation (G0:0032330)

regulation of extracellular matrix organization (GO:1903053)
heart valve morphogenesis (GO:0003179)

endochondral bone morphogenesis (GO:0060350)

ion of cartilage d (GO:0061035)

ossification (GO:0001503)

regulation of ossification (GO:0030278)

cartilage development (GO:0061216)

extracellular matrix organization (GO:0030198)

skeletal system development (GO:0001501)

limb development (G0:0060173)

p<0.00001
B peno00s
N <0005
. pe.05

Fold Erichment

29/286

genes are
Transcription
factors,

regulators and
cofactors

=3 Chondro/Osteo genes (20)
B Others (286)

= Unmapped (25)

3 Unclassified (8)

Total=339

"]
@
[~
@
=
h-]
2
Lo
=
=]
@
=
£
=
Q
-
T
3
]
g
by
-
o
=
m

Em Transcription factors, regulators and cofactors (7)
mm Signaling receptor binding proteins (7)

mm Others (6)

Total=20

Biological Process Complete

TN ANANANANIIN) o 5

of chondrocyte diff ion (GO:0032332)

positive regulation of cartilage development (GO:0061036)

of cartilage development (G0:0061035)
regulation of chondrocyte differentiation (GO:0032330)
P4 p<0.00001
embryonic skeletal system development (GO:0048706) :u 005
cartilage development (GO:0051216) ﬂ] e0.005
<0.05
skeletal system development (GO:0001501) . F
L ] I 1
0 5 10 15

Fold Erichment

Figure 3.6: Gene Ontology Term analysis of genes from the BMP4-treated list of differentially regulated genes identifies several

potentially uncharacterized transcription factors and cofactors that may be involved in chondrogenesis.
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Table 3.2: Transcription Factors and Cofactors with no chondrogenic GO annotations,
upregulated with BMP4 treatment.

TFs/cofactors with no RNA-seq Manual literature search associations
chondrogenic GO annotations (log2FoldChange) with chondrogenesis/osteogenesis
Sox10 6.26 (Chimal-Monroy et al. 2003)
Rorc 3.28 -
Nr4a3 3.18 !
DIx3 2.67 (Hassan et al. 2006)
Klf4 2.21 (Gurusinghe et al. 2019)
Grhil 2.07 2
Ppargcla (aka PGC1A) 2.06 (Kawakami et al. 2005)
Isl2 2 8
Pou3f3 2 4
Plagll (aka Zacl) 1.69 (Tsuda et al. 2004)
Cux2 1.65 5
Pricklel 1.52 (Yang et al., 2013)
Nuprl 1.42 (Yammani and Loeser, 2014)
Nacc2 1.37 6
Ebf4 1.36 !
Vgli2 1.33 8
KIf15 1.32 (Song et al., 2017)
Ets2 1.03 o
Pir 0.97 -
Sox13 0.8 (Wang et al., 2006)
Tox2 0.8 -
Bsn 0.79 -
Sshp?2 0.74 -
Wipil 0.68 -
Ezhl 0.67 (Lui et al. 2016)
Optn 0.66 10
Litaf 0.54 -
KIf3 0.42 -
Atf6 0.4 (Guo et al., 2016)
Atf4 0.39 (Wang et al., 2009)
Nfe2l1 0.36 (Kim et al., 2010)

! Nr4a3 may have arole in the inflammatory-related loss of cartilage/bone in human joint disease (Marzaioli
et al. 2012). A conference abstract indicated that NR4A3 may be involved in the regulation of Mmp-13 and
Adamts-5 expression (Angerer et al. 2012).

2 No direct association of Grhl1 with chondrogenesis, but GRHL3 was shown to act upstream of SP7
(OSX1) in a BMP-dependent manner, to regulate osteoblast formation (Salazar et al., 2016).
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8 Tzchori et al., noted the presence of Islet2 during limb bud patterning (Tzchori et al. 2009), but no
association with chondrogenesis specifically.

* No direct association with chondrogenesis but implicated in craniofacial development and the formation
of some of the maxillary arch-derived skeleton (Jeong et al. 2008).

> No direct association with chondrogenesis, but a recent publication showed that Cux2 is involved in the
specification of the limb forming fields by regulating the Hoxb TF and retinoic acid synthesis (Ueda et al.
2019).

® No direct association with chondrogenesis, but its paralog Naccl has been implicated in chondrocyte
migration and differentiation (Yap et al. 2013).

" No direct association with chondrogenesis, but its paralog (Ebf1) has been shown to have a crucial role in
promoting the differentiation of MSCs into adipocytes and osteocytes (Almalki and Agrawal, 2016).

8 Vgll2a (zebrafish ortholog of Vgll2) was shown to be required for craniofacial development and
pharyngeal cartilage development in zebrafish (Johnson et al. 2011).

% Ets2 is known to be expressed in the developing cartilage, but it has been studied more in the context of
osteogenesis (Raouf and Seth, 2000). We do not know if it has any other chondrogenesis specific functions.

19 No direct association with chondrogenesis; however, mutations in Optn have been associated with Paget’s
disease of bone (PDB), the second most frequent metabolic bone disorder (Silva et al., 2018).
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Table 3.3: Transcription Factors and Cofactors with no chondrogenic GO annotations,
downregulated with BMP4 treatment.

TFs/cofactors with no RNA-seq Manual literature search associations with
chondrogenic GO annotations = (log2FoldChange) chondrogenesis/osteogenesis
Hicl -5.64 !
Scrtl -2.38 -
Ebf2 -2.05 -
Ebf3 -1.65 -
Glis3 -1.56 (Beak et al., 2007)
Dio3 -1.35 2
Etv4 -1.26 -
Prkcb -1.22 -
Pls1 -0.94 -
Hdac7 -0.92 (Bradley et al., 2015)
Jazfl -0.75 -
H2afy -0.71 -
Zcchcl2 -0.67 -
1d3 -0.66 (Asp et al., 1998)
Nripl -0.62 -
Wwcl -0.61 -
Etvé -0.52 -
Zfp90 -0.51 -
Sox12 -0.5 8
Zfp395 -0.48 -
Pmfl -0.47 -
Tead3 -0.46 -
Phf6 -0.45 -
Ncoa3 -0.43 (Zhang et al., 2018)
Ybx3 -0.43 -
Pttgl -0.39 -
Kpna2 -0.35 -
Stipl -0.27 -
Tcf20 -0.26 -

1 No direct association with chondrogenesis. HIC1 attenuates Wnt signaling (Valenta et al., 2006), which
is an important pathway in chondrogenesis.

2 No direct association with chondrogenesis; however, Dio2 is upregulated in osteoarthritic cartilage
(compared to normal cartilage) and there is speculation on Dio3 having a role in chondrogenesis (Reynard
and Loughlin, 2013).

% No direct association with chondrogenesis or osteogenesis; however, Sox12 belongs to the SoxC family
along with Sox4 and Sox11. SOX11 was shown to positively regulate osteogenesis (Gadi et al. 2013).
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Figure 3.7: Gene Ontology Term analysis of genes from the NOG-treated list of differentially
regulated genes identifies several potentially uncharacterized transcription factors and

cofactors that may be involved in chondrogenesis.

Table 3.4: Transcription Factors and Cofactors with no chondrogenic GO annotations,
upregulated or downregulated with NOG treatment
*excludes genes that were captured by the BMP4 lists above

TFs/cofactors with no RNA-seq Manual literature search associations
chondrogenic GO annotations (log2FoldChange) with chondrogenesis/osteogenesis
Upregulated with NOG Downregulated with BMP4
Maccl -1.27 -
Nfkbia -0.57 (Dehne et al. 2010)
Nek6 -0.4 -
Rrplb -0.33 -
Ruvbl1 -0.33 -
Downregulated with NOG Upregulated with BMP4
Gata2 0.72 ! (Karamboulas, et al. 2010)
Ywhah 0.36 -

1 In mesenchymal cells, GATA2 blocks adipogenesis (Tong et al. 2000; Tong et al. 2005; Kamata et al.
2014). According to (Tolkachov et al. 2018) GATA2 also affects bone turnover and inhibits
osteoblastogenesis of MSCs by blocking SMAD1/5/8 signaling.
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3.3.1.3  Gene Ontology Terms used to Identify Chondrogenic Regulatory Proteins

Our “strict” lists aimed to identify genes most likely to be directly regulated by BMP
signaling. However, a host of other genes that could also be involved in chondrogenesis were
excluded from our previous analysis. Here, we aimed to characterize the other important
chondrogenic-regulatory genes in order to create a comprehensive list of all genes expressed

during the early stages of chondrogenesis.

Genes differentially regulated with BMP4 and NOG treatments were separated into 3 lists
based on their expression time-points: a) “12-hours only”, b) “24-hours only” DEGs, ¢) “Overlap”
DEGs between 12 and 24-hours. For each of these lists, we performed functional profiling and
enrichment analysis with the PANTHER and STRING software, as described in Section 3.3.1.3.
As before, we looked for enrichment of chondrogenic and osteogenic-related GO terms using the
“Biological Process Complete” and then the “Molecular Function Complete” functions to identify
the TFs/regulators/cofactors (Figure 3.8). In all 3 lists, the Molecular Function GO terms
“Transcription factor binding”, “Transcription regulator activity”, “Extracellular matrix structural
constituents” and “Signaling receptor binding” were significantly enriched, an expected result,

since many transcription factors as well as signaling and ECM components are required to initiate

most cellular differentiation programs, including chondrogenesis.

Within the “12-hours only” list we identified 24 chondrogenic/osteogenic annotated genes
out of which 7 were annotated with GO terms relating to transcription factor function, transcription
regulation, and cofactor functions. Genes identified in this set may be necessary only for a short
period during the chondrogenic process since they were not detected as DEGs in the 24hrs post-

treatment samples.
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From the list of 254 genes without known roles in chondrogenesis/osteogenesis, we
identified 25 potentially new TFs/cofactors that may be involved in the early stages of
chondrogenesis (Table 3.5). An extensive literature review revealed that 8/25 of these
TFs/cofactors have been previously studied in chondrogenesis. The remaining 17 TFs/cofactors
could be pursued further to understand their potential contributions to chondrogenic lineage

commitment and differentiation.

Within the “24-hours only” list we identified 145 chondrogenic or osteogenic annotated
genes out of which 62 (43%) were annotated with TFs/cofactors GO terms. From the remaining
1234 genes without chondrogenic/osteogenic annotations, we identified 92 potentially new
TFs/cofactors that may have a role during chondrogenesis. A subset of these genes is listed in
Table 3.6. This includes 32 genes with a >0.55-fold increase in RNA levels, out of which 10 have
been previously associated with chondrogenesis. From the remaining 22 TFs/cofactors, 7 display
>|1.0-fold increase| in RNA levels (Ddn, Dmrtal, Nfe2l3, Lpin3, Myrf, KIf14, and Nr2f1) and could
be pursued in the future to understand their potential contributions to the pre-

hypertrophic/hypertrophic stages of chondrocyte development.

Finally, within the “Overlap” list we identified 187 chondrogenic or osteogenic annotated
genes out of which 88 (47%) were annotated with TFs/cofactors GO terms. From the remaining
840 genes without chondrogenic/osteogenic annotations, we identified 97 potentially new
TFs/cofactors that may have important roles during chondrogenesis since they exhibited sustained
upregulation/downregulation in both tested time points. A subset of these genes was listed in Table
3.7. This includes 32 genes with a >1.0-fold increase in RNA levels, out of which 15 have been

previously linked to chondrogenesis. The remaining 17 TFs/cofactors (Hr, Dusp26, Rbpjl, Jdp2,
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KIf2, Ss1812, Nrdal, Fam129b, Isl1, Nr6al, Smarca2, Esrrg, Mdfic, Eya2, Esrrb, Pdliml and
Ikzf3), are identified as highly differentially expressed genes that are maintained
upregulated/downregulated over at least 12-hours, which makes them likely to have important

roles in chondrogenesis that need to be studied in the future.

94



Biological Process Complete

Molecular Function Complete

SMAD binding (60-0046332) [ INTITNITNIINTNNIENIINNIONINII] 21 23 1 == Chondro/Osteo overalp
E llul i | i :0005201 0 B Osteo
- 251254 Bl Chondro/Osteo oveﬂap genes (8) xtracellular matrix structural constituent (GO:0005201) 0:» = Chondro
_S genes are 1 Chondro only genes (3) Growth factor binding (GO:0019838) g, 10+
@ Transcription 3 Osteo 0n|y genes (’] 3) Transcription factor binding (GO:0008134) ‘e-
5 factors = Unmap?zeg4()1 0) Transcription regulatory region DNA binding (GO:0044212) p<0.00001 é 5
] ’ Bl Others o . » ' 4 F T
: regu|?to{s and O3 Unclassified (16) DNA-binding transcription factor activity (GO:0003700) ! p<0.0005 é’
~— coraciors Transcription regulator activity (G0:0140110
Total=304 pilon reg i ¢ ) [0 e<0.005 o
Signaling receptor binding (GO:0005102) . p=0.05
I T T T T 1 Transcription factors,
0 5 10 15 20 25 regulators and cofactors
Fold Erichment
Extracellular matrix binding (GO:0050840) 22.67 60 Bl Chondro/Osteo overalp
Chondro/O: 4 50 Extracellular matrix structural constituents (GO:0005201) @ =m Osteo
@
> 92/1234 Hm Chondro/Osteo overtap genes (50) Cell adhesion molecule binding (GO:0050839) £ ] = Chonde
ra genes are 3 Chondro only genes (43) ) ES
(=] T NG = Osteo only genes (52) Growth factor activity (GO:0008083) ‘s
g factorz - Unmapped (75) DNA-binding transcription activator activity (GO:0001216) 0<0.00001 8
’ A 20
o at p Em Others (1234) Transeription factor binding (GO:0008134) 00005 E
regulators an 3 Unclassified (42) . - P z
x cofactors Transcription regulator activity (GO:0140110) [I]I p<0.005
Total=1496 Signaling receptor binding (GO:0005102) B rons 0
Transcription factors,

0 10 20 30
Fold Erichment

regulators and cofactors

97/840
genes are
Transcription
factors,

cofactors

regulators and *

Chondro/Osteo overlap genes (74)
Chondro only genes (54)

Osteo only genes (59)

Unmapped (39)

Others (840)

Unclassified (36)

Total=1102

oREooo

BMP receptor binding (GO:0070700)
TGFbeta-activated receptor activity (GO:0005024)

E: lular matrix { (GO:0005201)
Proteoglycan binding (GO:0043394)

SMAD binding (G0:0046332)

Ligand-activated transcription factor activity (GO:0098531)
Wht-protein binding (GO:0017147)

Repressing transcription factor binding (G0:0070481)
Activating transcription factor binding (GO:0033613)
DNA-binding transcription factor binding (GQ:0140297)
Chromatin binding (GO:0003682)

DNA-binding transcription factor activity (GO:0003700)
Transcription factor binding (GO:0008134)

Transcription regulator activity (GO:0140110)

Signaling receptor binding (GO:0005102)

P4 v<0.00001

B p<0.0005

[ p=c.00s
B r-00s

L) L] L] L] L] 1

B Chondro/Osteo overalp

B Osteo
60
B Chondro
w
@
8 40
>
s
=
2
£ 20
=
z
0

Transcription factors,

0 10 20 30 40 50
Fold Erichment

regulators and cofactors

Figure 3.8: Gene Ontology Term analysis of genes separated into 3 lists based on their expression time (only at 12hrs, only at 24hrs

or at both 12hrs and 24hrs) identifies several potentially uncharacterized transcription factors and cofactors that may be involved in

chondrogenesis.
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Table 3.5: Transcription Factors and Cofactors with no chondrogenic GO annotations,
differentially expressed only at 12hrs

TFs/cofactors with no Manual literature search associations
chondrogenic GO annotations with chondrogenesis/osteogenesis
Actn2 (James et al. 2005)
Bcl6 !
Bhlhe40 (aka DEC1) (Shen et al. 1997)
Cbfa2t3 )
Crym
Dact2 (Sensiate et al. 2014)
E2f2 (YYanagino et al. 2009)
Egr3 2
Glis2
Hdac11 3
Hmgal
Hmga2
KIf12 °
Plscrl )

Pou2f2
Prmt5 (Norrie et al. 2016)

Rxrg
Sik1l
Sim2 (Qiryagoz et al. 2019)
Smad7 (Zhao et al. 2017)
Sox17 :
Taf9b
Tfap4
Trib2 (You et al. 2019)
Zeh?2 :
Actn2

1BCL6 was identified as a regulator of early adipose commitment (Hu et al. 2016).

2 While there is a focus on the function of Egrl during chondrogenesis (Spaapen et al. 2013), there is some
indication that Egr3 has increased expression in ATDCS5 cells at the onset of chondrogenic differentiation.
Additionally, EGR3 was shown to be involved in myoblast proliferation (Kurosaka et al. 2016).

3 Hdac11 ectopic expression was shown to inhibit myoblast differentiation (Byun et al. 2017).

* Down-regulation of Hmgal is necessary to initiate the myogenic (or osteogenic) program after induction
of C2C12 differentiation (Brocher et al. 2010).

>HMGAZ2 was shown to promote adipogenesis (Xi et al. 2016).

® KIf12 was expressed in MSC but not in lineage-committed mesenchymal cells (Zhang et al. 2012).
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Table 3.6: Transcription Factors and Cofactors with no chondrogenic GO annotations,
differentially expressed only at 24hrs and with RNA-seq [log2foldChange| > 0.55
*excludes genes that were captured by the lists above

TFs/cofactors with no RNA-seq Manual literature search associations
chondrogenic GO annotations (log2FoldChange) with chondrogenesis/osteogenesis
Ddn 2.36 -
Sfmbt2 1.73 (Hussain et al. 2018)
Dmrtal 1.56 -
Nfatc2 1.36 (Ranger et al. 2000; Chen et al. 2011)
Nfe213 (aka Nrf3) 121 !
Lpin3 (aka Lipin-3) 1.2 2
Myrf 1.19 ;
Pax3 11 (Cairns et al. 2012)
Klf14 1.04 3
Dcc 1.01 (Schubert et al. 2009)
DIl 0.94 4
Trib3 0.93 5
EIN3 0.92 -
Glisl 0.87 6
Ccndl 0.86 (Ito et al. 2014)
Prdm16 0.8 (Warner et al. 2013)
Pbxipl (aka HPIP) 0.77 (Ji etal. 2019)
Stat5a 0.77 7
Meis3 0.74
Sertad2 (aka TRIP-Br2) 0.69 8
Sorbsl 0.63 :
KIf13 0.59
Anxa4 0.57
Tsc22d1 -0.55
Med12l -0.64
Tle6 -0.68
Nmi -0.71
Rora -0.86 (Woods et al. 2009)
Meis2 -0.97 o
Erbb4 -1.61 (Nawachi et al. 2002)
Esr2 (aka Erp) -1.61 (Zeng et al. 2016)
Nr2f1 (aka COUP-TFI) -1.73 10

! No direct association with chondrogenesis; however, according to (Pepe et al. 2010) NFE2L3 has an
important role in smooth muscle cell (SMC) differentiation from stem cells.

