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CTCF-dependent co-localization of canonical
Smad signaling factors at architectural protein
binding sites in D. melanogaster
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The transforming growth factor B (TGF-) and bone morphogenetic protein (BMP) pathways transduce extracellular
signals into tissue-specific transcriptional responses. During this process, signaling effector Smad proteins translocate
into the nucleus to direct changes in transcription, but how and where they localize to DNA remain important
questions. We have mapped Drosophila TGF-$ signaling factors Mad, dSmad2, Medea, and Schnurri genome-wide in Kc
cells and find that numerous sites for these factors overlap with the architectural protein CTCF. Depletion of CTCF by
RNA:i results in the disappearance of a subset of Smad sites, suggesting Smad proteins localize to CTCF binding sites in
a CTCF-dependent manner. Sensitive Smad binding sites are enriched at low occupancy CTCF peaks within topological
domains, rather than at the physical domain boundaries where CTCF may function as an insulator. In response to
Decapentaplegic, CTCF binding is not significantly altered, whereas Mad, Medea, and Schnurri are redirected from CTCF
to non-CTCF binding sites. These results suggest that CTCF participates in the recruitment of Smad proteins to a subset
of genomic sites and in the redistribution of these proteins in response to BMP signaling.

Introduction

Transforming growth factor B (TGF-B) and bone morphoge-
netic protein (BMP) signaling effector proteins, called Smads,
direct the transcriptional response to signaling pathways involved
in controlling cellular homeostasis, proliferation, differentiation,
and apoptosis."” In the canonical TGE-B signaling pathway, ser-
ine-threonine kinase transmembrane receptors bind to extracellu-
lar TGF-B ligands, and in turn phosphorylate receptor-regulated
Smad proteins, which are then able to form complexes that trans-
locate into the nucleus to promote transcriptional activation and
repression.” Several recent studies have focused attention on
uncovering the chromatin determinants of Smad localization.
Master regulatory transcription factors, which control the tran-
scription of key cellular identity genes and are themselves
expressed in a cell-type specific manner, were shown to direct the
localization of BMP and Wnt signaling factors in haematopoietic
progenitor cells, and of TGF-{ effector Smad proteins in embry-
onic stem cells (ESCs).*> The co-localization of Smads at
cell-type specific master transcription factor binding sites in
multi-potent cells provides an attractive model for how TGF-f
signaling events might produce diverse, tissue-specific responses.

In addition to master transcription factors, TRIM33, a muldi-
functional Smad-interacting protein that recognizes the dual
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histone mark motif of H3K9me3 and H3K18ac, also creates a
platform for Smad localization in response to signaling events in
ESCs.° Nevertheless, the mechanisms driving recruitment of
Smad proteins to DNA in non-stem cells remain largely unex-
plored. Studies probing the mammalian Alzheimer amyloid pre-
cursor protein (APP) gene promoter’ and the H19 imprinting
control region8 have identified sites in which Smad recruitment
to DNA is mediated by the architectural protein CTCF, previ-
ously characterized for its ability to mediate long-range interac-
tions and to function as an insulator.” To what degree CTCF
recruits Smad proteins to DNA on a global scale, whether these
interactions are related to the TGEF-f response, and whether
CTCEF-directed Smad localization is conserved in other organ-
isms remains unknown.

CTCEF and other architectural proteins establish high occu-
pancy architectural protein binding sites (APBSs) at the borders
of topologically associating domains (TADs), which represent
highly self-interacting regions of eukaryotic chromosomes.'®™">
Both TADs and high occupancy APBSs appear to be largely tis-
sue-invariant, ' suggesting most modular chromatin domains are
conserved throughout development. However, intra-TAD inter-
actions, which may be facilitated by low occupancy APBSs within
domains, often consist of enhancer-promoter and promoter-pro-
moter interactions that are likely to be dynamically regulated in
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response to cell signaling events and between cell types to pro-
duce cell-type specific transcription patterns.'®'® We have previ-
ously demonstrated that Drosophila architectural proteins exhibit
moderate changes in genome-wide localization that correlate
with dynamic chromosome organization in response to the insect
steroid hormone 20-hydroxyecdysone,”® which is bound by the
nuclear ecdysone receptor, a ligand-activated transcription factor
that in turn activates specific genes.”’ However, to what degree
architectural protein binding contributes to additional signaling
events remains poorly addressed.

Here we report the genome-wide landscape of the receptor-
regulated Smad proteins Mothers against DPP (Mad) and
dSmad2, the co-Smad Medea, and the co-repressor Schnurri in
D. melanogaster. Indeed, we identify numerous sites in which
Smad binding co-localizes with the Drosophila homolog of
CTCF (dCTCF), and further demonstrate that dCTCF binding
is required for co-localization at a subset of sites. These data sup-
port a role for CTCF as a conserved determinant of Smad locali-
zation from Drosophila to humans. Finally, we demonstrate that
dynamic binding of Smad proteins in response to the Drosophila
bone morphogenetic protein Decapentaplegic (DPP), a member
of the TGF-P superfamily, occurs in the context of dCTCF-inde-
pendent binding sites and that dCTCF binding itself remains
unchanged. Together, these results suggest that whereas architec-
tural protein occupancy is not dynamically regulated in response
to TGEF-B, signaling events otherwise redirect Smad localization
to promote changes in transcription independent of CTCEF.

Results

Genome-wide mapping of Drosophila Smad proteins

TGEF-B superfamily signaling in D. melanogaster is tradition-
ally broken into 2 branches based on the ligand-receptor interac-
tion and the class of receptor-regulated Smad proteins (R-Smads)
that are subsequently phosphorylated.”> BMP ligands bind the
type I serine-threonine receptors Thickveins (Tkv) and Saxo-
phone (Sax) to induce C-terminal phosphorylation of the
R-Smad Mothers against DPP (Mad).*** TGE-B/Activin
ligands signal through splice isoforms of the Baboon receptor to
activate the R-Smad dSmad2 (Smad on X).%%*® The phosphory-
lated forms of dSmad2 and Mad are able to form heterotrimeric
complexes with the co-Smad Medea, and upon which translocate
into the nucleus to direct changes in transcription.*” The Mad/
Medea complex has been shown to target activation regulatory
elements in response to DPP,”” as well as repressive regulatory
elements to which the transcriptional repressor Schnurri is
recruited.”>> The expression of several genes depends on Activin
signaling components,” > but dSmad?2 regulatory elements have
not been identified. Therefore, in order to effectively capture the
chromatin landscape of TGF-f signaling pathways, we carried
out ChIP-seq experiments against dSmad2, Mad, Medea, and
Schnurri in the late-embryonic Drosophila hemocyte cell line
Kc167 (Fig. 1, Supplemental Table 1).

Initial genome-wide analysis of Smad binding reveals extensive
overlap between R-Smads and the co-Smad Medea (Mad overlap
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with Medea — 85%; dSmad2 overlap with Medea — 81%;
p < 0.0001, permutation test) as well as with the co-repressor
Schnurri (Mad overlap with Schnurri — 67%; dSmad2 overlap
with Schnurri — 70%; p < 0.0001 permutation test) (Fig. 1A).
Interestingly, nearly half of all binding sites for either Mad or
dSmad?2 also overlap with the distinct R-Smad (Mad overlap with
dSmad2 — 52%; dSmad2 overlap with Mad — 47%; p < 0.0001,
permutation test), suggesting a potential interaction between
TGF-B/Activin and BMP signaling pathways at the genomic
level. In support of this observation, recent studies have shown
complex formation between TGF-f and BMP Smad proteins at
BMP response elements in human epithelial cells,”® suggesting
cross-talk between TGF-f and BMP signaling factors may be a
conserved phenomenon. Ligand stimulation of the TGF- recep-
tor Baboon can also induce phosphorylation of the BMP R-Smad
Mad,”” and mutation of the Activin R-Smad dSmad2 leads to
altered BMP pathway signaling,” suggesting a potentially strong
degree of interaction between TGF-f and BMP signaling path-
ways both upstream and downstream of nuclear translocation.
Surprisingly, numerous Medea and Schnurri binding sites are
present independently of either Mad or dSmad2, though a major-
ity of Schnurri binding sites overlap with Medea (Fig. 1A), sug-
gesting that additional regulatory factors may be involved in
recruiting Medea and Schnurri to DNA, or that Medea and
Schnurri independently localize to specific regulatory elements.