2 No direct association with chondrogenesis; however, according to (Csaki et al. 2014) Lpin3 is expressed
in adipose tissue and is induced during adipogenesis.
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% No direct association with chondrogenesis; however, KLF14 was shown to act as a master trans-regulator
of adipose gene expression (Small et al. 2011).

* DII1 expression was observed in a chondrogenic (ATDC5) cell line (Watanabe et al. 2003), while (Zhang
et al. 2018) have more recently shown that inhibition of DII1 expression in rat chondrocytes and
chondrosarcoma cells triggered cell death/senescence and suppressed proliferation.

®> No direct association with chondrogenesis; TRIB3 was shown to play an important role in proliferation
and osteogenic differentiation in human bone marrow-derived mesenchymal stem cells (Zhang et al. 2017).

® No direct association with chondrogenesis; GLIS1 was identified as a regulator of mesenchymal
multipotency that represses lineage-specific genes (specifically adipocyte and osteoblast differentiation)
(Gerard et al. 2019).

" No direct association with chondrogenesis; STAT5A inhibition was shown to enhance bone formation by
promoting osteogenesis of BMSCs (Lee et al. 2018).

& No direct association with chondrogenesis; TRIP-Br2 was identified as a transcription co-regulator for
adiposity and energy metabolism (Liew et al. 2013).

® Restriction of Meis2 expression is essential for limb outgrowth/development, and disruption of its
expression resulted in limb alterations, many of which developed into cartilage pattern alterations;
therefore, MEIS2 may have a role during chondrogenesis (Capdevila et al. 1999). MEIS2 was shown to
repress osteoblastic transdifferentiation of cells in the heart (Sun et al. 2019).

10 Nr2f1 was implicated in osteogenesis (Tsai and Tsai 1997; Manikandan et al. 2018).
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Table 3.7: Transcription Factors and Cofactors with no chondrogenic GO annotations,
differentially expressed at both 12hrs and 24hrs and with RNA-seq |log2foldChange| > 1
*excludes genes that were captured by the lists above

TFs/cofactors with no RNA-seq Manual literature search associations
chondrogenic GO annotations (log2FoldChange) with chondrogenesis/osteogenesis
Hr 3.35 )
Dusp26 31
Wwp2 2.74 1(Zou et al. 2011; Nakamura et al. 2011)
Rbpjl 2.73 ;
Jdp2 2.26 2
KIf2 1.99 8
Pparg 1.65 (Wang et al. 2005; Ma et al. 2015)
Ss18I12 1.44 )
Nr4al 1.35 ¢
Fam129b 1.19 >
IsI1 1 °
Nr6al -1.02 ;
Smarca2 -1.02
Esrrg -1.09 !
Bellla -1.11 (Yamamoto et al. 2019)
Mdfic (aka HIC) -1.16 °
Foxp2 -1.33 (Zhao et al. 2015)
Epasl (aka HIF2A) -1.35 (Preitschoph et al. 2016)
Foxpl -1.43 (Zhao et al. 2015)
Eya2 -1.51 o
Esrrb -1.52
Agtr2 -1.55 (James et al. 2005)
Ebfl -1.63 (EI-Magd et al. 2015)
Atf3 -1.68 (James et al. 2006)
Nfia -1.7 (Pratap Singh et al. 2018)
Pax9 -1.82 (Rodrigo et al. 2003)
Barx1 -1.88 (Nichols et al. 2013)
Zic3 -2 (Zhu et al. 2007)
Pdlim1 -2.02 10
Hhex (aka Hex) -2.16 (Morimoto et al. 2011)
Meox1 (aka Mox1) -2.29 (Candia et al. 1992; Candia et al. 1996)
Ikzf3 -3.13 ;

1 ' WWP2 forms a complex with SOX9 and the transcription enhancer MED25 to enhance SOX9
transcriptional activity during chondrogenesis. Additional studies have recognized Wwp2 as an important
target for cartilage diseases such as osteoarthritis (Rice et al. 2019; Chantry 2011).
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2No direct association with chondrogenesis; however (Kawaida et al. 2003; Maruyama et al. 2012) showed
JDP2 plays a role in osteoclast differentiation and bone homeostasis, while (Nakade et al. 2007)
demonstrated that JDP2 represses adipogenesis.

$KIf2 was found to be upregulated in diseased (osteoarthritis) chondrocytes (Aki et al. 2018; Teramura et
al. 2015; Yuan et al. 2017). Additionally, it was demonstrated that KLF2 regulates osteoblast differentiation
by targeting Runx2 (Hou et al. 2019). KLF2 was identified as a negative regulator of adipogenesis (Sen
Banerjee et al. 2003; Wu et al. 2005).

* Nr4al expression was significantly elevated in OA cartilage, and while it is normally located in nuclei of
chondrocytes, it translocated to mitochondria in OA chondrocytes (Shi et al. 2017).

®No direct association with chondrogenesis; FAM129B was identified as a Wnt/B-catenin regulator (Conrad
et al. 2013), which offers a potential role for FAM129B to negatively regulate Wnt signaling, thereby
enabling chondrogenesis.

®Some indication of association with chondrogenesis; (Kawakami et al. 2011) showed Islet1 as a hindlimb-
specific transcriptional regulator that regulates hindlimb outgrowth along with p-catenin, while (Akiyama
et al. 2014) confirmed that loss of ISL1/B-catenin in the hindlimb results in failure to expand chondrogenic
precursor cells and skeletal defects.

"No direct association with chondrogenesis; however, work by (Jeong et al. 2009; Cardelli and Aubin 2014)
suggests that ESRRG (aka ERRG) negatively regulates bone formation and osteoblast differentiation
(potentially in a sex-dependent manner).

®No direct association with chondrogenesis; but a paralog of MDFIC called MDFI or I-mfa has been shown
to have important roles in chondrogenic differentiation (Kraut et al. 1998).

°® No direct association with chondrogenesis; but a EYA2 has been implicated in myogenesis and
tenogenesis (Xu et al. 1997).

10 pdlim1 expression was detected in human articular chondrocytes (Joos et al. 2008).
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3.3.2 ldentification of Active Regulatory Regions with Histone Modifications

To complement our transcriptomic data from Section 3.3.1, we performed histone ChlIP-
seq assays to identify genome-wide histone modification profiles on PLM micromass cultures
prepared as described previously. Cultures were treated with BMP4, NOG or vehicle control and
harvested at Ohrs, 12hrs and 24hrs post-seeding, in order to identify histone modification mark

changes during the time course corresponding to our RNA-seq data.

To validate the biological relevance of the ChlP-seq peak calls from MACS2, we analyzed
the profiles of the H3K27ac and H3K4me3 ChlP-seq peaks in the vicinity (£1.5kb) of all TSSs for
all times points and treatments (Figure 3.9). We verified that the regions covered exhibited a
bimodal pattern, as expected from observations in other studies of H3K27ac and H3K4me3 marks,
and this confirmed the quality of our data (Wang et al. 2008; Nie et al. 2013). Additionally, the
ratio of fold enrichment between upregulated and downregulated genes is reversed with BMP4
and NOG treatments, confirming that the histone peaks are enriched near the expected gene's TSS

as per our RNA-seq data.

We investigated potential regulatory regions utilizing the H3K27ac peak calls that were
differentially regulated with BMP4 and NOG treatments (Figure 3.10). At 12hrs post-treatment
we identified a total of 888 peaks within 50kb of DEG TSS, of which 563 were near upregulated
DEGs and 325 near downregulated DEGs. Exclusion of the promoter-proximal peaks (x1.5kb
from DEG TSS) helped locate potential enhancer regions within 50kb from the TSS. In doing so
we identified 385 peaks near 234 upregulated DEGs and 212 near 122 downregulated DEGs. At
24hrs, a total of 2354 peaks were located within 50kb of DEG TSSs; 1035 peaks near upregulated

DEGs and 1317 near downregulated DEGs. When promoter-proximal peaks were excluded, we
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identified 856 peaks near 446 upregulated DEGs and 838 peaks near 410 downregulated DEGs
within 1.5kb-50kb from the TSSs. We then combined all H3K27ac mark data within this range at
both time points and removed duplicated gene entries and overlapping histone peaks. This resulted
in a total of 1118 H3K27ac marks near 556 upregulated DEGs and 976 marks near 459 genes
within 1.5kb-50kb from the TSS. An additional 398 peaks for the 12hr time point and 1153 peaks
for the 24hr time point were located within 50-100kb. This substantial number of H3K27ac peaks
in close proximity to DEGs provides a great starting point to locate candidate regulatory regions
active during the initial stages of chondrogenesis when chondrocytes transition from condensation

to active proliferation.

For example, the TF Sox5 is known to be activated by Sox9 during chondrogenesis. Figure
3.11 depicts the Sox5 locus, along with the RNA-seq data and pertinent histone mark data we
generated, along with sequence conservation data and some previously published Sox9 ChIP-seq
data from E12.5/E13 murine whole limb buds. Using our own data, we identified two potential
regulatory sites for Sox5 that are used during early chondrogenesis and coincide with Sox5
differential expression upregulation. One of these sites (A") also contains Sox9 binding sites,
identified by two separate studies (Garside et al. 2015; Yamashita et al. 2019) around the same

developmental stage as our PLM cultures, further validating our data.
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Figure 3.9: Histone mark enrichment distribution near the TSS of differentially regulated genes
identified via RNA-seq.

The average genome-wide histone enrichment calculated by MACS2 near TSSs (£1.5 Kb) was
plotted for all genes detected from our RNA-seq analysis for each individual histone modification:
H3K27ac (A,C) and H3K4me3 (B,D) and shown for individual treatments [Up (dark blue), Down
(light blue) and Unchanged (yellow)]. Controls in (A,B) are from time point Oh and controls in
(C,D) are from 24hrs. The relative fold enrichment was calculated with the MACS2 algorithm,
accounting for the background signal by comparing the ChIP peaks within an individual sample
to its own input control. The scale of fold enrichment distribution for individual samples is on the

right of each enrichment matrix. Projection analysis (C,D) graphically shows each gene in each
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Figure 3.10: H3K27ac peaks near DEGs at 12hrs and 24hrs post-treatment.
We identified thousands of H3K27ac peaks near DEGs, many as close as 50kb from the gene’s

TSS. Some of these peaks may represent active regulatory regions.
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Figure 3.11: RNA-seq, histone modification and Sox9 ChlP-seq for Sox5.

In the RNA-seq profiles, we observe a significant increase in exon reads for the BMP4 track
compared to the Noggin track. Likewise, we note a significant increase in H3K27ac reads at
multiple intronic regions (A’ and A” expanded to show closeups of BMP4 and Noggin H3K27ac
reads). The sequence conservation track shows that these K27ac reads are localized to well-
conserved sequences across placental mammals. There also appear to be Sox9 binding sites
overlapping with the K27ac marks in panel A’, validating that area as a regulatory region.
Sequence conservation is represented with a heatmap of the UCSC genome browser PlyloP
basewise conservation score derived from the Multiz alignment of 60 placental mammals (against
the mm10 mouse genome). Exons are shown as wide bars and the 5°-3” direction of the denoted
by the > symbol. Scales are shown in the top right corner for each track. SOX9 ChlP-seq data used
here were from E12.5 mouse whole limb buds ((Garside et al. 2015); GEO Database (GSE73225))
and E13 mouse whole limb buds (Yamashita et al. 2019).



3.3.3 Bioinformatic Motif Discovery and Integration with Genomic Data

Using the functionally distinct motif-types identified in Drosophila, we scanned the mouse
genome using the motif discovery tool HOMER (v4.10) (Heinz et al. 2011). These were filtered
for high sequence conservation across 60 mammalian species using PhastCons scores, limiting the
list to 3944 BMP-CREs with an average PhastCons score over 0.7 (Table 3.8). In all cases, over

2/3 (2764/3944) of the motifs are highly conserved with a score above 0.9.

Table 3.8: Murine BMP-CREs with Average PhastCons Score > 0.7

Motif Type
Average PhastCons Score  BMP-SE BMP-AE BMP-AE2
1 181 115 25
0.99-0.9 1358 983 102
0.89-0.8 374 200 21
0.79-0.7 345 209 30
Total 2258 1507 178

Out of these 3944 motifs, more than half (2305/3944) are located nearby genes that were
differentially expressed in our RNA-seq experiment. More specifically, 52% of these motifs
(2068/3944) were located within 1Mb from a DEG's TSS (Table 3.9). Notably, 533 of these motifs
were located within 50kb of a DEG's TSS. We then excluded promoter-proximal motifs (within
250bp of the TSS) and identified 401/533 motifs that are within 50kb of the DEG's TSS. Finally,
there were more BMP-CREs in the vicinity of upregulated DEGs (1143/2068) up to 1Mb away

from the TSS than downregulated DEGs (925/2068).
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Table 3.9: BMP-CRE distance from the nearest BMP-responsive gene TSS

Motif Type
Upregulated DEGs Downregulated DEGs

. BMP-SE BMP-AE BMP-AE2
Distance from TSS Total
Up Down Up Down Up Down
within 50kb 158 110 151 90 13 11 533
50kb-100kb 82 56 68 30 5 5 246
100kb-250kb 157 134 131 105 12 15 554
250kb-500kb 120 131 77 86 8 10 432
500kb-1Mb 106 72 51 64 4 6 303
over 1Mb 84 61 55 27 7 3 237
707 564 533 402 49 50
Total
1271 935 99 2305
o
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Figure 3.12: Putative BMP-CREs are enriched up to 50kb away from BMP-regulated genes.

Statistical significance of the enrichment of BMP-AE and BMP-SE responsive genomic
fragments near BMP up regulated genes was calculated using Pearson’s Chi-Square test for count
data in R (function chisg.test) with continuity correction without correcting for multiple testing.

We used the non-significantly DEGs from our RNA-seq as the control gene set.
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We performed a Chi-square analysis to see if there is an enrichment of BMP-CREs near
upregulated DEG from our RNA-seq data (Figure 3.12). This test indicated that there was a
significant enrichment of BMP-AEs up to 50kb from upregulated DEGs. The same was not true
for BMP-SEs, as there was an enrichment only up to 20kb away from the TSS. When we combined

both BMP-AEs and BMP-SEs, we identified a significant enrichment up to 50kb away from TSSs.

Upon review of previously identified Smad-binding sites or BMP-responsive regions in the
vicinity of BMP-regulated genes (some of which have important roles in chondrogenesis) such as
Msx1, Msx2, Smad6, Ihh and 1d1, we identify canonical BMP-CRE motifs conforming to an AE-
or SE- like consensus, with canonical n=5 linker site spacing (Table3.10). Many of these BMP-
CREs were not identified as potential Smad-biding sites, but our bioinformatic search using the

Drosophila BMP-CRE motifs has allowed us to identify these highly conserved motifs.
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Table 3.10: Revisiting and Examining Published Vertebrate BMP Regulatory Elements

Experimentally Verified Vertebrate BMP-Regulatory Elements

BN Publication Citation Regulgtory e Smggl-Bmdmg Comments and Observations
Name Coordinates (mm10) Specific Sequence
. ] Potential Smad4 binding sites not identified in this study.
Msx1 (Binato et al. 2006) chr5:37,824,529-37,824,683 GCCGGCG EEEEGGACCCGGAGCCGGCGAGTGCGEET
(Korchynskyi and Ten Described as individual binding sites identified and not a Smad-
11 Dijke, 2002) chr2:152,735.122-152,735,230 GGCGCC f:omp_lt_ex b_lndlf]g site, additional putative Smad4 binding site not
(Lépez-Rovira et al. 2002) CGCC identified in this study.
P ' CGCCCGCGCGGCGCCAGCCTGACA
1d1 (Karaulanov, Kndchel, and chr2:152.739 406-152.739.488 TGGCGCCTGGCT  gentified a canonical BMP-CRE GGCGCCTGGCTGTCT
Niehrs 2004) B . GTCT
Identified a canonical BMP-CRE GGCGCCAGAGAGTCT
(Karaulanov, Kndchel, and ) TGGCGCCAGAG  Within the same fragment tested for BMP-responsiveness in this
1d2 Niehrs 2004) chrl2:25,098,842-25,098,933 AGTCT study, we identify an additional putative BMP-CRE with a GNCV
Smad4 binding site GGCGCCGCTCAGGCG
upstream:
upstream: TGGCGCCAGGC Identified two canonical BMP-CRE motifs
143 (Karaulanov, Knéchel, and  chr4:136,140,517-136,140,650 TGTCT GGCGCCAGGCTGTCT and GGCGCCGGCCAGTCT
Niehrs 2004) intron2; intron2; Our analysis reveals additional putative BMP-CRES both upstream
chr4:136,144,759-136,144,808 TGGCGCCGGCC and downstream 1d3.
AGTCT
(Karaulanov, Kndéchel, and i TGGCGCCAGTT . .
1d4 Niehrs 2004) chr13:48,262,829-48,262,957 AGTCT Identified a canonical BMP-CRE GGCGCCAGTTAGTCT
Though the correct Smad1/5/9 binding site has been identified, since
. (Karaulanov, Knéchel, and ) TGGCGCC there was not evidence at the time that GNCV sequences excited,
Bambi Niehrs 2004) chr18:3,506,976-3,507,050 GTCT they were unable to identify the complete BMP-CRE.