Identification of genomic loci co-bound by Medea, Schnurri,
and either R-Smad reveals even greater overlap between the BMP
and TGEF-B signaling factors Mad and dSmad2 (Fig. 1B; 69%
for Mad; 66% for dSmad2; p < 0.0001, permutation test), sug-
gesting both R-Smads co-localize with Medea and Schnurri at
similar target sequences. The 1,220 overlapping Schnurri,
R-Smad, Medea target sites bound by both Mad and dSmad2
provide a high confidence list of signaling target regions com-
monly identified in 4 independent ChIP-seq experiments that we
consider for further analysis. We hereafter refer to these sites
co-bound by dSmad2, Mad, Medea, and Schnurri as dSMMS
modules analogous to previously defined target elements.’”
Visual inspection of high confidence dSMMS modules confirms
co-localization of these signaling proteins at well characterized
target genes. For example, brinker, a gene that encodes a nuclear
repressor that antagonizes DPP signaling by binding similar
Mad/Medea target sequences, is transcriptionally repressed by
Mad, Medea, and Schnurri in response to DPP signaling events.
Accordingly, the brinker gene was recently shown to include sev-
eral promoter modules targeted by Mad, Medea, and Schnurri.”®
Although brinker is modestly expressed in Drosophila Kcl167
cells, our ChIP-seq data provide evidence that these dSMMS
modules are highly occupied in cell culture even prior to induc-
tion with DPP (Fig. 1C), suggesting either a minimal level of sig-
naling occurs in Kc167 cells or that Smad-mediated repression is
regulated downstream of sequence binding.

dSMMS modules overlap Drosophila CTCF and other
architectural proteins

De novo motif analysis on dSMMS modules using MEME-
ChIP*” identifies enrichment for 2 sequences that show
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similarity to putative Mad and Medea a
consensus sequences (Fig. 2). Previous
comparisons of specific Mad/Medea- W
binding elements suggest that Smads
target GCCGNC as a consensus bind- Mad
ing sequence,Go’G1 and, similarly,
MEME-ChIP identifies enrichment
for GCYGSC at dSMMS modules
(Fig. 2A). dSMMS modules are nearly
equally enriched for a GC rich con-
sensus sequence with strong similarity
to putative Medea binding sites,
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result indicates that genomic elements

bound by R-Smads Medea and
Schnurri often occur in close spatial

Figure 1. Genome-wide mapping of BMP and TGF-$ signaling proteins Mad, dSmad2, Medea, and
Schnurri in Drosophila Kc167 cells. (A) Heatmap representation of ChIP-seq peak overlap between indi-
vidual Smad proteins. Corresponding values represent percentage of total binding sites for factors
along the horizontal axis that overlap peaks identified for factors along the vertical axis, ranging from 0
(blue) to 100 (red). (B) Overlap of Schnurri-Mad-Medea modules individually identified for receptor-reg-
ulated Smad proteins Mad or dSmad2. Overlap is statistically significant (p < 0.0001, permutation test).
(C) llustration of ChIP-seq experiments and Smad protein overlap at dSMMS regulatory elements pres-
ent in previously characterized promoter-proximal modules of the brinker gene locus.

proximity with APBSs, and suggests
that architectural proteins may play
an important role in either creating an accessible chromatin
landscape for dSMMS occupancy, or may themselves directly
recruit Smads to DNA.

Visualization of dSMMS modules overlapping APBSs illus-
trates that ChIP-seq read densities for BMP and TGF- Smad
proteins tightly intersect those of dCTCF and other architectural
proteins (Fig. 2C). Genome-wide, 62% of dSSMMS modules co-
localize with dCTCF (p < 0.0001, permutation test), and a
majority of modules also co-localize with additional architectural
proteins (Fig. 2D). These data, together with motif enrichment
profiles for architectural proteins in Smad binding sites, suggest
that architectural proteins may play an important role in Smad
localization.

www.tandfonline.com

dCTCF-dependent co-localization of Smad proteins
at APBSs

The strong overlap of BMP and TGEF-B effectors with
Drosophila CTCF suggests that CTCF-dependent recruitment
of Smad proteins may be an important, highly conserved
genome-wide phenomenon. In order to test whether Smad
proteins target Drosophila APBSs in a dCTCF-dependent
manner, we repeated ChIP-seq experiments for Mad,
dSmad2, and Medea in Kcl67 cells depleted of dCTCF by
RNALM In all cases, disruption of dCTCEF levels signifi-
cantly perturbs the levels of Smad ChIP-seq read density at a
subset of sites (Figs. 3A—C). For example, Mad occupancy
significantly decreases at more than 200 binding sites
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Figure 2. dSMMS module motif enrichment and overlap at architectural protein binding sites. (A) Putative Mad and Medea motifs identified de novo by
MEME-ChIP and the fraction of dSMMS modules containing the identified consensus sequence. Sequences are aligned with database motifs for Mad
(top) and Medea (bottom) predicted based on previous DNA-binding experiments. Alignment and p-values defined by TOMTOM motif comparison tool.
(B) Consensus sequence enrichment (log,(observed/expected frequency)) for Mad, Medea, and dCTCF/CP190 motifs identified de novo by MEME-ChIP
(*) along with previously characterized DNA-binding architectural protein consensus sequences. (C) Example genomics viewer illustration of dSMMS
module overlap at architectural protein binding sites at the Ribosomal Protein L30 (RpL30) gene promoter. (D) Percentage of dSMMS modules overlap-
ping architectural protein binding sites for dCTCF, BEAF-32, CP190, Rad21, Cap-H2, Mod(mdg4), and Chromator. Comparison of observed overlap
frequencies (blue) with randomized shuffle control peaks (yellow) illustrates the strong enrichment of dSMMS modules at APBSs.

(Fig. 3A), and these sites are significantly enriched for the
dCTCF motif. Whereas fewer dSmad2 and Medea peaks are
significantly downregulated using the same threshold (abso-
lute M value cutoff of 1, p < 0.02), all Medea and dSmad2
peaks identified as being lost after dCTCF RNAi indeed

overlap dCTCF (p < 0.0001, permutation test), suggesting
loss of Smad binding is a direct consequence of dCTCF
depletion.

Strikingly, Mad, Medea, and dSmad2 binding sites that are
affected by dCTCF depletion are most often entirely lost after
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Figure 3. RNAi depletion of Drosophila CTCF abrogates Smad localization to a subset of dCTCF binding sites. (A-C) MA plots depicting changes in ChIP-seq read
density as a function of average peak read densities for Mad, Medea, and dSmad2 respectively. dCTCF RNAi and control ChIP-seq experiments were normalized
using the MAnorm package for quantitative comparison of ChIP-seq data sets.® An M value (log, ratio of ChIP-seq read density) threshold cutoff of 1 (dotted line)
and a p value cutoff of 0.02 (red) were chosen for consideration of significantly changing peaks. (D-E) Genomic viewer comparison of dCTCF RNAI (red) and control
ChIP-seq experiments (black) for Mad, Medea, and dSmad2 respectively. In all cases, several significant ChIP-seq peaks overlapping dCTCF are lost in response to
knockdown of dCTCF (blue arrow), whereas non-overlapping Smad binding sites remain comparatively unchanged.
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dCTCF RNAI (Figs. 3D-F), suggesting recruitment of Smad
proteins to these loci is entirely dependent on dCTCEF. These
results mirror the dependence of Smad localization to both the
H19 imprinting control region and the Alzheimer B-amyloid
precursor protein proximal promoter region on human CTCEF.
However, despite the significant drop in Smad occupancy at a
subset of sites in Drosophila Kc167 cells, ChIP-seq read density
for Mad, Medea, and dSmad2 is not otherwise depleted at all
dCTCF sites (Supplemental Fig. 1), suggesting dSMMS
elements are differentially affected by, and perhaps differentially
dependent on, dCTCF.

dCTCF-dependent Smad binding occurs at low occupancy
APBSs within topological domains

Drosophila CTCF and other architectural proteins target
thousands of regulatory elements that play unique roles in shap-
ing chromosome organization and transcription. For example,
long-range interactions mediated by architectural proteins can
facilitate either active enhancer-promoter interactions or repres-
sive Polycomb response element interactions, whereas sites bound
by numerous architectural proteins are involved in establishing
discrete topological domains and are capable of robust insulator
function for which these proteins were originally characterized.
We therefore asked whether Smad binding sites that are sensitive
or insensitive to dCTCF RNAi occur within unique contexts.
Here we compare Mad, Medea, and dSmad2 binding sites over-
lapping dCTCEF that are lost in response to dCTCF depletion
with overlapping dSMMS modules that do not change in
response to RNAI.

Motif analysis reveals significant enrichment for the dCTCF
core consensus sequence at sites in which Mad, Medea, and/or
dSmad2 are lost after dCTCF knockdown (Fig. 4A). In con-
trast, Smad binding sites in which dCTCF co-localization
occurs independently of dCTCF are enriched for the BEAF-32
motif and consensus sequences known to be enriched at high
occupancy APBSs. Drosophila CTCF-independent, overlapping
Smad peaks are also enriched for the putative Mad and Medea
motifs identified by MEME-ChIP, whereas sites sensitive to
dCTCF knockdown are depleted for Mad and Medea consensus
sequences. These differences in motif enrichment suggest poten-
tially unique binding modes for Smad proteins at dCTCF-inde-
pendent versus dCTCF-dependent peaks. Intuitively, Smad
peaks containing direct target sequences are not sensitive to
dCTCF depletion, whereas sites lacking direct binding motifs
appear to be entirely dependent on dCTCEF for recruitment to
these loci.