CGTCTCGTTGGCGCC
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upstream: upstream: The intrc_)nl _Smad—complex binding site is almost cpmpletely
(Karaulanov, Knéchel,  chrl8:75,367,158-75,367,207 GGC_CGGA.GCC resolved in this _study, however, we canno'Fdete_ct_acanonlcal BMP-
Smad7 and Niehrs 2004) introni- intronl: _CRE sequence in the upstream sequence identified.
chr18:75.370.679-75.370.758 TGGCGCCAGGCGGC intronl: G(_BCGCCAGGQGGCCT_ _
R B C Our analysis reveals multiple putative BMP-CREs in the 5’UTR.
Mutational analysis revealed that GCCGGCGCGGC was the
BMP-responsive sequence. Another region upstream of the
fragment tested was also significantly BMP-responsive, however,
that fragment was not tested further. Our bioinformatic analysis
28bp GC-rich BMP- revealed «’fl corTs_erved putatiye B_MP—CRE.s within that upstream
_ responsive fragment: fragment identified (Appendix, Figure S3):
Smad6 (Ishida et al., 2000) chr9:64,022,908-64,022,934 chr9:64,023,056-64,023,071; GGCGCCGATTGGCCC

GCCGCTCCTGCCCTG L -

GAGCCGGCGCGGE We identified additional BMP-CREs up to ~100kb from the TSS.
chr9:64,021,146-64,021,159; GGCGCCGTGCAGACC
chr9:64,021,029-64,021,042; ATACCCTTTGGCGCC
chr9:63,968,880-63,968,893; AGACCCAGAGCCGCC
chr9:63,919,401-63,919,414; AGCCACGGGGACGCC
chr9:63,919,326-63,919,339; AGACTGGCTGTCGCC
Multiple GC-rich motifs have been identified in this fragment as

TGCGGGGCGGGGGL necessary and sufficient for BMP-specific up-regulation of reporter
CCGGGGCCCTGGCT expression. A larger fragment containing the entire 5"UTR of Ihh
GGTGGCGGCGTGLT s initially identified as BMP responsive and was able to drive
GTCCCCCTCGGCGCC  gimost double the reporter expression as the GC-rich motif
TCGACTCTGAGCTGC fragment the study focused on. Looking at the excluded part of the
Ihh  (Sekiand Hata, 2004)  chr1:74,951,380-74,951,542 CCGGCTCGCCGEEC  fragment (+1 to -123 from the Ihh TSS) we identified 2 highly
GCCAATAAATAGGC  (onserved putative BMP-CREs.
CGGCCCCTTTGTTTT  ¢nr1:74951,300-74,951,314; GGCGTCTGGGTGGCT
GGCAACGCGGCGAC  ¢nr1:74,951,246-74,951,260; GGCGCCTGGTGGGCT
GGCGGGGGGCGGLEG e jdentified additional BMP-CREs up to ~5kb from the TSS.
GGCGGCGGGGCTCA  ¢nr1:74,951,797-74,951,811; GGCGGCCCCAAGGCT
GGGCCG

chrl:74,949,942-74,949,956; GGCGCCAGGGCGCAT
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560bp fragment:
chrl13:53,475,962-53,476,524

52bp fragment:
chrl13:53,476,176-53,476,228

Msx?2 (Brugger et al. 2004)

AGGCTGAGTGCCGG
GCCGAGAGCAATTA
ACGCGGCTCCGGCG
CGGGCAGCCGC

The authors identified a 560bp BMP-responsive region with
multiple GC-rich sequences. Deletion analysis revealed a 52bp
BMP-responsive region with multiple “GCCG” and a
homeodomain-like binding site “AATTAA” sequences that were
shown to be required for BMP-responsiveness.

We identified a conserved BMP-SE within the previously
identified 560bp fragment. The authors recognised the GTCT part
of the motif as a Smad4 binding site but did not further investigate
this motif: chr13:53,476,371-53,476,385;GGCGGCCATTTGTCT

Predicted Vertebrate BMP-Regulatory Elements from (Karaulanov, Knéchel, and Niehrs 2004)

Gene Regulr_:ltory Element Predlcte_d_ Smad-Binding CariEis el ClhsanaiErs
Name Coordinates (mm10) Specific Sequence
oo chr13:53.476.048-53.476.075 AGACGGGCCAGGGCTGCG \évl\(;;o:er;(;:nzznetizrls::fMP-CRE sequence very close to this other predicted Msx2
~3.3kb upstream TSS GGTAGGLGEC chr13:53,476,371-53,476,385 (~3.6kb upstream TSS); GGCGGCCATTTGTCT
GTCTGTGCAGGAGTCGGE We |.dent|f|ed a canon_lca!ly spaced Smad4 binding site (GNCV-type) near the
Gata2 chr6:88,198,664-88,198,693 TCTGGCGCCAG predicted Smad1/5/9 binding site:
- chr6:88,198,686-88,198,700; GGCGCCAGGGCGGCC
We haven’t identified a canonically spaced Smad4 binding sequence for this
predicted motif, however, using our bioinformatic approach we have identified 3
) GGCGCCAGGCAGCTCAGT canonical BMP-CRE upstream of Gata3:
Gata3  chr2:9,878,569-9,878,596 GTTCGCAGAC chr2:9,881,170-9,881,184; AGTCTCGCCGACGCC

chr2:9,881,396-9,881,410; GGCGCCGGTCTGACC
chr2:9,882,867-9,882,881; ATCCAGGCCGGCGCC

Bold and underlined sequences denote motifs sections that have been identified previously.
Grey highlight denotes Smad1/5/9 or Smad4 binding sites conforming to the canonical BMP-CRE consensus that we have identified.
More putative BMP-CRE binding sites can be seen in the UCSC browser graphic in Appendix Figure S8.
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3.3.3.1  Prioritization of Regulatory Regions

We were interested to see if any of these BMP-CRE motifs we identified bioinformatically
were located within regions marked with histone modifications associated with active enhancers.
We decided to use H3K27ac as a proxy for active enhancer regions since it has narrow-type peaks,
making it easier to confidently call as differentially “modified” with MACS2. We restricted our
search to motifs within 1Mb away from the TSS of a DEG. This yielded a total of 332 H3K27ac
peaks containing at least 1 motif up to 1Mb away from a DEG TSS. Out of these, 107 peaks contain

at least 1 motif within 50kb of a DEG TSS (Figure 3.13; Appendix, Tables S6-S9).
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Figure 3.13: H3K27ac peaks with at least 1 BMP-CRE motif within 1Mb of a DEG.
Highly conserved BMP-CREs within 1Mb from the TSS of DEGs from our RNA-seq experiments

were identified within H3K27ac peaks. These regions could represent active Smad-binding sites.

We were then interested to identify BMP-CRE motifs within the regions marked by

H3K27ac, H3K4mel or H3K4me3 modifications, which could indicate potential regulation of
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these genes by SMADs. We found that at least 4 of the TF/cofactors without any
chondrogenic/osteogenic GO term annotations identified in Sections 3.3.1.2 and 3.3.1.3 had such

histone marks and SOX9 binding sites: KIf2, Grh1l, Wwp2 and Jdp2 (Figures 3.14-3.16, 3.19).
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Figure 3.14: Histone modification marks, SOX9 ChlP-seq and BMP-CREs in the KIf2 locus.
In agreement with our RNA-seq data, we can see a significant decrease in H3K27me3 repression-
associated marks and an increase in H3K4me3 marks with BMP4 treatment at 24hrs. We noted 3
regions upstream of the KIf2 TSS that contain an increase in H3K27ac and H3K4mel marks, as
well Sox9 binding sites. Sequence conservation is represented with a heatmap of the UCSC
genome browser PlyloP basewise conservation score derived from the Multiz alignment of 60
placental mammals (against the mm10 mouse genome). Exons are shown as wide bars and the
5’-3’ direction of the denoted by the > symbol. SOX9 ChlIP-seq data used here were from E12.5
mouse whole limb buds ((Garside et al. 2015); GEO Database (GSE73225)) and E13 mouse
whole limb buds (Yamashita et al. 2019).
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Figure 3.15: Histone modification marks in tﬁ% Grhll locus.

In the Grhll locus we can see a significant reduction of the H3K27me3 repression-associated mark
from time point Oh to 24hrs. The decrease in H3K27me3 occupancy is more apparent with BMP4
treatment. We can also see a significant increase in H3K27ac and H3K4mel marks with BMP4
treatment 24hr post-induction in a region ~8kb upstream of Grh1l TSS. This region likely contains
CREs that could regulate the expression of Grhll.
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Figure 3.16: Histone modification marks and SOX9 ChlIP-seq data in the Wwp2 locus.
Multiple Wwp2 introns contain increases in H3K27ac and H3K4mel histone marks that line up
with SOX9 binding sites. This result is in agreement with previously published work on Wwp?2

being a direct target of SOX9 (Nakamura et al. 2011). 115



We next sought to prioritize a set of regulatory regions to functionally characterize with a
reporter assay in PLM cells. Regulatory regions were evaluated based on the existence of histone
marks that would indicate an active regulatory site (e.g. H3K27ac or H3K4mel), their proximity
to significantly upregulated DEGs from our RNA-seq data, and the existence of a conserved BMP-
CRE within the region. Additionally, we searched for potential Sox9 binding sites within those
regions using ChlP-seq data from previously published studies (Garside et al. 2015; Yamashita et
al. 2019). Using these criteria, we selected regulatory regions near the following 3 genes: DIx2,

Msx2, Jpd2.

DLX2 (Distal-less homeobox 2) is a transcription factor and a member of the homeobox
(DIx) gene family, that is upregulated around E9.5-E10.5 of mouse embryonic development and
plays important roles during chondrogenesis (Zhang et al. 2018; Ferguson et al. 2000). It was also
demonstrated to be a downstream target of BMP signaling in early chondrogenesis (Xu et al. 2001).
Several cis-regulatory elements regulating DIx2 expression in the CNS have been identified
previously, though none of them was shown to be a BMP-dependent regulatory region (Ghanem
et al. 2003; 2007). According to our RNA-seq data, at 24hours post-induction DIx2 exhibits a high
upregulation (log2FoldChange=4.3) when comparing BMP4vs.NOG treatment. Additionally, we
identified 3 conserved BMP-CREs (one of which was a double binding site), within areas of

upregulated H3K27ac marks with BMP4 treatment compared to NOG treatment (Figure 3.17).

MSX2 (Muscle segment homeobox 2) is a homeobox transcription factor with a complex
role during chondrogenic differentiation. It stimulates differentiation of mesenchymal cells into
osteoblasts, inhibits adipocyte differentiation, stimulates chondrocyte maturation, but also

negatively regulates chondrocyte differentiation of migratory cranial neural crest cells (Semba et
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al. 2000; Takahashi et al. 2001; Cheng et al. 2003; Ichida et al. 2004; Amano et al. 2008). Msx2
was also shown to be a direct target of embryonic BMP4 signaling (Hollnagel et al. 1999). A BMP-
responsive region with substantial lacZ-reporter expression in E11.5 mouse limbs was previously
identified ~3.5kb upstream of the Msx2 gene (Brugger et al. 2004). According to our RNA-seq
data, Msx2 exhibits a high upregulation (log2FoldChange=1.52) at 24hours post-induction when
comparing BMP4vs.NOG treatment. Our histone ChlP-seq data also indicates that this region
contains a highly upregulated H3K27ac mark with BMP4 treatment compared to NOG treatment
Further, we identified a conserved BMP-SE within the 560bp region previously identified as BMP-
responsive (Brugger et al. 2004), thus we decided to use this region as an additional positive control

for our reporter assay in PLM cells (Figure 3.18).

JDP2 (Jun dimerization protein 2) is a member of the AP-1 family of transcription factors
and has many different functions during cell differentiation. It plays an important role during
RANK-mediated osteoclast differentiation and bone homeostasis (Kawaida et al. 2003; Maruyama
et al. 2012), while also being able to repress adipogenesis (Nakade et al. 2007) and inhibit retinoic-
acid induced differentiation (Jin et al. 2002). JDP2 is also known to act as an epigenetic regulator
of gene expression (Jin et al. 2006). Based on our RNA-seq data, Jdp2 exhibits high upregulation
(log2FoldChange=2.26) at 24hours post-induction when comparing BMP4vs.NOG treatment. Our
GO term analysis and literature review revealed no chondrogenic annotations or associations.
Additionally, we identified a highly conserved BMP-CRE around 50kb from the TSS of Jdp2,
within an area with a small increase in H3K27ac marks when comparing BMP4 and NOG

treatments at 24hours, as well as a SOX9 binding site (Figure 3.19).
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Figure 3.17: Histone modification marks, SOX9 ChlP-seq and BMP-CREs in the DIx2 locus.

In concordance with the RNA-seq data, there is great upregulation in H3K4me3 reads along the DIx2 locus. We also note a significant
increase in H3K27ac reads at multiple regions in the vicinity of the DIx2 gene. The sequence conservation track shows that these K27ac reads
are localized to well-conserved sequences across placental mammals. We selected 3 of these regions containing the highly conserved BMP-
CREs located ~3.6kb, ~14.5kb and ~80kb from the TSS for reporter assays in PLM cell cultures.

Sequence conservation is represented with a heatmap of the UCSC genome browser PlyloP basewise conservation score derived from the
Multiz alignment of 60 placental mammals (against the mm10 mouse genome). Exons are shown as wide bars and the 5°-3’ direction of the
denoted by the > symbol. SOX9 ChiIP-seq data used here were from E12.5 mouse whole limb buds ((Garside et al. 2015); GEO Database
(GSE73225)) and E13 mouse whole limb buds (Yamashita et al. 2019).
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Figure 3.18: Histone modification marks, SOX9 ChlP-seq and BMP-CREs in the Msx2 locus.

In agreement with the RNA-seq data, there is great upregulation in H3K4me3 and H3K27ac reads
along the Msx2 locus. There is also a significant increase in H3K27ac reads ~3.6kb upstream of
the Msx2 TSS in a region which is highly conserved according to the sequence conservation track.
We also identified a conserved BMP-SE sequence in the same region, which we selected to clone
and functionalize in a reporter assay in PLM cell cultures. Around 3.5kb upstream of the Msx2
TSS is a predicted BMP-response element (Karaulanov, Kndchel, and Niehrs 2004), as well as the
experimentally verified 560bp BMP-responsive region (Brugger et al. 2004). Approximately
~8.5kb downstream of the Msx2 gene 3" end we can note a SOX9 binding site.

Sequence conservation is represented with a heatmap of the UCSC genome browser PlyloP
basewise conservation score derived from the Multiz alignment of 60 placental mammals (against
the mm210 mouse genome). Exons are shown as wide bars and the 5’-3 direction of the denoted
by the > symbol. Sox9 ChlP-seq data used here were from E12.5 mouse whole limb buds ((Garside
et al. 2015); GEO Database (GSE73225)) and E13 mouse whole limb buds (Yamashita et al.
2019).
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Figure 3.19: Histone modification marks, SOX9 ChlP-seq and BMP-CREs in the Jdp2 locus.

We have identified a region ~50kb upstream of the Jdp2 TSS that contains a highly conserved BMP-AE, a small increase in H3K27ac
mark with BMP4 treatment (and a visible bimodal peak compared to NOG treatment sample), as well as a SOX9 binding site. We
selected to clone and functionalize this boxed region with a reporter assay in PLM cell cultures.

Sequence conservation is represented with a heatmap of the UCSC genome browser PlyloP basewise conservation score derived from
the Multiz alignment of 60 placental mammals (against the mm210 mouse genome). Exons are shown as wide bars and the 5°-3” direction
of the denoted by the > symbol. SOX9 ChIP-seq data used here were from E12.5 mouse whole limb buds ((Garside et al. 2015); GEO

Database (GSE73225)) and E13 mouse whole limb buds (Yamashita et al. 2019).
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3.3.4 Preliminary Reporter Assay Experiments to Functionalize Identified CREs
Following the identification of putative regulatory regions, we wanted to test whether they
were able to drive BMP-dependent reporter expression in the PLM cell culture system. We first
generated the plasmid backbone that would allow us to easily add in and screen enhancer
fragments, as described in the Methods Section 3.2.4. During the initial optimization phase, we
opted to use a GFP read-out for our reporter, as it would be easier to quantify the number of
reporter-expressing cells than it would be with the use of a luciferase reporter system, which is the

most commonly used system in these assays.

Before testing any of the prioritized putative regulatory fragments, we transfected PLM
cells with a positive control enhancer (7XxBRE enhancer; (Javier et al. 2012), as well as the 8-times
repeat concatemer of the fly dad13 BMP-AE plasmid (BMP-AE8x-EGFP) and its Mad-binding
site mutant version (BMP-AE8x"™) that were generated in the Allan lab (Vuilleumier et al. 2018).

We monitored the cells for GFP expression for up to 36 hours post transfection.

As expected, the negative control plasmid (Empty mpld3-eGFP, only contains a minimal
Id3 promoter) had no GFP expression, while the cultures transfected with the 7xBRE and 8xAE
enhancer fragments had GFP expressing cells. The mutated Mad-binding site (8xAEmut enhancer
fragment) had no GFP expressing cells. The GFP expression of both 7xBRE and 8xAE enhancer
fragments was indeed BMP-driven, as we could see more GFP expressing cells with BMP4
treatment than in the control and NOG treatments (Figure 3.20). Therefore, we established that the

assay was working, though we noted that the transfection efficiency was low.

We next transfected the 5 enhancer fragments we prioritized in Section 3.3.3.1. This

experiment was only carried out once, and the following results are preliminary.
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Two out of the 5 had no GFP-expression in our system (DIx2-AE.SE and DIx2-SE; data
not shown). The enhancers in the fragments DIx2-AE and Msx2-SE had few GFP-expressing cells,
whereas the controls either had not reporter expression (DIx2-AE) or had fewer reporter-

expressing cells (Msx2-SE) than the BMP4 treated cultures (Appendix, Figure S9).

Jdp2-AE was the only enhancer fragment we tested that had robust BMP-driven GFP
expression (Figure 3.21). We observed a noticeable upregulation of GFP-expressing cells with the
addition of BMP4 compared to the Control and NOG treatments. While this experiment needs to

be repeated, our assay has identified a BMP-responsive region ~50kb upstream of the Jdp2 gene.

Taken together, this data indicates that utilizing our experimental and in silico methods can

help us identify bona fide BMP-dependent regulatory regions.

122



Control BMP4 NOG

24hrs 36hrs 24hrs 36hrs 24hrs 36hrs

7xBREmp|d3-eGFP Empty mpld3-eGFP

BXAE-mpld3-eGFP

BXAEMLL-mpld3-eGFP

Figure 3.20: PLM celltansectin wt ositiveonrl enhancers and minimal promoter Id (mpld3 diving eGFP plasmids
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Figure 3.21: The Jdp2 BMP-AE drives GFP expression in differentiating chondrogenic PLM cells in a BMP4-dependent manner.
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3.4 Discussion

BMPs play a fundamental role in the chondrogenic program and are extensively involved
in many/different steps of this process, from the initial commitment to terminal differentiation.
Despite this, there remain unanswered questions regarding the exact mechanisms regulating BMP

responsiveness and the underlying cis-regulatory network involved in early chondrogenesis.

To address this gap, we employed whole-transcriptome (RNA-seq) and histone ChlIP-seq
sequencing approaches to study BMP-driven mouse embryonic limb bud chondrogenesis.
Combining these two methods with computational motif discovery and PLM cell reporter assays,
we uncovered and verified the BMP-dependency of regulatory regions that most likely help

coordinate chondrogenic gene expression.

Through our RNA-seq experiments, we identified genes that were differentially regulated
during chondrogenesis, several of which are novel transcription factors/regulators/cofactors
(Tables 3.2-3.7). Literature review revealed that some of the genes we identified were previously
studied in a chondrogenic context, though they lacked chondrogenic/osteogenic GO term
annotations. Furthermore, many of the genes we identified without chondrogenic GO terms have
been shown to have a role in the maturation and maintenance of other MSC-derived lineages,
including osteocytes, myocytes, adipocytes, and tenocytes. Therefore, it is likely that some of these
genes have roles in the differentiation/maintenance of both chondrocytes and other MSC-derived
lineages. Another possible explanation is that such genes are only necessary for the differentiation
of alternate MSC lineages and are thus downregulated in PLM cultures to allow chondrogenic
differentiation. Finally, it is also possible that some of the genes we identified have no role in

chondrogenesis and are only a byproduct of the heterogeneity of our culture system (Discussed
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further in Section 3.5). These results call for further investigations regarding the specific roles and
regulatory processes that the genes/transcription factors/cofactors we identified play in the

chondrogenic lineage.