Enrichment of the BEAF-32 consensus sequence and
dCTCF/CP190 motifs present at high occupancy APBSs also
suggests that, in addition to dCTCF, other architectural proteins
may provide some redundancy in recruiting Smad proteins to
APBSs. Comparison of DNase I hypersensitivity at dCTCF-sen-
sitive and dCTCF-insensitive Smad peaks by DNase-seq in Dro-
sophila Kc167 cells provides additional evidence that dCTCE-
independent binding occurs at high occupancy APBSs. For
example, whereas Smad peaks that are lost after dCTCF knock-
down exhibit sharp but comparatively weaker DNase I

2682 Cell Cycle

hypersensitivity, dCTCF-independent Smad binding sites are
characterized by broad, robust DNase sensitivity commonly
observed at high occupancy APBSs (Fig. 4B). Accordingly,
dCTCF-independent Smad peaks overlap on average more archi-
tectural proteins than dCTCF-dependent loci (Fig. 4C). Though
the difference in overlap does not reach statistical significance
(p = 0.061, wilcoxon rank-sum test), this comparison draws on
binary peak identification by MACS and does not take into
account the relative ChIP-seq tag enrichment.

The observed differences in consensus sequence enrichment,
DNase I hypersensitivity, and total architectural protein occupancy
at differendally affected Smad binding sites suggest that dCTCEF-
dependent and dCTCF-independent Smad peaks are likely present
in unique chromosomal contexts. Integration of ChIP-seq with
genome-wide chromosomal interaction mapping has recently
shown that interphase chromosomes are organized into discrete,
self-interacting domains that are separated by high occupancy
APBSs."” Accordingly, we find that Mad, Medea, and dSmad2
peaks that overlap dCTCF but are not significantly affected by
dCTCEF depletion are enriched near the boundaries of topological
domains (Fig. 4D). In contrast, dCTCF-dependent Smad binding
sites do not predominantly localize near TAD borders, consistent
with the nature of low occupancy dCTCF binding sites residing
within topological domains. Recent enhancer-trap assays suggest
that individual topological domains functionally limit the activity
of enhancers to genes that reside within the same TAD.** We spec-
ulate that, whereas high occupancy APBSs mediate long-range
higher order chromosomal domain organization, low occupancy
dCTCEF binding sites may facilitate short-range enhancer-promoter
interactions relevant to transcription. However, to what degree
dCTCEF binding plays a role in the TGF-$ signaling response has
not been previously addressed.

dCTCEF binding remains constant in response to
DPP-induced signaling events

In order to assay whether dCTCF binding is influenced by
TGEF-PB signaling events, we repeated ChIP-seq experiments for
dCTCEF as well as Mad, Medea, and Schnurri in response to the
Drosophila bone morphogenetic protein DPP, a standard
approach for stimulating Mad phosphorylation in cell culture.
Indeed, treatment with 30 nM DPP for 6 hr robustly activates
phosphorylation of Mad in Drosophila Kcl67 cells, whereas
phospho-Mad is undetectable in untreated control cells
(Fig. 5A). Surprisingly, ligand-mediated activation of the BMP
cascade does not dynamically alter the DNA-binding profile for
dCTCEF (Fig. 5B, less than 1% of CTCF binding sites increase
or decrease significantly), suggesting the architectural protein
occupancy landscape remains relatively static. However, DPP
does induce upregulation and downregulation of Mad (488 sites
down, 161 sites up), Medea (9 sites down, 63 sites up), and
Schnurri (109 sites down, 90 sites up) across the genome (Fig-
s. 5C-E, Supplemental Fig. 2), suggesting Smad localization is
dynamically altered in response to signal transduction.

We next performed gene ontology (GO) analysis on genes
that are in close spatial proximity to dSMMS modules and near
sites that increase or decrease in response to DPP (<4 kb from
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Figure 4. Differential motif enrichment, architectural protein occupancy, and chromosomal location of dCTCF-dependent versus independent Smad
binding sites. (A) Motif enrichment (log,(observed/expected frequency)) for architectural protein consensus sequences and putative Mad/Medea motifs
at dCTCF™ A |ost (left) and dCTCFRNA' stable Smad binding sites. Comparison includes only Smad peaks which overlap dCTCF. (B) DNase-seq read densi-
ties centered on dCTCF binding sites overlapping Mad, Medea, and dSmad2 that are stable (black) or lost in response to dCTCF RNAi (red). (C) APBS occu-
pancy, determined as the number of overlapping MACS-called peaks for architectural proteins, at Smad binding sites that are stable (black) or lost after
dCTCF knockdown (red) (p = 0.061, wilcoxon rank-sum test). (D) Distance (kb) from topologically associating domain (TAD) boundaries, at which high
occupancy APBSs are highly enriched.’® dCTCF™A' |ost Smad peaks are most abundant within domains, whereas dCTC
near TAD boundaries (median distance from TAD borders: 14.9 kb and 9.9 kb respectively, p = 3.9e-7, wilcoxon rank-sum test).

FRNA stable peaks are enriched

TSS). Whereas Mad, Medea, and Schnurri peaks that decrease
are enriched near genes associated with imaginal disc develop-
ment, consistent with dSMMS module occupancy prior to
induction with DPP, dynamically upregulated binding sites
occur in close spatial proximity to genes associated with neuro-
genesis (Fig. 5F). Though DPP is known to influence neuronal
development in a context-specific manner, whether these dynam-
ics are at all meaningful for Kc167 cellular development

www.tandfonline.com

in vivo remains unknown. Nevertheless, comparison of upregu-
lated Smad peaks with respect to dCTCF binding suggests that
this signaling transcriptional response occurs in a non-dCTCF
context. For example, upregulated Mad binding sites are depleted
for dCTCF, and co-localization of Medea and Schnurri upregu-
lated peaks with dCTCEF is no greater than expected by random
chance (Supplemental Fig. 3). DPP-induced downregulation of
Smad binding, on the other hand, does occur at dCTCF-binding
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Figure 5. Dynamic Smad localization in response to DPP activated phosphorylation of Mad. (A) Western blot analysis of phosphorylated Mad levels
before and after 6 h treatment with DPP (30 nM), using phospho-specific p-Mad antibody. Loading control staining of histone H3. (B) MA plot depicting
changes in dCTCF ChlIP-seq read density as a function of average peak read density. DPP treatment and control ChIP-seq experiments were normalized
using the MAnorm package for quantitative comparison of ChIP-seq data sets.>®> An M value (log, ratio of ChIP-seq read density) threshold cutoff of 1
(dotted line) and a p value cutoff of 0.02 (upregulated peaks - pink; downregulated peaks - blue) were chosen for consideration of significantly changing
peaks. Only 40 peaks decrease and 7 peaks increase significantly in response to DPP. (C-E) Analogous MA plots for Mad, Medea, and Schnurri ChIP-seq
experiments before and after treatment with DPP. Number of significantly changing peaks: Mad 161 increasing, 488 decreasing; Medea: 63 increasing, 9
decreasing; Schnurri: 90 increasing, 109 decreasing. (F) Gene ontology (GO) analysis for dSSMMS modules and significantly changing peaks in response to
DPP treatment. GO term enrichment was performed for closest genes (TSS) within 4 kb of Mad, Medea, and Schnurri binding sites before treatment
(black), that decrease (blue), or increase (pink) significantly after treatment with DPP. Whereas decreasing Smad binding sites are enriched near genes
associated with imaginal disc development and signaling, increasing binding sites occur near genes involved in neurogenesis.

sites, many of which coincide with low occupancy dCTCF
APBSs, suggesting loss of Smad proteins occurs at architectural
protein-bound regulatory elements within topological domains.
The dynamic localization of Mad, Medea, and Schnurri from
dCTCEF sites to non-dCTCF sites suggests that DPP signaling
may actively redirect Smad localization to unique chromatin
contexts relevant to cell differentiation.

Discussion

TGEF-B effector proteins have been shown to co-localize with
mammalian CTCF in a CTCF-dependent manner at just 2 indi-
vidual loci. We now extend this observation to Drosophila using a
genome-wide approach, providing evidence that architectural
protein CTCF and canonical Smad signaling proteins, both
highly conserved from fly to humans, co-localize on a global
scale. We further uncover context-specific features in which
Smad localization is dependent or independent of CTCF
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binding. Interestingly, our genome-wide analysis identifies Mad,
dSmad2, Medea, and Schnurri binding to previously character-
ized response elements even in the absence of DPP ligand, in
which levels of phosphorylated Mad are undetectable. This sig-
nal-independent clustering of signaling proteins suggests that the
genomic TGF-B signaling response is not as simple as regulating
binary “off vs. on” states, dependent on phosphorylated Mad.
However, our attempts to map the genomic landscape of phos-
phorylated-Mad before and after DPP stimulation were unsuc-
cessful, likely due to issues with currently available p-Mad
antibodies. Though we could not determine the role of phos-
phorylation as a determinant in Mad localization, it is conceiv-
able that phosphorylation of Mad might play a role in regulating
the resident time of DNA-binding, the recruitment of additional
regulatory partners, or the ability to establish functional long-
range interactions.