Our histone modification ChlP-seq data has helped identify thousands of candidate
regulatory regions, including the ~2000 H3K27ac regions located within 1.5-50kb from the TSS
of ~1000 DEGs (Section 3.3.2; a subset of peaks listed in Appendix Tables S6-S9). While in our
case we selected to focus on the H3K4me3, H3K4mel, H3K27ac and H3K27me3 marks to
distinguish active/inactive promoters and enhancers (Heintzman et al. 2007, 2009; Creyghton et
al. 2010; Rada-Iglesias et al. 2011; Zentner et al., 2011; Kim and Shiekhattar 2015), several other
histone modifications have been implicated in influencing gene expression. According to Barski
et al., active genes are characterized by high levels of H3K4mel, H3K4me2, H3K4me3,
H4K9mel, and H2A.Z surrounding the TSS and elevated levels of H2BK5mel, H3K36me3,
H3K27mel, and H4K20mel throughout the entire transcribed region downstream of the TSS
(Barski et al. 2007). On the other hand, inactive genes are characterized by low or negligible levels
of H3K4 methylation at promoter regions, low levels of H3K36me3, H3K27mel, K3K9mel, and
H4K20mel along the gene body and high levels of H3K27me3 and H3K79me3 in the promoter
and along the gene body. In the case of regulatory regions, although as described in Chapter 1,
H3K4mel, H3K27ac, H3K27me3, and p300-binding are commonly used to predict enhancers and
their (active/inactive) state, it is becoming increasingly clear that these marks alone do not identify
all active/inactive enhancers (Karmodiya et al. 2012; Taylor et al. 2013; Pradeepa et al. 2016).
Several additional histone modification marks have been found to mark active enhancers,
including H4K16ac, H3K122ac, and H3K64ac (Taylor et al. 2013; Pradeepa et al. 2016). While in

many cases these marks co-localize with H3K27ac, several examples of active enhancers lacking
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H3K27ac, but bearing H4K16ac or H3K122ac marks have identified (Taylor et al. 2013; Pradeepa
et al. 2016). Further, it was recently shown that the most active enhancers bear high levels of
H3K4me3 rather than H3K4mel marks (Henriques et al. 2018). There is also evidence to suggest
that certain cis-regulatory elements can be active but also devoid of H3K4mel (Dorighi et al.
2017). Thus, following the conventional use of H3K4mel and H3K27ac marks as the identifiers
of active enhancers would exclude these very active H3K4me3 bearing enhancers. Taking all this
into consideration, while the histone modification marks we used in our work can help us identify
several regulatory regions with high confidence, we cannot exclude the possibility that other
regions (that we overlooked) may also be active enhancers in our system. Although the use of
histone modifications to identify regulatory elements is a challenging and constantly evolving
field, the integration of such information to this kind of work is worthwhile, as it gives a nuanced

and informative view of gene regulatory mechanisms.

Using a bioinformatic motif discovery approach we identified thousands of highly
conserved, candidate BMP-CRE motifs throughout the murine genome. More than 50% of these
motifs were located within 1Mb of DEGs, but more importantly, 533 of these motifs were located
within 50kb of DEGs TSS. In fact, BMP-AE motifs were found to be enriched up to 50kb from

upregulated DEGs.

Reviewing published articles investigating vertebrate BMP-responsive elements revealed
that very few of these enhancers were exhaustively studied to discover the exact Smad-binding
site. Many of these studies identified large BMP-responsive fragments and did not attempt to locate
the exact Smad-binding site sequence with mutational analyses. Others only identified the

SMAD1/5/9 binding-site and not the SMADA4 site or simply predicted a BRE without a canonical
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linker site and did not verify its BMP-responsiveness. Our results draw attention to the necessity
of further characterizing enhancers. Better characterization of enhancers will enable more accurate
computational motif predictions that can be used to map regulatory regions in a wide range of

tissues, developmental systems, and organisms, including humans.

Finally, we prioritized and selected BMP-CREs in a pilot test to validate with a reporter
assay in PLM cell cultures. We were able to identify 2 fragments containing a conserved BMP-
CREs that were functional and responsive to BMP4 treatment in the cells (robust GFP expression
with Jdp2-AE and low GFP expression with DIx2-AE). We were also able to confirm reporter
expression driven off the Msx2 fragment that was studied before. It will be interesting to mutate
the previously identified BMP-responsive 52bp fragment (Brugger et al. 2004) to study the BMP-
responsiveness of the remaining sequence in these cells. Future studies will focus on identifying
more BMP-dependent regulatory regions, as well as further dissecting the specific TF binding sites

that confer BMP-dependency to those regulatory regions.

3.5 Strengths and Limitations

One of the major limitations of our approach is the use of cells collected not only from
whole E11.5 limb buds but also from both forelimbs and hindlimbs, ensuring a heterogeneous
population (both in cell type and developmental stage) at the start of the experiment. The use of
factors in vitro, such as BMP4 or NOG, helps *“synchronize” the cells, though it is still likely that
some heterogeneity persists in these cultures. In this case, it is unclear whether certain DEGs
identified in our RNA-seq experiments are due to remaining blood or endothelial cells in the

culture (as some of the GO terms may indicate; Appendix, Table S10) or whether these same genes
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are also implicated in chondrocyte differentiation. Adopting strategies such as selecting/purifying
cell types or using single-cell techniques can help provide a better picture of the regulatory and

epigenetic landscape from chondrocyte lineage commitment to full differentiation.

Primary limb mesenchymal cultures are notoriously difficult to transfect (Juhész et al.
2010), prompting us to re-evaluate the transfection protocol we used in this thesis for our future
experiments. While the FUGENE 6 (Promega) reagent is optimized to be gentle of the limb
mesenchyme, the transfection efficiency is very low (Song et al. 2004). This was one of the reasons
we opted for our initial validation experiments to be done with a GFP-reporter assay system, as
opposed to the more commonly used luciferase-reporter assay. Our next experiments will likely
explore the use of the Effectene (Qiagen)/trehalose transfection method developed in the Underhill
lab (Karamboulas et al., 2010), as well as a pulse electroporation method (Bobick et al., 2014).
Another avenue we are currently exploring is to transition the reporter assays into the mouse
chondroprogenitor cell line ATDC5, which is a more robust and easier to transfect system (Chen
et al. 2005). Initial validation of regulatory fragments in this system will provide a faster and more
efficient screening process, allowing us to prioritize transfection of PLM cells with verified BMP-

dependent regulatory regions.

A major limitation of histone modification ChIP-seq assays is that they reflect marks that
have been corelated with enhancer activity, rather than directly showing that a genomic region
functions as an enhancer. Therefore, despite their ability to yield genome-wide potential CREs,

these genomic regions need to be further validated with functional assays (i.e. reporter assays).
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Difficulties with data interpretation is another limitation when working with histone
modification ChlP-seq data. Part of these difficulties rises from sample heterogeneity, but also the
limited spatiotemporal information one can extract from the “snapshot” of histone/protein-DNA
interactions. Therefore, many replicates or time points may be necessary to confirm results,
making this a costly experimental approach. Additionally, determining and prioritizing which of
the thousands of identified protein-binding sites to validate with reporter assays as biologically
relevant is a daunting task. As discussed previously (Section 3.4), there is a growing body of work
regarding histone modifications and their function in transcriptional regulation. Since this is still
an evolving field, with the identification of novel and more nuanced roles for these marks in
different contexts (Guenther et al. 2007; Liu et al. 2017), it is difficult to reliably interpret this

information in isolation.

3.6 Conclusions

Using evolutionary conservation, in silico motif discovery tools, RNA-seq, and histone
modification ChIP-seq assays, we were able to identify thousands of candidate active regulatory
regions that may be involved in chondrogenesis. We then embarked on validating their
functionality, confirming two novel BMP-responsive enhancers in the process, using reporter

assays in primary limb mesenchymal cultures.
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Chapter 4: Conclusions

The overall objectives of my thesis were to firstly characterize the use of a novel low-
affinity BMP-CRE motif previously identified by our lab to be active in the Drosophila CNS and
secondly to initiate the process of identifying the BMP-driven gene regulatory network of
underlying mammalian chondrogenesis. In so doing, | have:

1) Identified and studied 7 conserved Drosophila BMP-CREs with the same sequence as
the non-canonical FMRFa BMP-AE2 binding site, proving that this type of CRE is not only
used by FMRFa but also other enhancers regions for BMP-dependent activation. Other studies
in the Allan lab have provided evidence of the extensive use of BMP-AEs (Vuilleumier et al. 2018)
and BMP-SEs (unpublished) in the Drosophila nervous system. My work has added to this field
by identifying the use of these low-affinity BMP-regulated binding sites, which are located near
BMP-regulated genes, in the Drosophila CNS.

2) ldentified transcription factors and other cofactors with no previously known roles in
chondrogenesis. Whole-transcriptome sequencing of BMP4 or NOG treated primary limb
mesenchymal cultures yielded a comprehensive list of the gene regulatory network involved in the
early stages of chondrogenesis. Chondrogenic GO term annotations and literature review helped
narrow down this list to determine previously unidentified transcription factors/cofactors. Further
investigations are required to fully elucidate their contributions to chondrogenic differentiation.

3) Identified thousands of potential regulatory regions in close proximity to genes that
are differentially expressed during BMP-driven chondrogenesis. Histone ChlP-seq experiments
corresponding to the timepoints and treatments of our RNA-seq experiments provided a list of

~2000 candidate regulatory regions within 1.5-50kb of ~1000 DEGs. The addition of in silico
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methods and other high-throughput datasets will help us further refine these lists to ascertain
regions most likely to be bona fide enhancers.

4) Demonstrated the BMP-dependency of regulatory regions located near upregulated
differentially expressed genes during chondrogenesis. We prioritized candidate BMP-dependent
regulatory regions based on their proximity to highly upregulated DEGs, as well as the existence
of pertinent histone modification marks (H3K4mel and/or H3K27ac upregulation with BMP4
treatment), conserved putative BMP-CREs, and SOX9 binding sites. We confirmed the BMP-
dependence of two regulatory regions that are located within 50kb of highly upregulated DEGs,
and one of these (Jdp2) was identified as a novel chondrogenic transcription factor through our

RNA-seq experiments/GO term analyses.

4.1 Significance and Translation of the Study

In the era of reliable and affordable next-generation sequencing and genome-scale
methods, there is renewed interest in the scientific community to decipher the non-coding regions
of the human genome, discover and expand our understanding of enhancers and other regulatory

regions.

One of the main arguments used to highlight the significance of identifying and studying
cis-regulatory modules is the staggering number of genome-wide association studies (GWAS) loci
identified in non-coding regions that have been associated with human diseases (Smallwood and
Ren 2013; Kellis et al. 2014; Hojo et al., 2016). Seeking ways to reliably and robustly identify cis-
regulatory modules is a very challenging goal. Concentrated efforts to map cis-regulatory regions

in different tissues, developmental stages and diseases have been ongoing, with new techniques
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added to the traditional “enhancer-bashing” methods each year. This thesis attempted to combine
different high-throughput experimental techniques and in silico methods to identify cis-regulatory

elements related to canonical BMP-signaling.

4.2 Future Directions

Several lines of work are currently being pursued to follow up on the work described in
this thesis. Preliminary work has begun on optimizing SMAD1/5/9 ChlP-seq experiments in the
PLM cultures to complement our other datasets. This will be followed by SOX9 ChlP-seq as well
to confirm the data previously published in whole limb buds. These experiments will allow us to
identify SMAD1/5/9 and SOX9 binding sites and potential novel binding motifs, as well as
determine whether SMAD1/5/9 and SOX9 cooperatively regulated the expression of chondrogenic
genes. Additional candidate enhancers could be functionally validated with reporter assays in PLM

cultures following prioritization of regulatory regions based on SMAD1/5/9 and SOX9 binding.

Apart from the repetition of the Jdp2-AE, DIx2-AE, and Msx2-SE transfection
experiments, mutational analysis of the enhancer fragments will allow us to delineate the specific
TF binding sites that contribute to their BMP-dependency. Specific mutation of the putative BMP-
CRE binding sites would also allow us to establish the necessity of this motif for BMP-dependence
and Smad-binding. Depending on the success of such experiments, we would transition these
analyses from episomal plasmid reporter assays to either endogenous TF-binding site CRISPR
mutations or CRISPR interference (Larson et al. 2013) in the ATDCS5 chondrogenic cell line.
These experiments would allow us to assess the effect of individual TF binding sites on the

expression of neighboring genes via qPCR and/or western blots. The overall effect of the
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chondrogenic differentiation progress of the culture could also be assessed with Alcian Blue

staining and gPCR or key chondrogenic markers such as Sox9, Acan, Col2al, and others.

Further, the newly identified chondrogenic transcription factors/regulators/cofactors from
Section 3.3.1 could be further studied in a chondrogenesis context. The use of RNAI or CRISPR
techniques would enable us to remove said genes from differentiated ATDCS5 cells, allowing us to
study the effects of their loss to the chondrogenic program via Alcian Blue staining and

gPCR/western blots for Col2al, Acan, Sox9, Runx2, and other chondrogenic markers.

Finally, in the long run, the work this thesis has initiated will have important repercussions
for efforts to identify causal genomic loci of human musculoskeletal diseases. Transferring
knowledge and lessons learned from studying murine chondrogenesis will help identify genes and
gene regulatory regions that underlie chondrogenesis in the human genome. It is likely that this
future work will provide a vital resource for clinical geneticists and informaticians attempting to
identify causal mutations for diseases that lie in the non-coding regions (which represent ~98% of

the genome) of the human genome.
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To quote Shlyueva et al., 2014,

“These are exciting times to study transcriptional regulation”.
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Figure S1: SnapGene Vector Maps
Vector maps of (A) MCS-TOPO Gateway plasmid, (B) pGL3-Gateway-mpld3-eGFP Destination plasmid

and (C) pGL2-Basic-mpld3-eGFP Negative control plasmid as exported from the SnapGene software

(https://www.snapgene.com/)
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A) UCSC Genome Browser on Chicken Mar. 2018 [GRCgBanaIGaIB} Assembly
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B) 560bp BMP-responsive fragment upstream of the Msx2 gene
chr13:53,475,962-53,476,524

GATCTGCCTTATCCCTCCTTCCCACAGCGCACAGGTAAAAAAAGAAAATGAGCTCAGAGAG
GTGCCATCTTTTGCCCGAAGTCACACAGCGAATGTCCACGGATTGGAGGGCAGTGGTGGAAT
TCCTGGCGGCCCTTGGCGCCCATTTGTCTGCCCGCTTCTGATACCCGGGTTCGGAGAATAG
GCCTCTAACAAGCGGCCCATTAGAAGGAATTGTCACTCCTCCGGGAGTGAGGTTGTCCCATT
AGGGCGAATTGTCATTCCTCCTGGAGCGAGGTTGTCCTGGCTCCGCGAAGGCTGAGTGCCGG
GCCGAGAGCAATTAACGCGGCTCCGGCGCGGGCAGCCGCCTCTGCCCCGGGCAGLCGGGGGL
GGGGCGCCCGGCGCGGCTGGAGCCGGTCACCCGGCGCAGCCCCTTCCCCCGGAGCCCGCCTT
TCATCTCCCCGCGCCTGGCGCCTACCCGCAGCCCTGGCCCGTCTACAGCCTTCTCTGCCCCTC
CCCCTGCCCCTCCTAGCCTCTGGGATTCCGGCGATCCGTCCTCCGGGTTGCAAACGCCCAGG

TCTGT

Figure S2: Previously identified Col10al and Msx2 BMP-responsive regions

A) The UCSC Genome Browser (GRCg6a/galGal6) screenshot displays the conservation of the

region upstream of the G.gallus COL10AL gene locus. While the region upstream of the COL10A1

gene is relatively well conserved in other bird species, there is very little conservation between the

chicken and vertebrate species.

B) This is the sequence of the 560bp BMP-responsive fragment upstream of the Msx2 gene; blue

highlight indicates the 52bp region within 560bp fragment that was also shown to be BMP-

responsive (Brugger et al. 2004). Yellow highlight indicates the region we cloned and used in our

reporter experiment in PLM cells. Green highlight indicates the conserved BMP-SE we identified

with our homer motif search.
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Smadl/5 Runx2/Smad1
binding region binding region

(Ishida et al., 2000) (Wang et al., 2007) ‘

-2383

Smad6

-1911/-1697

UCSC Genome Browser GRCm38/mm10: chr9:64,022,728-64,023,411

-1697 6 TCTCCCTCCTGGCGTCCTAGGCTCCTCTCAAGGCCAGGCGCTTTCTTCTCCCTTCGAGGAT
TTACCTTATGCCCCTTCGAGAGTGATAGAGGGGCGTGCTTTCCCCAGTTATGTTTCACTATAAA
AACGGGGGCAAGTTGGGGACAGACTTGGGGACCCGGCATGGGAAGGGTTAAGGCCGCTCCTGCC
CTGGAGCCGGCGCGGCGGGGTACCTCCTCGGGCGTGCTTGCTAGTCCGAGGGTGGCAAAAGTTC

-1911 AAGCTTGTAAAGTCAGGATTGGCCCCGCGCGGAGGGGAAAAAAGGCCTGGTTCCCCCTCCCCCT
CCCGGGCGTGGCGCCGATTGGCCCAGCCGCAGGGCCGECCCCGCCCTCCCCTGGCGCGCCGCGE
CCCCACCCCCGGCGCAGCACCACGCCCCTTTCCGGGCAGGAGCGGGGCCCCGAGCTCAATGAAA
GAAATTCCGCTACTCTCATTGGCCTGGGGCTTGACGCCGCACCCCGCGGGAGGCGGAGTGGGGA
GGATGGGGCGCGGACTTGTGATCCCCTTTAGGATACCTGTGCTCTGGACTGCTGTAGCGAAGGT
GGTGTGCAAGTCCAGGAACGGGTCTGGAAGTGCGCTGGGGGAAGGGTCGTGTGTGTAGGAAAGA

2383 TACAGACTACTTCCCTGAGTCTTACCTGGAGCCAGGTACTCCAGT

Figure S3: Representation and sequence of Smad6 gene regulatory region
The illustration represents the upstream region of the Smad6 gene containing two previously
identified BMP-responsive regulatory regions (marked and cited). The sequence between -1697 to
-1911 was identified by Ishida et al. as a BMP-responsive regulatory region.

Bold indicates the 28bp sequence studied by Ishida et al. with multiple potential GC-rich Smad-
binding sites. Bold underlined indicates the palindromic GC-rich binding site identified by

mutation analysis to be the most important site for BMP-responsiveness in the identified sequence.

Grey highlighted sequence represents a region identified via deletional analysis by Ishida et al. to
have significant luciferase activity. (Specifically, it is the sequence between the D and E fragments

studied in Figure 1B). This area was not further tested by Ishida et al. for a Smad-binding element.

Bold, red and underlined sequence is a highly conserved putative BMP-CRE, predicted through

our bioinformatic analyses (Table 3.10).
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Figure S4: Alcian Blue stain indicates hypertrophic development of PLM cells when treated with
BMP4 on Day 4 post seeding.

A) BMP4 and NOG stimulate or block, respectively, cartilage formation in a dose-dependent
manner. Alcian blue is used to stain acidic polysaccharides, which can be found in the extracellular
matrix of mature chondrocytes. Here we verified the doses to use for our RNA-seq experiments.
B) Cultures from each of the experiments used for RNA-seq (Expl., Exp2. And Exp3.) and ChlIP-
seq (Exp4.) were stained on Day 4 post-seeding.
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Figure S5: RNA-seq Gene Body Coverage Plot indicates uniform coverage profile along the

gene body with no 5°/3" bias.
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Figure S7: Heatmap of top 30 upregulated and top 30 downregulated genes from RNA-seq.

We selected the top 1500 genes from the RNA-seq list with the highest confidence score (median
ranking from the 10 differential expression pipelines). We sorted them based on their [fold change|
and selected the top 30 upregulated and top 30 downregulated genes with the highest change (|fold
change|>3). We took the CPM counts from the Kallisto pipeline and normalized each sample with
their respective control (Control Oh). For the upregulated top30, we ended up using only the top27
genes, as the following genes were eliminated from the list for having 0 CPM counts as per
Kallisto: Gm7265, BC006965 and 2600014E12Rik. Using the ClustVis web tool we plotted these
genes with a heatmap. No scaling was applied, and both rows and columns were clustered using
correlation distance and complete linkage. Samples with the same treatment are clustered, but we
can also observe samples from the same biological experiments clustering (slight bias). STRING
Molecular Function GO terms were used to annotate all the genes in the heatmap. In the
upregulated list, there are more genes with “extracellular matrix structural constituent” (8 genes)
and “transcription factor/coregulator activity” (5 genes) annotations vs in the downregulated list,
there are more genes with “signaling receptor binding” (6 genes) and “growth factor/cytokine

activity” (5 genes) annotations.
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Figure S8: Putative BMP-CREs. Screenshots of the USCS browser indicating putative BMP-CREs in
red highlight for the genes 1d1, 1d3, Bambi and Smad7. Blue highlights indicate the previously reported

BMP-responsive regions (as per description in Table3.10)
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Figure S9: PLM cell transfection with GFP reporter plasmids containing the Msx2 BMP-SE
or DIx2 BMP-AE reveals a BMP4-regulated GFP expression.
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Mouse

Rat
Kangaroo rat
Naked mole-rat
Guinea pig
Rabbit
Pika

Human
Chimp
Gorilla
Orangutan
Gibbon
Rhesus
Baboon
Marmoset
Dolphin
Sheep

Cow

Cat

Dog
Chicken

Jdp2 Mutant

Smad1/5/9 Smad4

AGCTGGGCGCCCGCCAGTCAGTCTG
AGCTGGGCGCCCGCCAGCCAGTCTG
AGCTGGGCGCCCGCCAGGCAGTCTG
AGCTGGGCGCCTGCCAGTCAGTCTG
AGCTGGGCGCCTGCCAGGCAGTCTG
AGCTGGGCGCCCGCCAGTCAGTCTG
AGCTGGGCGCCCGCCAGTCAGTCTG
AGCTGGGCGCCCGCCAGTCAGTCTG
AGCTGGGCGCCCGCCAGTCAGTCTG
AGCTGGGCGCCCGCCAGTCAGTCTG
AGCTGGGCGCCCGCCAGTCAGTCTG
AGCTGGGCGCCCGCCAGTCAGTCTG
AGCTGGGCGCCCGCCAGTCAGTCTG
AGCTGGGCGCCCGCCAGTCAGTCTG
AGCTGGGCGCCCGCCAGTCAGTCTG
AGCTGGGCGCCCGCCAGTCAGTCTG
AGCTGGGCGCCCGCCAGTCAGTCTG
AGCTGGGCGCCCGCCAGTCAGTCTG
AGCTGGGCGCCCGCCAGTCAGTCTG
AGCTGGGCGCCCGCCAGTICAGTCTG
AGCTGGGCAGCTGCCAGTCAGTCTG

AGCTGtgatgaCGCCAGTCAGTCTG

Figure S10: The unusual linker region and flanking sequence of Jdp2 BMP-AE resulted in the
generation of an additional Jdp2 BMP-SE binding site with the generation of the Smad1/5/9
mutant.

We mutated the SMAD1/5/9 binding site to the usual ‘tgatga’ sequence; however, due to the
unusually high GC-rich sequence in the linker site and the conserved ‘GTCT’ sequence right next
to the Smad4 binding site, we generated a new “almost perfect” BMP-CRE binding site with a
canonical n=5 linker. This could explain why did not see any reporter-expression loss with the
mutant Jdp2-AEmut enhancer fragment.

Bold letters denote the bipartite BMP-CRE. Yellow highlight indicates the SMAD1/5/9 binding
site, green highlight the Smad4 binding site and grey underlined the additional Smad4 binding site.

Lowercase indicates the mutated base pairs. Red denotes non-conserved base pairs. Bold and
underlined indicates the new BMP-CRE binding site we generated with the SMAD1/5/9 site

mutation.
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Table S1: Identified BMP-AE2 motifs in the Drosophila genome with an average PhastCons score > 0.55

Atyp# name or Motif Motif Average ¢€ys intron 1 chr2l. 2317671 2317685 0.997786

Gene/Location Chr Start Stop PhastCONS Atyp22 chi2R 13835553 13835567 0997357
Atypl chrZR | 9905662 9905676 1 Atypld chi3L. 2836246 2836260 0.997214
Alyp2 chi3R | 17053115 | 17053129 | | Alyp25 chriX__ | 1649111 1649125 0.997143
Atyps chr3R 28698786 28698800 1 Sdc intron 2 chi2R 21439469 21439483 0.997071
AtypY chr3L 14589744 14589758 1 CG44153 intron 1 chi2l. 10101019 10101033 0.996071
Atypl0 chr3R 9836926 9836940 1 slo intron 8 chi3R 24680334 24680348 0.996071
Atypll chr2l. 9319175 9319189 1 CG13577 intergenic | chi2R 24266317 24266331 0.995857
Atypl3 chr3R 15594263 15594277 1 intergenic Tsp42Er | chr2R 7066733 7066747 0.995714
Atypl§ chrZR 19199705 19199719 1 inlergenic CG42581 | chrX 20098187 20098201 0.994143
Atypls chrZLL 11595431 11595445 1 bru3 intron 2 chr3L. 13594870 13594884 0.993857
Atyp23 chr3l 15776762 15776776 1 stops intron 6 chi3R 31163405 31163419 0.9935
Rinl1 intron 3 chr2l 4997220 4997234 1 CR46251 chi3l. 12807820 12807834 0.993357
Trim9 intron 8 chr2L 10625774 10625788 1 intergenic CR44610 | chi2l. 7170701 7170715 0.992929
Pka-R2 intron 2 chr2R 10011600 10011614 1 intergenic Or56a chi2R 19776586 19776600 0.992714
bru3 intron 3 chr3L 13604317 13604331 1 intergenic C(G6142 chi3R | 26149877 26149891 0.991143
twi intron 2 chr2R 22993220 22993234 1 CG 13954 intron 1 chi2R 9386750 9386804 0.989214
tow intron 2 chr3L 6945724 6945738 1 Atypb chr2lL 15189633 15189647 0.988429
dally intron 1 chr3l 8871078 8871092 1 NPIR intron 2 chr3R 6190654 6190668 0.985714
tna intron 1 chr3L 10865636 10865650 1 intergenic Osil0 chi3R 6263630 6263644 0.979786
olf413 intron 1 chr3l 22172305 22172319 1 dprl intron 1 chr2R 20701999 20702013 0.974571
TyrRII intron 4 chr3R 17742553 17742567 1 intergenic CG 1421 chr2L 21902091 21902105 0.9715
Lip93T intron 3 chr3R 21993235 21993249 1 Alyp20 chr3R 10449056 10449070 0.969214
Furl intron 3 chr3R 25407474 25407488 1 shol intron 8 chr2R 13899555 13899569 0.9685
CG42594 intron 1 chrX 4858114 4858128 1 bbx/waw intron 2 chrX 21367618 21367632 0.967
dpr8 intron 3 chrX 14403502 14403516 1 intergenic babi chr3L. 1109827 1109841 0.964786
Frg2 intron 1 chrX 18189557 18189571 1 Lar intron 5 chi2l. 19696813 19696827 0962714
Poxm 5'UTR chr3R 8333334 8333348 1 intergenic CG6836 chr3L 18968777 18968791 0.96
Dop1R1 3'UTR chr3R 14177245 14177259 1 Axn intron 6 chi3R 30032613 30032627 0.959857
inlergenic CG10814 chr2R 13381992 13382006 1 Imp intron 2 chrX 10802908 10802922 0.957286
intergenic CG13197 chr2R 11698415 11698429 1 Alyp7 chrX 14450410 14450424 0957214
intergenic CG3483 chiZR 24447895 24447909 1 intergenic C(G14317 | chri3R 18074272 18074286 0.955286
intergenic kekl chi2l 12796326 12796340 1 CG8176 intron 1 chri3R 9520576 9520590 0.952714
intcrgenic CR44449 chr2R 8297798 8297812 1 intergenic CR46198 | chi3L 5089499 5089513 0.949
intergenic CG33669 chrX 6401404 6401418 1 dpr3 intron 1 chr2l. 2100027 2100041 0.939071
intergenic Lim1 chrX 8817329 8817343 1 Rbfox1 intron 2 chi3L 10543590 10543604 0.930214
intergenic Ten-a chrX 12344815 12344829 1 CG17816 intron 1 chi3R 7886205 7886219 0.926429
Atypl2 chr3R 18357071 18357085 0.999929 C(G34354 intron 2 chi3R | 28157542 28157556 0.923571
CG43778 intron 1 chr2l 13318639 13318653 0.999929 Atyp21 chi2ZR 23517681 23517695 0.922
CG43187 3'UTR chr2R 16383772 16383786 0.999929 CG31140 intron 1 chr3R 23965098 23965112 0921571
CR45381 intergenic chr3l. 22643174 22643188 0.999929 Epac intron 1 chi2R 6798202 6798216 0.886143
CG1677 intron 1 chrX 7384251 7384265 0.999929 intergenic CG17560 | chi2L 20267907 20267921 0.843
ITis3.3B intron 1 chrX 9156120 9156134 0.999929 Pdc8 intron 2 chi2R 23663087 23663101 0.839571
Atyp4 chi3R 18498566 18498580 0.999857 brul intron 1 chr2l. 12246540 12246554 0.824643
Arabido CDC48 intron 3 | chi2R 10078209 10078223 0.999857 wnd intron 2 chr3L 19630521 19630535 0.807214
put intron | chr3R 14625155 14625169 0.999786 Pde6 intron 2 chi3R 14549351 14549365 0.795286
B-1T1 3'UTR chrX 17401928 17401942 0.999786 rg intron 24 chrX 5244930 5244944 0.790357
Atypl6 chr2R | 24694131 24694145 0.999643 CG43367 intron 16 | chi3L 4212273 4212287 0.778571
esn intron 1 chr2R | 7098405 7098419 0.999571 Syt7 intron 7 chr4 281385 281399 0.771929
intergenic CG14861 chr3R 15017832 15017846 0.999429 intergenic CG1142 chi3R | 7477674 7477688 0.765286
fas intron 1 chr2R 13624759 13624773 0.999357 Atyp26 chr3l, | 13570864 13570878 0.756857
ctp intron 2 chrX 4696943 4696957 0.999286 intcrgenic CG2016 chi3R 4962832 4962846 0.732786
intergenic CR46206 chi2l 12769249 12769263 0.999214 intergenic Or85b chi3R | 8502500 8502514 0.712357
bru3 intron 4 chr3l 13652625 13652639 0.999143 CG2942 intron 2 chrX 2267732 2267746 0.712143
Dys intron 20 chr3R 19531223 19531237 0.999143 luna intron 2 chr2R 10991400 10991414 0.6965
[z2 intron 3 chr3lL 19195036 19195050 0.999071 Mob2 3'UTR chr3l. 11523467 11523481 0.691143
Pde9 intron 4 chrX 12811496 12811510 0.998929 intergenic Fancm chr3R 21482021 21482035 0.636214
dpr8 intron 6 chrX 14428012 14428026 0.998929 Lar intron 6 chr2l. 19675206 19675220 0.630357
Kdm4B intron 7 chr2R 13181632 13181646 0.998786 T'chao intron 1 chi2l. 13437095 13437109 0.619857
Atyp3 chrX 15616808 15616822 0.998643 Alypl7 chi3L. 11348427 11348441 0.6135
sima intron 7 chr3R 30099041 30099055 0.998571 Glrl 3'UTR chr3R 20381142 20381156 0.613143
tai intron 2 chr2l 9183827 9183841 0.998429 Atyp24 chrx 10180864 10180878 0.588214
DIP-theta intron 2 chr2lL 5646986 5647000 0.998357 intergenic phyl chi2R 14427124 14427138 0.560071
intergenic ttm3 chr2L 22078344 22078358 0.998143 CG32698 intron 2 chrx 9824969 9824983 0.559357
SKIP intron 4 chi3R 22206280 22206294 0.997857 Atyp8 chrX 14696740 14696754 0.554643

* Red indicates enhancers tested and functionalized in vivo with reporter assays in transgenic flies
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Table S2: Strict BMP4-upregulated DEG list

BMP4-upregulated DEGs

2610035D17Rik Cacnala
2810025M15Rik Cacnalh
4930402H24Rik Cadm3
5730508B09Rik Cadps
5930412G12Rik Calmi3
G630022F23Rik Calml4

AW551984 Camsap3
Abtb2 Capn6
Acan Ccdc157
Acvrl Ccndbpl
Adamts3 Cd9
Adamtsl2 Cdc42ep3
Adcy9 Cdhl1
Adgra3 Cdh19
Adgrb3 Cdkl4
Ahr Chadl
Amt ChrdI1
Angell ChrdI2
Ank2 Chrna7
Ankrd50 Chsy3
Anks1 Clcn5
Ap5z1 Cldn19
Apmap Clecl4a
Arhgefl Cmtm8
Arhgefl16 Collla2
Arhgef5 Coll5a1
Arlda Coll7al
Art3 Col20al
Asapl Col4al
Asap?2 Comp
Aspg Cptlb
Atf4 Cracr2a
Atf6 Crip2
Atplb2 Ctdspl
Atp6v0a2 Cux2
B3galt5 Cyb5d2
B3gatl Cyb5r1
BC006965 Cyp26b1l
BC064078 Cyp2j9
BC065397 Dcaf12I2
Baiap2I1 Ddb1l
Baiap2I2 Ddhd1
Bbs9 Dennd3
Bcam Depdc7
Bcl2 Dgke
Bmf Dhh
Bmp5 Dhx35
Bsn Dhx57

C030037D09Rik Dicl
C130050018Rik DIx2

DIx3 Gm17315
DIx5 Gm43196
DIx6 Gm45837
Dnajbll Gm7265
Doc2a Gm7902
Dock6é Gnb4
Dok4 Gng2
Duspl5 Gnptg
Ebf4 Golgab
Efcabl  Golim4
Efnal Gplbb
Efna3 Gramdla
Ehd3 Greml
Emp2 Grhi1
Encl Grhi2
Enpp2 Griad
Entpdl  Grid2
Entpd7  Grid2ip
Epb41l4b Grik3
Eps812  Gsgll
Epyc Gulo
Ets2 Hapln3
Ezhl Harbil
Fam19a5 Hcnl
Fam20b Hdlbp
Fam63a Hey2
Farpl Hiplr
Fat4 Hopx
FbxI20 Hoxallos
Fermt2  Hoxcl3
Fgf15 Hs3st3al
Fofr4 Hyoul
Fhdcl Icos
Ficd Ifitm10
Foxf2 Igf20s
Frs2 Igsfl
Fryl 1116
Fut9 ll6ra
Btbd3 Impdhl
Gabl Isl2
Gadd45b Isml
Gal3stl Itgal
Gatad Itgal0
Gentl Itpr2
Gfptl Jphl
Gfpt2 Kcnj12
Ginm1 Kcnj3
Gja3 Kcnk5
Gli1 Kcnmb4

Gm10561 Kcnsl

Kctd4
Kif26b
KIf15
KIf3
KIf4
Klhi21
Krt8
Krtcap3
Lamb2
Limd1
Litaf
Lpar4
Lrrcl
Lrrc55
Lrrc8b
Lrrc8d
Lsr

Maf
Man2al
Mapla
Map6
Map7d2
Matnl
Matn3
Mbnl1
Mboat1
Mboat2
Mbp
Mef2d
Meltf
Mest
Mfsdl
Mgat5
Miat
Micall
Micalll
Mid2
Mrgpre
Msx2
Mtss1l
Mxra8
Myh14
Myole
Nacc2
Ndrg4
Necab3
Nfe2l1
Nim1k
Nin
Nkain4

Nkx3-2
Nmu
Nol4l
Notum
Npcl
Npnt
Nr4a3
Nrarp
Nrxnl
Ntngl
Nup210
Nuprl
Nxpe3
Optn
Otogl
Pappa2
Papssi1
Pdel0Oa
Pdeda
Pde4dip
Peli2
Penk
Pexlla
Phactrl
Phidb1
Phosphol
Pik3ip1
Pim3
Pir
Plac8
Plagll
Plcl1
Pld2
Plec
Plekhbl
Plekhm3
Plod2
Plod3
Plpp6
PIxnbl
Pou3f3
Ppargcla
Ppmle
Ppplrl6b
Prex1
Pricklel
Prkag3
Prkcz
Proser2
Psenl

Ptchl
Ptch2
Ptger2
Ptger4
Pthih
Rab11fip4
Rab28
Rab32
Rab33b
Ragl
Repl5
Rftn2
Rgcc
Rhbdd1
Rnf11
Rnfl44a
Robo2
Rorc
Rrbp1
Runx3
Rxfpl
S100al
Samd9l
Scamp?2
Sdf4
Sec14l2
Sec23a
Sec3la
Sec6lal
Sec62
Selenok
Sema3g
Semaé6d
Serpinil
Setdb2
Sh3tc2
Shc4
Sipalll
SIc25a13
Slc25a45
Slc26a2
Slc35d1
Sic37a4
SIc39a14
SlIc39a7
Slic45a4
Slc4a2
Sic6a4
Slc9a3rl
Smox