We find that Smad co-binding at dCTCEF sites is sensitive to
dCTCEF depletion at low occupancy dCTCEF target sequences for
which Smad consensus sequences are depleted, whereas high
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occupancy dCTCF binding sites co-bound by additional archi-
tectural proteins remain unaffected. The dCTCF-independent
recruitment of Smads to high occupancy APBSs suggests that
additional architectural proteins may redundantly recruit Smads,
or simply provide an accessible chromatin landscape to which
Mad, Medea, and dSmad2 can associate. Nevertheless, dCTCEF-
dependent localization of Smad proteins to specific low occu-
pancy elements is consistent with the CTCF-dependent nature of
Smad binding at both the APP and HI19 promoters in
humans.”® We speculate that dCTCF-dependent Smad localiza-
tion to low occupancy APBSs within topological domains may
represent regulatory elements involved in enhancer-promoter
interactions, whereas dCTCF-independent high occupancy
APBSs are involved in establishing higher-order chromosome
organization. What role Smads might play in establishing or
maintaining such long-range interactions relevant to chromo-
some architecture, or whether Smads and other transcription fac-
tors simply localize to high occupancy APBSs due to chromatin
accessibility, remains difficult to address. However, we have
recently shown that high occupancy APBSs are distinct from
analogous transcription factor hotspots, suggesting some level of
specificity, most likely governed by protein-protein interactions,
decides which factors can associate and where. Alternatively, the
enrichment of ChIP-seq signal at high occupancy APBSs may, to
some degree, reflect indirect association via long-range interac-
tions with regulatory elements directly bound by Smad proteins.
This possibility raises a potential explanation for why Smad
ChIP signal is independent of dCTCF binding at high occu-
pancy APBSs.

Surprisingly, DPP-activated phosphorylation of Mad does
not lead to significant changes in dCTCF binding, whereas
Mad, Medea, and Schnurri levels increase at regulatory elements
away from dCTCF. These results suggest that TGF-§ signaling
in Kc167 cells redirects Smad binding to genomic loci indepen-
dent of architectural proteins, and that architectural proteins
may facilitate binding of nuclear Smad proteins in the absence
of signaling. The complete loss of Smad ChIP signal at numer-
ous dCTCF binding sites enriched for the core dCTCF consen-
sus sequence nevertheless provides compelling evidence that
recruitment of Smad proteins is directly governed by Drosophila
CTCF at a subset of binding sites. These results establish
CTCEF as an important determinant of Smad localization and,
depending on the cell-type specific binding patterns of CTCF,
suggest that CTCF might also influence the tissue-specific local-
ization of Smad proteins analogous to master regulatory tran-
scription factors in multi-potent stem cells.

Materials and Methods

Cell Culture and DPP Treatment

Drosophila Kc167 cells were grown in HyClone SFX cell cul-
ture medium. For treatment with DPP, cells were split overnight
to a density of 0.5 x 10° cells/mL and treated with 30 nM DPP
the follow morning. Recombinant Drosophila Decapentaplegic
was obtained from R&D systems (Cat#159-DP-20). DPP
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treatment and control lysates were extracted after 6 hr incuba-
tions. RNAi knockdown of Drosophila CTCEF in cell culture was
conducted as per the Drosophila RNAi Screening Center
(DRSC) protocol22 with the exception that dsSRNA was added
every day for 3 days and the cells were then collected on the 4™
day. Chromatin isolation from dCTCF depleted cell culture
were performed as part of previously published knockdown
experiments and described protocols.'’ For a list of primer
sequences used for dCTCF RNAI as well as demonstration of
knockdown efficiency see Table S4 and Figure S7, respectively,
at http://genome.cshlp.org/content/suppl/2012/08/01/
gr.136788.111.DC1/Supplemental_materials.pdf.