Sortl
Sox10
Sox13
Sox5
Sox9

Sp7
Spatal
Sphk1
Sponl
Srgapl
Srprb
Ssbp2
Sscad
Ssh3
St3gal4
St8sia4
Stk32a
Straél
Strip2
Stxbpl
Stxbp2
Sumfl
Surf4
Sytl4
Taccl
Tcafl
Tcaf2
Tcplll2
Tex2
Tgfa
Thrb
Thsd4
TIr3
Tm9sf2
Tmeml51a
Tmem158
Tmem?2
Tmem?246
Tmem?266
Tmem40
Tmem59
Tmem64
Tnfrsfllb
Tob2
Tox2
Trankl
Trim25
Trim46
Trim62
Tspanll

Tspoapl
Tubada
Tunar
Txndcll
Uap1ll
Unc80
vdr
Vgli2
Vps37b
Wrfikkn2
Wipil
Yipf5
Zc3hl2d
Zdhhc12
Zfp28
Zfyve2l
Zfyve27
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Table S3: Strict BMP4-downregulated DEG list

BMP4-downregulated DEGs

1190002N15Rik
1700025A08Rik
2610307P16Rik
2810021J22Rik
2810408I11Rik
2810474019Rik
6820408C15Rik
A730020E08Rik
B130024G19Rik
C130021120Rik
D030056L22Rik
D930015E06Rik
Al314180
Abcal2

Abcd2

Abhd6

Adm

Afapl

Afdn

Ahsal

Aldhla2

Amigol

Amigo2

Ank3

Anin

Anp32a

Apcddl

Apela

Arhgap10
Arhgapl8
Arhgapl9
Arhgap26
Arhgap28
Arhgef39

Aspm

Atp2bl

Aurka

Avprla
BC037039
BC055324
Bardl

Blnk

Btbd10

Bublb

Clsl

Cls2

Cacna2d2
Cacna2d3
Cadml

Camkld

Carl2
Ccna2
Ccnbl
Cd38
Cda7
Cdc25c
Cdc7
Cdca2
Cdca3
Cdca7
Cdca8
Cdh2
Celsrl
Cenpf
Cenpn
Cenpv
Cenpw
Cepl9
Chst2
Ckap2
Ckap2l
Cldnl
Clec2l
Cntnap2
Col3al
Colec12
Cpedl
Crabpl
Crabp2
Crispld2
Csn3
Ctsk
Cttnbp2
Cxcl12
Cxcl14
Cxcl5
Dchs2
Dgkd
Dhcr7
Dio3
Diras2
Dkk2
Dleu2
Dlgl
Dmd
Dock5
Dpf3
Dph3
Dsc2
Dsc3

Dtx4
Duspl6
Ebf2
Ebf3
Ednl
Efempl
Efnab
Efnb3
Egfeml
Elmod1
Emilin3
Emi4
Emx2
Enox1
Epb41I2
Epb41I3
Epha3
Epha4d
Ephb2
Ermpl
Esml
Etv4

Etve
Exoc6
Ezr
Fam107b
Fam184b
Fdps
Fofl6
Fof18
Fhi3
Filipll
Flrtl

Flt4

Fzd7
Gatc
Gdf6
Gkapl
Gli3
Glis3
Gm1000
Gmi16216
Gm21596
Gm27010
Gm42752
Gm5620
Gm5860
Gpil
Gprl6l
Gpr2l1

Gpr4d
Gprcba
Gpsm2
Gsc
Gsg2
H2afy
Has3
Hdac7
Hdgfrp3
Hicl
Hmgbl
Hpse2
Hunk
1d3
Igfbp2
Illrap
Ipo5
Irx3
IsIr2
Jakl
Jazfl
Kalrn
Kars
Kat6b
Kbtbd11
Kcnabl
Kif1l
Kif23
Kif2c
Kif4
Klhi14
Kpna2
Kpna3
L1td1
Lgil
Lgr6
Lmnbl
Lparl
Lsm3
Magee2
Magil
Manla
Map2k6
Mcm10
Mcoln3
Mcphl
Megfll
Mex3b
Mfhas1l
Mgstl

Micalcl
Mki67
Mmaa
Mpp3
Mppedl
Mrps22
Msh6
Mycn
Myolb
Ncapg
Ncaph2
Ncbpl
Ncoa3
Nectin2
Nefl
Neu3
Nhs
NIrp10
Nop16
Notch4
Nripl
Ntf3
Nuf2
Nxnl2
Nxpe2
Nxph4
Osrl
Otud7b
Pbk
Pcdh18
Pcdh9
Pcsk5
Pdgfb
Phf6
Pip4k2b
Pla2g16
Plk2
Pis1
Pmfl
Polr2m
Prkcb
Prkce
Prir
Prnd
Prokril
Promil
Ptchdl
Ptn
Ptprj
Pttgl

Rab30 Tcf20
Radl Tcf24
Rad5lapl Tead3
Ran Tek
Ranbp6  Tjpl
Rapgefs5 TIr2
Rarb Tmem164
Rasef Tmem200b
Rassf2 Tmem51
Raver2 Tnfsf13b
Ret Tpm4
Rhobtb2  Tpx2
Rnd3 Trio
Rnf128 Ttc27
Rnf150 Ttk
Rpap3 Ttpa
Sael Tubalb
Scrtl Tubalc
Sema3f Tubel
Senpl Twistnb
11-Sep Txnrdl
06-Sep Uba2
Sesn3 Uspl
Sf3a3 Vav3
Sfxnb Vcaml
Sgpll Vcl
Sh2d3c  VglI3
Shb Vpsl3a
Shisa3 wdr12
Shmtl Wwcl
Six1 Ybx3
Slc22a23 Zbtb44
Slc30al0 Zcchcl2
Slco2al Zfp395
Slcodal Zfp422
Smadl Zfp512b
Snrnp40  Zfp608
Sox12 Zfp618
Spatab Zfp90
Spred2
Stambpll
Stard10
Stipl
Stom
Stox2
Stra6
Strbp
Stxla
Stxbp6
Tcergll
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Table S4: Strict NOG-upregulated DEG list

NOG-upregulated DEGs

9430020K01Rik Ecscr

Abcal2 Emi4
Adcyapirl Enox1
Ankslb Fijx1
Apba2 Fzd7
Apitdl Gimap9
Arhgapl0 Gm10125
Arhgap20 Gm26507
Astnl Gpil
Begain Gpr4d
Bmp6 Gsc
C130021I120Rik Hunk
Cacnale Idh3b
Cacna2d3 Itga8
Cdid1 Kalrn
Cd38 Lgil
Cdh2 Lgré
Cebpa Lparl
Dennd5b Lrchl
Dicerl Maccl
Dock5 Magee2
Dsc2 Mfhas1
Dtnb Mpp2
Ebf2 Nek6
Ebf3 Nfkbia

F730043M19Rik Nsdhl

Nuak?2
Otud7b
Oxnadl
Pcdhgc3
Pik3r3
Prickle2
Ptchd4
Rab30
Rccll
Rrplb
Rtkn2
Ruvbll
Sdk1
Sept6
Slc9a9
Spred2
Stom
Stox2
Stra6
Suclg2
Tacrl
Tpd52
Trio
Tubalc
Zyx

Table S5: Strict NOG-downregulated DEG list

NOG-downregulated DEGs

1500009L16Rik Gal
2310030G06Rik Gata2
A730089K16Rik Gcentl
Arhgef5 Gfpt2
Arlda Gli1
B230354K17Rik Gm10561
Cacnala Gm17315
Ccdc186 Gm20632
Cd9 Gm28309
Chrna7 Gm44250
Clecl4a Gm7265
Collla2 Gria4
Coll5al Grik3
Cripl HapIn3
Cythl Hcnl
Cyyrl Hecw?2
DIx3 Heyl
Ebf4 Icos

Eno2 Id4

Enpp2 ltgh3
Ets2 Jphl
Faah Kcnjl3
Fam46a Kcnmb4
Fgfra Kdsr
Fhdcl Klhi21

Lmna
Maf
Maoa
Matnl
Micall
Mmp15
Msantdl
Msx2
Nebl
Optn
Penk
Pim3
Pitpnm1
Plscr4
Pnp
Pou3f3
Pricklel
Ptchl
Ptch2
Ptger4
Rasl11b
Rhof
Rspo2
Runx3
Serpinil

Sha3tc2
Shc4
Sicla3
Slc9a2
Sod2
Sshp2
Susd6
Tgfa
Timp4
Tmem1l5la
Tmem246
Tmem30a
Tmem64
Tunar
Upf3b
Wrnipl
Ywhah
Zmpste24

180



Table S6: BMP-CRE motifs within H3K27ac peaks (12hrs) up to 1Mb from upregulated DEGs

# Gene Name RNAseq chr peak start peak end peak name Number of Distance of
log2FoldChange motifs in peak peak to TSS
1 4930412013Rik 2.76 2 9880396 9881889 H3K27ac_BMP12_vs_Noggin12_up.bed2255 2 0
2 Tmeffl 0.67 4 48584499 48585519 H3K27ac_BMP12_vs_Noggin12_up.bed2889 2 0
3 Chst3 0.64 10 60219167 60219440 H3K27ac_BMP12_vs_Noggin12_up.bed406 1 0
4 Ckap4 0.55 10 84533808 84534508 H3K27ac_BMP12_vs_Noggin12_up.bed477 1 0
5 1d4 13 13 48261212 48261820 H3K27ac_BMP12_vs_Noggin12_up.bed1132 1 0
6 Nin 0.77 12 70111612 70111952 H3K27ac_BMP12_vs_Noggin12_up.bed928 1 0
7 Ppp3ca 0.59 3 136669969 | 136670207 H3K27ac_BMP12_vs_Noggin12_up.bed2779 1 0
8 Smad9 0.92 3 54755187 54757017 H3K27ac_BMP12_vs_Noggin12_up.bed2631 1 0
9 Slc44al 0.58 4 53440430 53440662 H3K27ac_BMP12_vs_Noggin12_up.bed2896 1 18
10 Slc2a13 11 15 91572853 91573231 H3K27ac_BMP12_vs_Noggin12_up.bed1558 1 30
11 Ctnnbipl 0.46 4 149518299 | 149518688 H3K27ac_BMP12_vs_Noggin12_up.bed3065 1 64
12 Grin3a 1.27 4 49845881 49846298 H3K27ac_BMP12_vs_Noggin12_up.bed2891 1 138
13 Ubxn4 0.34 1 128244175 128244460 H3K27ac_BMP12_vs_Noggin12_up.bed178 1 212
14 Rab2a 0.34 4 8535864 8536295 H3K27ac_BMP12_vs_Noggin12_up.bed2825 1 221
15 KIf4 1.54 4 55532736 55533483 H3K27ac_BMP12_vs_Noggin12_up.bed2902 1 271
16 Bambi 1.25 18 3507017 3507674 H3K27ac_BMP12_vs_Noggin12_up.bed1948 1 283
17 Jdp2 2.36 12 85599452 85600633 H3K27ac_BMP12_vs_Noggin12_up.bed964 1 348
18 P4hb 0.37 11 120572614 120572866 H3K27ac_BMP12_vs_Noggin12_up.bed831 1 387
19 Fgfr3 1.83 5 33722245 33722514 H3K27ac_BMP12_vs_Noggin12_up.bed3123 1 572
20 Cadps 225 14 12822014 12822468 H3K27ac_BMP12_vs_Noggin12_up.bed1288 1 611
21 1d4 13 13 48262081 48263250 H3K27ac_BMP12_vs_Noggin12_up.bed1133 1 655
22 Gpcé 0.76 14 116926044 116928027 H3K27ac_BMP12_vs_Noggin12_up.bed1447 1 748
23 Smad7 0.86 18 75368310 75369071 H3K27ac_BMP12_vs_Noggin12_up.bed2078 1 782
24 Nr3cl 118 18 39489949 39490470 H3K27ac_BMP12_vs_Noggin12_up.bed2012 1 831
25 4930412013Rik 2.76 2 9882688 9882993 H3K27ac_BMP12_vs_Noggin12_up.bed2256 1 1437
26 Smad7 0.86 18 75369232 75374268 H3K27ac_BMP12_vs_Noggin12_up.bed2079 3 1704
27 Nog 4.61 11 89298858 89299427 H3K27ac_BMP12_vs_Noggin12_up.bed723 1 2905
28 Msx2 1.7 13 53476318 53477248 H3K27ac_BMP12_vs_Noggin12_up.bed1158 1 3245
29 DIx2 3.77 2 71542550 71543147 H3K27ac_BMP12_vs_Noggin12_up.bed2375 1 3607
30 Cyp26b1 1.24 6 84587495 84588389 H3K27ac_BMP12_vs_Noggin12_up.bed3459 1 5519
31 Wwp2 221 8 107424775 107425000 H3K27ac_BMP12_vs_Noggin12_up.bed3958 1 11398
32 Copa 0.34 1 172063533 | 172064153 H3K27ac_BMP12_vs_Noggin12_up.bed247 1 18376
23 Met 0.68 6 17490863 17491153 H3K27ac_BMP12_vs_Noggin12_up.bed3361 1 27064
34 Stx5a 0.45 19 8713505 8714110 H3K27ac_BMP12_vs_Noggin12_up.bed2131 3 27303
35 Cnnl 0.99 9 22071009 22071379 H3K27ac_BMP12_vs_Noggin12_up.bed4028 1 27902
36 Dnajc12 0.94 10 63338426 63339013 H3K27ac_BMP12_vs_Noggin12_up.bed416 1 43430
37 Tmeffl 0.67 4 48540393 48540670 H3K27ac_BMP12_vs_Noggin12_up.bed2888 1 44504
38 Cdr2 0.44 7 121034783 121035175 H3K27ac_BMP12_vs_Noggin12_up.bed3763 2 52472
39 DIx3 2.02 11 95182329 95182664 H3K27ac_BMP12_vs_Noggin12_up.bed753 1 62211
40 Spryd3 0.47 15 102203677 | 102203912 H3K27ac_BMP12_vs_Noggin12_up.bed1605 1 67444
41 Tmem59 0.37 4 107253207 107253420 H3K27ac_BMP12_vs_Noggin12_up.bed2973 1 74809
42 DIx2 3.77 2 71628560 71628907 H3K27ac_BMP12_vs_Nogginl2_up.bed2376 2 81807
43 Gal3st4 0.81 5 138187177 138187408 H3K27ac_BMP12_vs_Noggin12_up.bed3315 1 85432
a4 Ypel2 1.16 11 87086483 87086717 H3K27ac_BMP12_vs_Noggin12_up.bed712 2 92777
45 Ptgerd 1.23 15 5143892 5144120 H3K27ac_BMP12_vs_Noggin12_up.bed1466 3 100067
46 Atplb2 155 11 69766018 69766261 H3K27ac_BMP12_vs_Noggin12_up.bed665 2 160077
47 Tpds211 1.28 10 31608849 31609160 H3K27ac_BMP12_vs_Noggin12_up.bed355 1 162929
48 Mitf 123 6 97981287 97981861 H3K27ac_BMP12_vs_Noggin12_up.bed3499 1 174236
49 Mpz 253 1 171329226 | 171329529 H3K27ac_BMP12_vs_Noggin12_up.bed244 1 178516
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50 Gm53 119 11 96064636 96065357 H3K27ac_BMP12_vs_Noggin12_up.bed758 185748
51 Fgfr2 0.99 7 132931238 132931513 H3K27ac_BMP12_vs_Noggin12_up.bed3798 191837
52 Nxph3 1 11 95712916 95713279 H3K27ac_BMP12_vs_Noggin12_up.bed755 198347
53 Frs2 0.86 10 117376573 117376960 H3K27ac_BMP12_vs_Noggin12_up.bed524 228100
54 Neatl 0.72 19 5609785 5609986 H3K27ac_BMP12_vs_Noggin12_up.bed2111 235492
55 Depdc? 112 2 104494040 | 104494766 H3K27ac_BMP12_vs_Noggin12_up.bed2427 248112
56 Rab33b 0.67 3 51225023 51225503 H3K27ac_BMP12_vs_Noggin12_up.bed2618 258417
57 Vps37b 0.62 5 123748985 123749376 H3K27ac_BMP12_vs_Noggin12_up.bed3291 282894
58 Col9a3 2.36 2 180273187 180273406 H3K27ac_BMP12_vs_Noggin12_up.bed2564 324384
59 Kdelr2 0.41 5 143731888 143732173 H3K27ac_BMP12_vs_Noggin12_up.bed3321 328051
60 Sost 4 11 102296039 102296777 H3K27ac_BMP12_vs_Noggin12_up.bed771 329025
61 Slc7a3 0.81 X 101420021 101420329 H3K27ac_BMP12_vs_Noggin12_up.bed4276 334002
62 Lrrc75b 129 10 75212112 75212361 H3K27ac_BMP12_vs_Noggin12_up.bed442 347969
63 B3gnt8 1.73 7 25248113 25248410 H3K27ac_BMP12_vs_Noggin12_up.bed3621 379214
64 Adam17 0.29 12 21783962 21784165 H3K27ac_BMP12_vs_Noggin12_up.bed867 410331
65 Plekhm3 0.66 1 64532965 64533242 H3K27ac_BMP12_vs_Noggin12_up.bed107 423582
66 Col9a3 2.36 2 180171689 180171906 H3K27ac_BMP12_vs_Noggin12_up.bed2563 425884
67 Cede71l 0.71 12 31949613 31950179 H3K27ac_BMP12_vs_Noggin12_up.bed889 428525
68 Gm20633 1.39 3 96697077 96697386 H3K27ac_BMP12_vs_Noggin12_up.bed2704 450698
69 Peytlb 0.81 X 94122087 94122544 H3K27ac_BMP12_vs_Noggin12_up.bed4267 467225
70 Vstm2l 3.03 2 157424298 157424576 H3K27ac_BMP12_vs_Noggin12_up.bed2522 490077
71 Cux2 1.55 5 121545719 121545932 H3K27ac_BMP12_vs_Noggin12_up.bed3286 504170
72 Ragl 23 2 102185754 102186315 H3K27ac_BMP12_vs_Noggin12_up.bed2424 536254
73 Wwp2 221 8 106893004 106893582 H3K27ac_BMP12_vs_Noggin12_up.bed3954 542816
74 Gdf10 135 14 34502997 34503909 H3K27ac_BMP12_vs_Noggin12_up.bed1339 579411
75 Npnt 1.18 3 133544432 | 133544671 H3K27ac_BMP12_vs_Noggin12_up.bed2771 594142
76 Slc6ad 237 11 77607205 77607408 H3K27ac_BMP12_vs_Noggin12_up.bed686 608603
7 Rhou 0.46 8 123041909 123042238 H3K27ac_BMP12_vs_Noggin12_up.bed3988 611691
78 Grik3 2.03 4 126102828 126103690 H3K27ac_BMP12_vs_Noggin12_up.bed3011 612129
79 Ankrd6 0.64 4 32304661 32305401 H3K27ac_BMP12_vs_Noggin12_up.bed2860 645440
80 Zbth8a 0.46 4 128727497 128727802 H3K27ac_BMP12_vs_Noggin12_up.bed3015 650314
81 Dock9 0.56 14 122452544 122454499 H3K27ac_BMP12_vs_Noggin12_up.bed1462 654811
82 Sox6 117 7 115381543 115382113 H3K27ac_BMP12_vs_Noggin12_up.bed3745 656631
83 Adam17 0.29 12 22030484 22030839 H3K27ac_BMP12_vs_Noggin12_up.bed868 656853
84 Trp53inp2 0.42 2 156065298 | 156065575 H3K27ac_BMP12_vs_Noggin12_up.bed2518 684240
85 Aspg 144 12 111377450 | 111377681 H3K27ac_BMP12_vs_Noggin12_up.bed1001 729002
86 Ncmap 1.65 4 136143413 | 136143784 H3K27ac_BMP12_vs_Noggin12_up.bed3031 745187
87 Ncmap 1.65 4 136144387 136144703 H3K27ac_BMP12_vs_Noggin12_up.bed3033 746161
88 Ptx3 0.51 3 66985694 66985918 H3K27ac_BMP12_vs_Noggin12_up.bed2659 765785
89 Zeb2 0.52 2 44270901 44272354 H3K27ac_BMP12_vs_Noggin12_up.bed2319 845041
90 Stard8 11 X 99853381 99853685 H3K27ac_BMP12_vs_Noggin12_up.bed4274 850134
91 Serinc5 0.83 13 93499462 93499794 H3K27ac_BMP12_vs_Noggin12_up.bed1223 888325
92 Ncmap 1.65 4 136310437 | 136310724 H3K27ac_BMP12_vs_Noggin12_up.bed3037 912211
93 Wnk4 13 11 100319997 100320334 H3K27ac_BMP12_vs_Noggin12_up.bed764 940233
94 Ankrdé 0.64 4 31963980 31964225 H3K27ac_BMP12_vs_Noggin12_up.bed2855 986616
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Table S7: BMP-CRE motifs within H3K27ac peaks (12hrs) up to 1Mb from downregulated DEGs

# Gene Name RNAseq chr peak start peak end peak name Number of Distance of
log2FoldChange motifs in peak peak to TSS

1 Vel -0.53 14 20929391 20929971 H3K27ac_BMP12_vs_Noggin12_down.bed751 1 0

2 Gasl -1.7 13 60175594 60177184 H3K27ac_BMP12_vs_Noggin12_down.bed677 1 181

3 Hmga2 -0.75 10 120475013 120476237 H3K27ac_BMP12_vs_Noggin12_down.bed248 1 232

4 Bmp2 -3.29 2 133552460 133552770 H3K27ac_BMP12_vs_Noggin12_down.bed1415 1 302

5 Lmx1b -1.04 2 33639416 33640027 H3K27ac_BMP12_vs_Noggin12_down.bed1328 1 484

6 1190002N15Rik -0.8 9 94537217 94537552 H3K27ac_BMP12_vs_Noggin12_down.bed2555 1 529

7 Sema3f -0.9 9 107709371 107709899 H3K27ac_BMP12_vs_Noggin12_down.bed2573 2 576

8 Pard3 -0.47 8 127064650 127064943 H3K27ac_BMP12_vs_Noggin12_down.bed2419 1 758

9 Bcllla -1.13 11 24075843 24076597 H3K27ac_BMP12_vs_Noggin12_down.bed279 1 1459

10 Zfp608 -0.92 18 54987767 54988489 H3K27ac_BMP12_vs_Noggin12_down.bed1163 1 1691

il 1700021F13Rik -1.56 5 119797779 119798342 H3K27ac_BMP12_vs_Noggin12_down.bed1902 1 9527

12 Tbx15 0.71 3 99254037 99256813 H3K27ac_BMP12_vs_Noggin12_down.bed1573 1 13657

13 Dnphl -0.8 17 46555320 46555761 H3K27ac_BMP12_vs_Noggin12_down.bed1077 1 58532

14 Podnl1 -1.29 8 84197466 84198547 H3K27ac_BMP12_vs_Noggin12_down.bed2351 1 71478

15 Spryl -1.41 3 37723995 37724554 H3K27ac_BMP12_vs_Noggin12_down.bed1496 1 84049

16 Mthfd1 -0.42 12 76370519 76370758 H3K27ac_BMP12_vs_Noggin12_down.bed544 3 115288

17 Nek6 -0.47 2 38348135 38348343 H3K27ac_BMP12_vs_Noggin12_down.bed1337 1 163300

18 Gpsm2 -0.5 3 108911018 108911356 H3K27ac_BMP12_vs_Noggin12_down.bed1588 1 188710

19 Gasl -1.7 13 59971788 59972033 H3K27ac_BMP12_vs_Noggin12_down.bed673 1 205332

20 Myo16 -0.83 8 9977819 9978173 H3K27ac_BMP12_vs_Noggin12_down.bed2271 1 294399

21 H2afy -0.64 13 55831695 55832003 H3K27ac_BMP12_vs_Noggin12_down.bed660 1 304358

22 Podnl1 -1.29 8 84662240 84662820 H3K27ac_BMP12_vs_Noggin12_down.bed2357 1 536252

23 H2afy -0.64 13 55512458 55512774 H3K27ac_BMP12_vs_Noggin12_down.bed655 1 623587

24 Gemin5 -0.45 11 58949180 58949384 H3K27ac_BMP12_vs_Noggin12_down.bed331 1 780642

25 Podnl1 -1.29 8 84976055 84976427 H3K27ac_BMP12_vs_Noggin12_down.bed2361 1 850067

26 Esrrb -1.64 12 85485347 85486063 H3K27ac_BMP12_vs_Noggin12_down.bed567 2 875054
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Table S8: BMP-CRE motifs within H3K27ac peaks (24hrs) up to 1Mb from upregulated DEGs

# Gene Name RNAseq chr peak start peak end peak name Number of Distance of
log2FoldChange motifs in peak peak to TSS
1 4930412013Rik 2.38 2 9880669 9881876 H3K27ac_BMP24_vs_Noggin24_up.bed2661 2 0
2 G630022F23Rik 1.96 5 33722934 33723580 H3K27ac_BMP24_vs_Noggin24_up.bed3775 1 89
8] Smad9 0.52 3 54755685 54756307 H3K27ac_BMP24_vs_Noggin24_up.bed3183 1 104
4 Jdp2 2.26 12 85599372 85599799 H3K27ac_BMP24_vs_Noggin24_up.bed1125 1 268
5 Ldlrad3 0.6 2 102185753 102186099 H3K27ac_BMP24_vs_Noggin24_up.bed2877 2 286
6 DIx2 43 2 71544092 71546357 H3K27ac_BMP24_vs_Noggin24_up.bed2805 1 397
7 DIxX6 218 6 6863842 6864712 H3K27ac_BMP24_vs_Noggin24_up.bed4066 1 509
8 Slc6a8 0.48 X 73674575 73674837 H3K27ac_BMP24_vs_Noggin24_up.bed5146 1 1426
9 DIx2 43 2 71543195 71543990 H3K27ac_BMP24_vs_Noggin24_up.bed2804 1 2764
10 Nog 428 11 89298845 89299398 H3K27ac_BMP24_vs_Noggin24_up.bed809 1 2934
11 Msx2 152 13 53476420 53477204 H3K27ac_BMP24_vs_Noggin24_up.bed1317 1 3347
12 Frs2 1.07 10 117152251 117152509 H3K27ac_BMP24_vs_Noggin24_up.bed581 1 3778
13 Foxf2 0.96 13 31619826 31620208 H3K27ac_BMP24_vs_Noggin24_up.bed1239 2 5608
14 Plec 0.86 15 76208629 76209049 H3K27ac_BMP24_vs_Noggin24_up.bed1783 1 23525
15 Atpla2 1.53 1 172326591 172327178 H3K27ac_BMP24_vs_Noggin24_up.bed317 1 28528
16 Colllal 2.65 3 113949656 113950022 H3K27ac_BMP24_vs_Noggin24_up.bed3316 1 80518
17 DIx2 4.3 2 71628523 71629696 H3K27ac_BMP24_vs_Noggin24_up.bed2806 2 81770
18 Synpo 0.71 18 60748329 60748627 H3K27ac_BMP24_vs_Noggin24_up.bed2381 1 88188
19 Chd7 0.69 4 8535835 8536136 H3K27ac_BMP24_vs_Noggin24_up.bed3428 1 154270
20 Trim62 0.55 4 128727599 128727878 H3K27ac_BMP24_vs_Noggin24_up.bed3658 1 155702
21 Mitf 0.73 6 97980981 97981949 H3K27ac_BMP24_vs_Noggin24_up.bed4231 1 173930
22 Mmp14 0.38 14 54631406 54631717 H3K27ac_BMP24_vs_Noggin24_up.bed1598 1 199795
23 Myo10 0.3 15 25364339 25364620 H3K27ac_BMP24_vs_Noggin24_up.bed1722 1 257905
24 Abcal 0.7 4 53440439 53440661 H3K27ac_BMP24_vs_Noggin24_up.bed3511 1 280545
25 Arhgefl 0.97 7 25247748 25248423 H3K27ac_BMP24_vs_Noggin24_up.bed4350 1 344837
26 Tm9sf2 0.28 14 122452972 122454254 H3K27ac_BMP24_vs_Noggin24_up.bed1701 1 345935
27 Ptprn2 1.98 12 116047698 116047924 H3K27ac_BMP24_vs_Noggin24_up.bed1184 1 437796
28 Anxa8 215 14 34549059 34549282 H3K27ac_BMP24_vs_Noggin24_up.bed1562 1 463079
29 FbxI20 0.28 11 97628072 97628305 H3K27ac_BMP24_vs_Noggin24_up.bed889 1 522098
30 Tmem200c 113 17 69383481 69383786 H3K27ac_BMP24_vs_Noggin24_up.bed2201 1 546346
31 Dbx2 2.46 15 96286910 96287500 H3K27ac_BMP24_vs_Noggin24_up.bed1852 1 630951
32 Ankrds 0.76 4 32304641 32304878 H3K27ac_BMP24_vs_Noggin24_up.bed3469 1 645963
33 Sox6 1.66 7 115381582 115382106 H3K27ac_BMP24_vs_Noggin24_up.bed4526 1 656638
34 Fbln2 1.03 6 92091450 92091747 H3K27ac_BMP24_vs_Noggin24_up.bed4217 1 878996
35 Myo5h 0.52 18 75370742 75371486 H3K27ac_BMP24_vs_Noggin24_up.bed2423 1 929807
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Table S9: BMP-CRE motifs within H3K27ac peaks (24hrs) up to 1Mb from downregulated DEGs