Immunoprecipitation and Western Analysis

Chromatin immunoprecipitation was performed as previously
described.?® Protein A Sepharose beads (GE Healthcare) were
pre-washed in PBSMT and pre-incubated with 6 pl of rabbit
polyclonal anti-Mad,** rabbit polyclonal anti-Medea,”” affinity-
purified rabbit polyclonal anti-Schnurri,”® or rabbit polyclonal
IgG (Santa Cruz sc-2027) for 1 hr prior to pull-down of sheared
DNA. Affinity-purified sheep polyclonal anti-dSmad2 (R&D
systems cat#AF7948) antibodies were pre-incubated with Protein
Sepharose G beads (GE Healthcare). To generate sequencing
libraries, ChIP DNA was prepared for adaptor ligation by end
repair (End-It DNA End Repair Kit, Epicenter Cat# ER0720)
and addition of “A” base to 3’ ends (Klenow 3'-5" exo—, NEB
Cat# M0212S). Illumina adaptors (Illumina Cat# PE-102-1001)
were titrated according to prepared DNA ChIP sample concen-
tration and ligated with T4 ligase (NEB Cat# M0202S). Ligated
ChIP samples were PCR-amplified using Illumina primers and
Phusion DNA polymerase (NEB Cat# F-530L) and size selected
for 200-300 bp by gel extraction. ChIP libraries were sequenced
at the HudsonAlpha Institute for Biotechnology, using an Illu-
mina HiSeq 2000.

For Western blotting, membranes were blocked in TBST
(20 mM Tris, pH7.4, 150 mM NaCl, 0.05% Tween 20) with
5% nonfat milk powder and incubated overnight with phospho-
specific Mad antibodies.”” Membranes were washed 3 times with
TBST and probed with secondary antibodies-conjugated to HRP
(1:5000, Jackson ImmunoResearch Laboratories) for 1 hr. After
three more washes, the presence of different proteins was detected
using SuperSignal West Pico/Dura Chemiluminescent substrate

(Thermo Scientific).

ChIP-seq and reference data

In addition to novel Mad, Medea, and Schnurri ChIP experi-
ments, architectural protein ChIP-seq data was obtained from
previously published sources.'”!" Sequences were mapped to the
dm3 genome with Bowtie 0.12.3,”® using default settings. Peaks
were then called with MACS 1.4.0alpha2*” using equal numbers
of unique reads for IgG control and ChIP samples, using a p
value cutoff of 1 x 107 '° For classification of overlapping bind-
ing sites, MACS-identified peaks were intersected using publicly
available tools on Galaxy.’*** For visualization, mapped
sequence reads were loaded on to the Integrated Genomics
Viewer.?>** Previously published ChIP-seq data for Drosophila
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architectural proteins were obtained from GEO accessions
GSE30740%° and GSE36944."" Raw DNase-seq in Kc167 cells

was obtained from published resources.”

Bioinformatics analyses

DNA sequence motifs were identified by MEME-ChIP set
to identify 12 motifs and otherwise using default settings
[28]. Sequences were aligned with database motifs and p-val-
ues determined using the TOMTOM motif comparison
tool.>® Comparison of APBSs with respect to Pol Il-tran-
scribed genes employed gene structure (TSSs) obtained using
the UCSC genome browser.’”*® Significantly changing
ChIP-seq peaks in response to dCTCF RNAi and DPP sig-
naling were determined using the MAnorm package for
quantitative comparison of ChIP-seq data sets.”” An M value
(log, ratio of ChIP-seq read density) threshold cutoff of 1
and a p value cutoff of 0.02 were chosen for consideration
of significantly changing peaks. Enrichment profiles for Mad,
Medea, Schnurri, and dSmad2 protein co-occurrence and
overlap with architectural proteins were defined as the
observed overlapping frequencies over expected frequencies
determined by shuffling datasets, while controlling for the
number of peaks and start/stop location of peaks on each
chromosome. P-values were determined as the chance of
observing an equal or greater co-occurrence across 100,000
Monte Carlo Permutation tests. dSMMS modules were
defined as MACS-called R-smad peaks that overlap all 4 sig-
naling proteins (dSmad2, Mad, Medea, and Schnurri), and
does not require the presence of specific DNA sequences.
Unless otherwise noted, read intensity plots were generated
by binning ChIP-seq reads into 100 bp bins and extracting
read counts in bins surrounding described anchor points (eg.
dSMMS modules or dCTCF peaks), and visualized using

Java Treeview.*® Gene Ontology analysis was performed by

running functional annotation tools on DAVID*' and bio-
logical process (level 5) GO terms were subsequently summa-

rized using REVIGO.*?
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