# Gene Name RNAseq chr peak start peak end peak name Number of Distance of
log2FoldChange motifs in peak peak to TSS

1 Atp2bl -0.78 10 98914990 98915193 H3K27ac_BMP24_vs_Noggin24_down.bed903 2 0

2 Rail4 -0.32 15 10714011 10714696 H3K27ac_BMP24_vs_Noggin24_down.bed2828 1 0

) Weel -0.52 7 110122056 110122855 H3K27ac_BMP24_vs_Noggin24_down.bed7441 1 0

4 Mpped2 111 2 106693072 | 106694078 | H3K27ac_BMP24_vs_Noggin24_down.bed4721 1 0

5 Lmx1b -1.26 2 33639398 33640584 H3K27ac_BMP24_vs_Noggin24_down.bed4553 1 0

6 Tnfrsf21 -1.15 17 43016555 43016897 H3K27ac_BMP24_vs_Noggin24_down.bed3638 1 1

7 Vel -0.77 14 20929468 20930308 H3K27ac_BMP24_vs_Noggin24_down.bed2527 1 36

8 Gasl -2.03 13 60174484 60177318 H3K27ac_BMP24_vs_Noggin24_down.bed2317 1 47

9 Nectin2 -0.61 7 19748946 19749502 H3K27ac_BMP24_vs_Noggin24_down.bed7146 1 71
10 1d3 -0.66 4 136143102 136143404 H3K27ac_BMP24_vs_Noggin24_down.bed5954 1 93
11 Fam60a -0.43 6 148944066 148946370 H3K27ac_BMP24_vs_Noggin24_down.bed7071 1 97
12 Smad3 -0.48 9 63757619 63757888 H3K27ac_BMP24_vs_Noggin24_down.bed8278 1 106
13 Aes -0.86 10 81559670 81559956 H3K27ac_BMP24_vs_Noggin24_down.bed827 1 177
14 Gsc -2.37 12 104472798 104473152 H3K27ac_BMP24_vs_Noggin24_down.bed1946 1 178
15 Pdlim7 -0.8 13 55511691 55513491 H3K27ac_BMP24_vs_Noggin24_down.bed2257 1 185
16 Skidal -0.58 2 18047643 18048840 H3K27ac_BMP24_vs_Noggin24_down.bed4429 1 211
17 Bnc2 -0.83 4 84674307 84675012 H3K27ac_BMP24_vs_Noggin24_down.bed5710 1 263
18 Uck2 -0.36 1 167283722 167285041 H3K27ac_BMP24_vs_Noggin24_down.bed478 1 279
19 Dusp7 -0.5 9 106368969 106369873 H3K27ac_BMP24_vs_Noggin24_down.bed8420 1 338
20 Bmp2 -2.75 2 133552503 133554390 H3K27ac_BMP24_vs_Noggin24_down.bed4804 1 345
21 1190002N15Rik -0.86 9 94536566 94537730 H3K27ac_BMP24_vs_Noggin24_down.bed8377 1 351
22 1d3 -0.66 4 136143873 136145119 H3K27ac_BMP24_vs_Noggin24_down.bed5955 1 377
23 Cacnalg -0.51 11 94473433 94473728 H3K27ac_BMP24_vs_Noggin24_down.bed1481 2 470
24 Sema3f -0.83 9 107709368 107709978 H3K27ac_BMP24_vs_Noggin24_down.bed8433 2 497
25 Tead3 -0.46 17 28349856 28350268 H3K27ac_BMP24_vs_Noggin24_down.bed3567 1 537
26 Sox12 -0.5 2 152396765 152397425 H3K27ac_BMP24_vs_Noggin24_down.bed4841 1 638
27 Zfp608 -0.77 18 54985966 54989404 H3K27ac_BMP24_vs_Noggin24_down.bed3998 1 776
28 Aebp2 -0.47 6 140623664 140624043 H3K27ac_BMP24_vs_Noggin24_down.bed7050 1 1002
29 Ubtf -0.4 11 102318198 102318739 H3K27ac_BMP24_vs_Noggin24_down.bed1552 1 1003
30 Mex3b -0.87 7 82868342 82870121 H3K27ac_BMP24_vs_Noggin24_down.bed7348 1 1010
31 Cull -0.33 6 47454488 47454755 H3K27ac_BMP24_vs_Noggin24_down.bed6714 1 1091
32 Bellla -1.11 1 24075736 24076326 H3K27ac_BMP24_vs_Noggin24_down.bed1122 1 1730
33 Ubtf -0.4 1 102317064 102317784 H3K27ac_BMP24_vs_Noggin24_down.bed1551 1 1958
34 Bel2l11 -0.66 2 128128268 128128547 H3K27ac_BMP24_vs_Noggin24_down.bed4777 1 2231
35 Anp32a -0.26 9 62344123 62344555 H3K27ac_BMP24_vs_Noggin24_down.bed8267 2 2831
36 1d3 -0.66 4 136148001 136148822 H3K27ac_BMP24_vs_Noggin24_down.bed5956 1 4505
37 Sael -0.26 7 16400332 16401407 H3K27ac_BMP24_vs_Noggin24_down.bed7122 2 12536
38 Tpx2 -0.44 2 152830229 152831343 H3K27ac_BMP24_vs_Noggin24_down.bed4857 1 16621
39 Notch4 -118 17 34586098 34587456 H3K27ac_BMP24_vs_Noggin24_down.bed3613 1 21831
40 Ubtf -0.4 1 102297306 102297558 H3K27ac_BMP24_vs_Noggin24_down.bed1549 1 22184
41 Nxnl2 -2.11 13 51202622 51203025 H3K27ac_BMP24_vs_Noggin24_down.bed2202 1 31598
42 Tcf15 -1.43 2 152105499 152105735 H3K27ac_BMP24_vs_Noggin24_down.bed4840 1 37826
43 Crabp2 -1.51 3 87905949 87906164 H3K27ac_BMP24_vs_Noggin24_down.bed5248 1 42502
44 Six1 -0.44 12 73112350 73113149 H3K27ac_BMP24_vs_Noggin24_down.bed1819 1 58464
45 Fblim1 -0.46 4 141537877 141538381 H3K27ac_BMP24_vs_Noggin24_down.bed5979 2 67715
46 Aifm2 -0.64 10 61783521 61784393 H3K27ac_BMP24_vs_Noggin24_down.bed723 1 68259
47 Cdon -0.48 9 35342177 35342542 H3K27ac_BMP24_vs_Noggin24_down.bed8129 1 78586
48 2810021J22Rik -0.37 11 58948996 58949293 H3K27ac_BMP24_vs_Noggin24_down.bed1239 1 81781
49 Ccenf -0.36 17 24168980 24169421 H3K27ac_BMP24_vs_Noggin24_down.bed3518 1 81988
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50 Ddx47 -0.24 6 134926890 134928501 H3K27ac_BMP24_vs_Noggin24_down.bed7024 83111
51 Npm3 -0.47 19 45659773 45660227 H3K27ac_BMP24_vs_Noggin24_down.bed4329 89364
52 Etsl -0.48 9 32540202 32543034 H3K27ac_BMP24_vs_Noggin24_down.bed8114 93187
53 Ttc28 -0.46 5 110978711 110979545 H3K27ac_BMP24_vs_Noggin24_down.bed6325 98909
54 Eln -2.18 5 134638830 134639277 H3K27ac_BMP24_vs_Noggin24_down.bed6461 108046
55 Efnb3 -0.68 11 69671370 69672225 H3K27ac_BMP24_vs_Noggin24_down.bed1320 111166
56 Sept1l -0.43 5 93205755 93206250 H3K27ac_BMP24_vs_Noggin24_down.bed6281 112319
57 Otud7b -0.57 3 96219874 96220732 H3K27ac_BMP24_vs_Noggin24_down.bed5322 115348
58 Barx1 -1.88 13 48546145 48546454 H3K27ac_BMP24_vs_Noggin24_down.bed2188 116544
59 Otud7b -0.57 3 96221128 96221697 H3K27ac_BMP24_vs_Noggin24_down.bed5323 116602
60 Gm13781 -1.29 6 30692928 30693749 H3K27ac_BMP24_vs_Noggin24_down.bed6655 116894
61 Birc5 -0.44 11 117968714 117968946 H3K27ac_BMP24_vs_Noggin24_down.bed1650 119464
62 Glrb -0.52 3 81036669 81038445 H3K27ac_BMP24_vs_Noggin24_down.bed5204 123010
63 Cdkn3 -0.62 14 46884142 46884488 H3K27ac_BMP24_vs_Noggin24_down.bed2621 123602
64 Hmgbl -0.41 5 149052387 149052957 H3K27ac_BMP24_vs_Noggin24_down.bed6549 131532
65 1kzf3 -3.13 1 98682708 98683039 H3K27ac_BMP24_vs_Noggin24_down.bed1509 136678
66 Tcirgl -0.45 19 3768139 3768471 H3K27ac_BMP24_vs_Noggin24_down.bed4171 138662
67 Larplb -1.27 3 40800005 40800647 H3K27ac_BMP24_vs_Noggin24_down.bed5088 149707
68 Ecscr -1.67 18 35562386 35562925 H3K27ac_BMP24_vs_Noggin24_down.bed3935 159431
69 Tnnt3 -0.67 7 142659110 142659388 H3K27ac_BMP24_vs_Noggin24_down.bed7615 160275
70 Stxla -0.85 5 135187335 135188048 H3K27ac_BMP24_vs_Noggin24_down.bed6465 163854
71 Ecscr -1.67 18 35889148 35889832 H3K27ac_BMP24_vs_Noggin24_down.bed3943 166793
72 Cdca3 -0.37 6 125009255 125009514 H3K27ac_BMP24_vs_Noggin24_down.bed6989 179709
73 Zbtb44 -0.94 9 31211443 31211751 H3K27ac_BMP24_vs_Noggin24_down.bed8109 180800
74 Gypc -0.67 18 32377285 32377573 H3K27ac_BMP24_vs_Noggin24_down.bed3919 182461
75 Hmgb2 -0.44 8 57328381 57328714 H3K27ac_BMP24_vs_Noggin24_down.bed7776 183129
76 Smyd4 -0.43 1 75531688 75531901 H3K27ac_BMP24_vs_Noggin24_down.bed1368 183256
v Esr2 -1.61 12 76370197 76371001 H3K27ac_BMP24_vs_Noggin24_down.bed1843 192939
78 Nfib -0.96 4 82503769 82505240 H3K27ac_BMP24_vs_Noggin24_down.bed5685 200510
79 Cdc25¢c -0.4 18 34953908 34954322 H3K27ac_BMP24_vs_Noggin24_down.bed3932 202376
80 Acy3 -1.08 19 4192247 4192487 H3K27ac_BMP24_vs_Noggin24_down.bed4174 205587
81 Saall -0.31 7 46919696 46920023 H3K27ac_BMP24_vs_Noggin24_down.bed7242 209017
82 Nprl -1.79 3 90248199 90248836 H3K27ac_BMP24_vs_Noggin24_down.bed5291 217030
83 Cep85l -0.89 10 53596919 53597967 H3K27ac_BMP24_vs_Noggin24_down.bed685 217069
84 Prkcb -1.22 7 122067489 122067972 H3K27ac_BMP24_vs_Noggin24_down.bed7477 220779
85 Zkscan4 -0.96 13 21715022 21716135 H3K27ac_BMP24_vs_Noggin24_down.bed2027 236116
86 Fzd8 -0.71 18 9449689 9450004 H3K27ac_BMP24_vs_Noggin24_down.bed3854 236834
87 Itgh6 -1.88 2 60962755 60963220 H3K27ac_BMP24_vs_Noggin24_down.bed4608 240113
88 Zkscan4 -0.96 13 21722283 21722929 H3K27ac_BMP24_vs_Noggin24_down.bed2031 243377
89 Rrplb -0.33 17 32284197 32284687 H3K27ac_BMP24_vs_Noggin24_down.bed3602 248098
90 Zfp618 -0.56 4 63215417 63215728 H3K27ac_BMP24_vs_Noggin24_down.bed5653 249845
91 Ctps -0.55 4 120825315 120825536 H3K27ac_BMP24_vs_Noggin24_down.bed5860 255040
92 Mtss1 -0.92 15 58823038 58823471 H3K27ac_BMP24_vs_Noggin24_down.bed2913 258555
93 Prokrl -1.25 6 87849995 87850967 H3K27ac_BMP24_vs_Noggin24_down.bed6864 259253
94 Smad3 -0.48 9 64020969 64021997 H3K27ac_BMP24_vs_Noggin24_down.bed8291 262976
95 Plekha2 -1.02 8 25368342 25368835 H3K27ac_BMP24_vs_Noggin24_down.bed7698 266149
96 Tnsl -0.41 1 74392110 74392576 H3K27ac_BMP24_vs_Noggin24_down.bed184 267662
97 Slco2al -1.45 9 102717155 102718366 H3K27ac_BMP24_vs_Noggin24_down.bed8407 270346
98 Gm13781 -1.29 6 30304138 30304445 H3K27ac_BMP24_vs_Noggin24_down.bed6636 271590
99 Begain -0.87 12 108793728 108794121 H3K27ac_BMP24_vs_Noggin24_down.bed1969 274096
100 Nsmce2 -0.38 15 59648461 59649920 H3K27ac_BMP24_vs_Noggin24_down.bed2918 274264
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101 Zkscan4 -0.96 13 21754158 21754795 H3K27ac_BMP24_vs_Noggin24_down.bed2039 275252
102 Pmfl -0.47 3 88685796 88686363 H3K27ac_BMP24_vs_Noggin24_down.bed5270 275466
103 H2afy -0.71 13 55837212 55837457 H3K27ac_BMP24_vs_Noggin24_down.bed2269 298904
104 Megfll -1.62 9 64084810 64085162 H3K27ac_BMP24_vs_Noggin24_down.bed8293 300464
105 Pdlim7 -0.8 13 55212697 55213089 H3K27ac_BMP24_vs_Noggin24_down.bed2250 300587
106 Snrnp40 -0.26 4 130663627 130664440 H3K27ac_BMP24_vs_Noggin24_down.bed5904 303496
107 H2afy -0.71 13 55831656 55831866 H3K27ac_BMP24_vs_Noggin24_down.bed2265 304495
108 Zkscan4 -0.96 13 21787604 21788271 H3K27ac_BMP24_vs_Noggin24_down.bed2047 308698
109 H2afy -0.71 13 55826222 55826464 H3K27ac_BMP24_vs_Noggin24_down.bed2262 309897
110 Ncbpl -0.27 4 46451124 46451644 H3K27ac_BMP24_vs_Noggin24_down.bed5605 312512
A, Col26al -0.42 5 136566207 136566483 H3K27ac_BMP24_vs_Noggin24_down.bed6472 316726
112 Spag5 -0.4 11 77983488 77984505 H3K27ac_BMP24_vs_Noggin24_down.bed1394 317024
113 Zkscan4 -0.96 13 21809353 21810123 H3K27ac_BMP24_vs_Noggin24_down.bed2048 330447
114 Hicl -5.64 11 74837918 74838337 H3K27ac_BMP24_vs_Noggin24_down.bed1348 331182
115 Hicl -5.64 11 74837360 74837765 H3K27ac_BMP24_vs_Noggin24_down.bed1347 331754
116 0610007P14Rik 033 12 85485125 85486032 H3K27ac_BMP24_vs_Noggin24_down.bed1906 338518
117 Zkscan4 -0.96 13 21833767 21834832 H3K27ac_BMP24_vs_Noggin24_down.bed2054 354861
118 Cbinl -2.42 8 87834225 87834451 H3K27ac_BMP24_vs_Noggin24_down.bed7900 361634
119 Wnt5h -1.6 6 119175343 119175659 H3K27ac_BMP24_vs_Noggin24_down.bed6965 368688
120 Fndc5 -0.45 4 129513789 129514013 H3K27ac_BMP24_vs_Noggin24_down.bed5893 376791
121 lahl -0.43 12 20920644 20921199 H3K27ac_BMP24_vs_Noggin24_down.bed1737 395193
122 Xrecé -0.4 15 81585603 81586024 H3K27ac_BMP24_vs_Noggin24_down.bed3020 401811
123 Sultlal -1.2 7 126272967 126273194 H3K27ac_BMP24_vs_Noggin24_down.bed7490 403238
124 Fmo2 -3.62 1 163314691 163314900 H3K27ac_BMP24_vs_Noggin24_down.bed466 415966
125 Gpil -0.51 7 34653672 34654022 H3K27ac_BMP24_vs_Noggin24_down.bed7208 423384
126 Gpil -0.51 7 34654505 34655670 H3K27ac_BMP24_vs_Noggin24_down.bed7209 424217
127 Dync2li1 -0.54 17 84184101 84185840 H3K27ac_BMP24_vs_Noggin24_down.bed3805 440656
128 Ketdl -0.49 18 14682809 14683246 H3K27ac_BMP24_vs_Noggin24_down.bed3887 468200
129 Spon2 -2.94 5 33692376 33692667 H3K27ac_BMP24_vs_Noggin24_down.bed6146 473922
130 Stmnl -0.41 4 133967557 133967976 H3K27ac_BMP24_vs_Noggin24_down.bed5929 500344
131 Pcedlb -0.77 15 96709117 96709702 H3K27ac_BMP24_vs_Noggin24_down.bed3060 537405
132 Clec2I -1.3 6 39206174 39206529 H3K27ac_BMP24_vs_Noggin24_down.bed6701 543106
133 Kcnabl -1.35 3 65665826 65666123 H3K27ac_BMP24_vs_Noggin24_down.bed5170 556443
134 Zkscan4 -0.96 13 22035905 22037038 H3K27ac_BMP24_vs_Noggin24_down.bed2056 556999
135 Scube3 -0.47 17 27556765 27557124 H3K27ac_BMP24_vs_Noggin24_down.bed3557 585192
136 Fam78b -0.97 1 166409525 166409798 H3K27ac_BMP24_vs_Noggin24_down.bed477 591619
137 Ttc28 -0.46 5 110269409 110269820 H3K27ac_BMP24_vs_Noggin24_down.bed6321 609983
138 Stox2 -0.59 8 46740537 46741204 H3K27ac_BMP24_vs_Noggin24_down.bed7746 611144
139 Slcodal -1.26 2 179842765 179842984 H3K27ac_BMP24_vs_Noggin24_down.bed5005 613261
140 Efna5 -0.71 17 63499782 63500137 H3K27ac_BMP24_vs_Noggin24_down.bed3707 618466
141 Acy3 -1.08 19 4615085 4615486 H3K27ac_BMP24_vs_Noggin24_down.bed4179 628425
142 Myl4 -0.79 11 105181968 105182565 H3K27ac_BMP24_vs_Noggin24_down.bed1575 631306
143 Notch4 -1.18 17 33889859 33890595 H3K27ac_BMP24_vs_Noggin24_down.bed3608 673673
144 Stipl -0.27 19 6363927 6364539 H3K27ac_BMP24_vs_Noggin24_down.bed4200 675487
145 Myf5 -0.69 10 108161644 108161987 H3K27ac_BMP24_vs_Noggin24_down.bed916 675511
146 Tef7 -0.69 1 51606030 51606908 H3K27ac_BMP24_vs_Noggin24_down.bed1209 676106
147 Flt4 -1.83 11 50292056 50292261 H3K27ac_BMP24_vs_Noggin24_down.bed1204 682794
148 Gatc -0.46 5 116024062 | 116024409 | H3K27ac_BMP24_vs_Noggin24_down.bed6357 682885
149 Nuf2 -0.36 1 170214957 170215432 H3K27ac_BMP24_vs_Noggin24_down.bed493 683494
150 Oxnadl -0.45 14 31385867 31386079 H3K27ac_BMP24_vs_Noggin24_down.bed2596 699295
151 Rpia -0.64 6 71493941 71494696 H3K27ac_BMP24_vs_Noggin24_down.bed6811 701710
152 Anklel -0.59 8 70698978 70700277 H3K27ac_BMP24_vs_Noggin24_down.bed7820 705733
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153 Stmnl -0.41 4 133752722 133753314 H3K27ac_BMP24_vs_Noggin24_down.bed5925 715006
154 Etv4 -1.26 1 101063567 101064184 H3K27ac_BMP24_vs_Noggin24_down.bed1540 721187
155 Pole4 -0.33 6 83456506 83457010 H3K27ac_BMP24_vs_Noggin24_down.bed6846 751142
156 Bellla -1.11 11 23307054 23307344 H3K27ac_BMP24_vs_Noggin24_down.bed1120 770712
157 Ube2c 0.35 2 163995177 | 163995716 | H3K27ac_BMP24_vs_Noggin24_down.bed4915 774182
158 Nfib -0.96 4 83486085 83486328 H3K27ac_BMP24_vs_Noggin24_down.bed5697 780336
159 Rtp4 -1.22 16 24393509 24394349 H3K27ac_BMP24_vs_Noggin24_down.bed3247 783591
160 Ccna2 -0.39 3 35754122 35754497 H3K27ac_BMP24_vs_Noggin24_down.bed5070 817653
161 Npm3 -0.47 19 44931166 44931521 H3K27ac_BMP24_vs_Noggin24_down.bed4321 818070
162 Tnfaip6 -1.48 2 52857771 52858617 H3K27ac_BMP24_vs_Noggin24_down.bed4588 819763
163 0610007P14Rik -0.33 12 84996703 84996908 H3K27ac_BMP24_vs_Noggin24_down.bed1898 827642
164 Famé5b -1.05 13 23746762 23748051 H3K27ac_BMP24_vs_Noggin24_down.bed2101 834138
165 Snx9 -0.32 17 4995209 4995560 H3K27ac_BMP24_vs_Noggin24_down.bed3464 845768
166 Dgkd -0.24 1 88701734 88702032 H3K27ac_BMP24_vs_Noggin24_down.bed227 848448
167 Jazfl -0.75 6 52203935 52204159 H3K27ac_BMP24_vs_Noggin24_down.bed6735 864472
168 Notch4 -1.18 17 33684827 33685067 H3K27ac_BMP24_vs_Noggin24_down.bed3605 879201
169 Rtkn2 -0.76 10 67096532 67096832 H3K27ac_BMP24_vs_Noggin24_down.bed738 882738
170 Irx3 -1.38 8 90907940 90908188 H3K27ac_BMP24_vs_Noggin24_down.bed7917 893728
171 Fam65h -1.05 13 23684267 23685765 H3K27ac_BMP24_vs_Noggin24_down.bed2096 896424
172 Slc14a2 -1.05 18 79109456 79109838 H3K27ac_BMP24_vs_Noggin24_down.bed4138 900363
173 Btbd11 -1.53 10 86295626 86296287 H3K27ac_BMP24_vs_Noggin24_down.bed858 908813
174 Fam65b -1.05 13 23621479 23622502 H3K27ac_BMP24_vs_Noggin24_down.bed2094 959687
175 Vgli3 -1.12 16 64852578 64852874 H3K27ac_BMP24_vs_Noggin24_down.bed3375 962759
176 Pdgfb -2.26 15 79028347 79028895 H3K27ac_BMP24_vs_Noggin24_down.bed3003 985913
177 Fam65hb -1.05 13 23585286 23585895 H3K27ac_BMP24_vs_Noggin24_down.bed2090 996294
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Table S10: Differentially regulated RNA-seq genes with endothelial-related GO term

G0:0010594 (GO:0001936 GO:,O,001938 60:9910595 G0:0045446
. k G0:0003158 (positive positive i G0:0043542
regulation of |regulation of i X . endothelial .
endothelial cell lendothelial cell endothelium regulatloh of regulatlorm of cell endot.hella-I
. X X X development [endothelial cell [endothelial cell | . ... |cell migration
migration proliferation . . X X differentiation
proliferation  |migration
Amot Ecml Ctnnb1 Ecm1 Amot Ctnnbl Amot
Itgh3 Itgh3 Afdn Itgh3 Itgh3 Afdn Rab13
Slit2 Flt1 Rhoa Agtrla Prkca Hegl Slit2
KIf4 Agtrla Hegl pgf Gata2 Tmem100 Rhoa
Prkca Pgf Tmem100 Prkca Map3k3 Acvrll Hmgbl
Pparg Prkca Acvrll Hmgb2 Smoc2 Plod3 Paxipl
Gata2 Pparg Plod3 Gata2 Etsl Col23a1 Cyplbl
Map3k3 Hmgb2 Col23al Aplnr Hdac7 Tnmd Fap
Rhoa Gata2 Tnmd Cxcl12 Fgf18 Notch4 Emp2
Smoc2 Aldhla2 Notch4 Acvrll Gata3 Myadm Nrdal
Etsl Aplnr Myadm Aggfl Nrpl Tjpl Nrpl
Acvrll Cxcl12 Tjpl Nr4al Flt4 Nr2f2 LoxI2
Hdac7 Acvrll Bmp4 Flt4 Fgfl6 Ezr Kdr
Carl0 Aggfl Nr2f2 Fgfr3 Plpp3 Cldn1 Pik3r3
Fgf18 Nrdal Ezr Adora2b Adora2b DIl Grem1
Gata3 Tnmd Foxc2 Bmp4 Bmp4 Acvrl,Tgfbl [Clecl4a
Emp2 Flt4 Cldn1 Vegfc Sparc Prox1 Lemd3
Dnajad Fgfr3 DIl1 Bmp2 Foxc2 Arhgef26 Efnb2
Nrpl Adora2b Acvrl,Tgfbl |[Apela Vegfc Kdr Stard13
Glul Bmp4 Prox1 Nrarp Plk2 Stcl
Flt4 Sparc Arhgef26 1gf2 1gf2 Hey2
Fgf16 Nr2f2 Kdr Prox1 Calr CNMD
Plpp3 Foxc2 Stcl Ccl2 Prox1 Fas
Bmper Vegfc Hey2 Kdr Lgmn Ppplrl6b
Adora2b Bmp2 CNMD Stat5a Kdr Rapgef3
Bmp4 Apela Fas Dysf Stat5a Tek
Sparc Nrarp Ppplrl6b 1gf1 Ccbel Heyl
Adgrb1 1gf2 Rapgef3 Ppplrl6b 1gfl Col18al
Nr2f2 Prox1 Tek Apln Tek Dmd
Foxc2 Ccl2 Stard13 Bmp6 Tgfbl
Vegfc Kdr Heyl Vegfd Anxa3
Plk2 Stat5a Col18al Pdgfb Pdgfb
1gf2 Ptprm Dmd Semaba Sema5a
Calr CNMD Pdgfb
Prox1 Dysf
Lgmn 1gf1
Kdr Ppplri6b
Stat5a Mef2c
Ptprm Rgcc
Ccbel Apln
Stcl Tek
Efnal Bmp6
lgf1 Vegfd
Mef2c Pdgfb
Rgcc Semaba
Tek
Stard13
Tgfbl
Adamts9
Anxa3
Meox2
Pdgfb
Semaba
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