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INTRODUCTION

CCCTC-binding factor (CTCF) is a ubiquitously expressed multifunctional transcription factor characterized by chromatin binding patterns often described as largely invariant. In this context, how
CTCF chromatin recruitment and functionalities are
used to promote cell type-specific gene expression
remains poorly defined. Here, we show that, in addition to constitutively bound CTCF binding sites
(CTS), the CTCF cistrome comprises a large proportion of sites showing highly dynamic binding patterns during the course of adipogenesis. Interestingly, dynamic CTCF chromatin binding is positively
linked with changes in expression of genes involved
in biological functions defining the different stages
of adipogenesis. Importantly, a subset of these dynamic CTS are gained at cell type-specific regulatory regions, in line with a requirement for CTCF in
transcriptional induction of adipocyte differentiation.
This relates to, at least in part, CTCF requirement for
transcriptional activation of both the nuclear receptor
peroxisome proliferator-activated receptor gamma
(PPARG) and its target genes. Functionally, we show
that CTCF interacts with TET methylcytosine dioxygenase (TET) enzymes and promotes adipogenic
transcriptional enhancer DNA hydroxymethylation.
Our study reveals a dynamic CTCF chromatin binding landscape required for epigenomic remodeling of
enhancers and transcriptional activation driving cell
differentiation.

Eukaryotic cell differentiation is a multi-step process that
ultimately leads to the establishment of cell type-specific
transcriptomes from a shared genetic template. This involves a mutual influence between transcription factor
(TF)/cofactor genomic binding and chromatin remodeling events to specify the transcriptional regulatory outputs
of promoters/enhancers (1,2). During adipogenesis, preadipocytes convert into mature adipocytes, a differentiation process extensively studied in vitro using 3T3-L1 fibroblasts as a model (3,4). This process involves activation of cell type-specific TFs including notably the nuclear receptor peroxisome proliferator-activated receptor
gamma (PPARG), which is instrumental to the acquisition
and maintenance of mature adipocyte functions such as
lipid handling and storage (3–5). The transcriptional regulatory activities of PPARG require cooperating factors including its heterodimerization partner Retinoid X receptor
(RXR), members of the CCAAT/enhancer binding protein (CEBP) family as well as transcriptional coactivators
such as Mediator complex subunit 1 (MED1) and CREB
binding protein (CBP) (6–9). PPARG and its collaborating
factors bind to transcriptional regulatory regions, including both promoters and enhancers, whose functionalization
is linked to chromatin remodeling during adipocyte differentiation (10,11). These remodeling events include nucleosome destabilization/eviction and changes in histone posttranslational modifications (11–13). For instance, acetylation of histone H3 lysine 27 (H3K27ac) and methylation of
H3K4 (H3K4me) is co-ordinately induced with PPARG recruitment (12). Additionally, methylated cytosines in DNA
(5mC) are subjected to oxidation to give rise to hydroxymethylated cytosines (5hmC) through the action of TET
methylcytosine dioxygenases (TET) (14,15).
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MATERIALS AND METHODS
Cell culture and transfection
3T3-L1 pre-adipocyte cells were grown and differentiated
according to the MDI standard protocol as described in
(7). Briefly, 2 days after reaching confluence, adipocyte differentiation of 3T3-L1 cells was induced by treating cells
for 2 days with 0.5 mM IBMX, 1 M dexamethasone and
10 g/ml insulin. Alternatively, 2 M rosiglitazone in the
presence of 1 M dexamethasone was used in experiments

performed to validate CTCF role in PPARG-mediated induction of adipogenesis.
Control siRNA (ON-TARGETplus Non-targeting D001810-10-10, Dharmacon), siRNA targeting PPARG
(ON-TARGETplus L-040712-00-0010, Dharmacon) or
CTCF (CTCF Silencer Select s64587, Life Technologies)
were transfected in 3T3-L1 cells using INTERFERin (Polyplus transfection) according to the manufacturer’s instructions for adherent cells.
Plasmids were transfected into HEK293T cells using
jetPEI (Polyplus Transfection) according to the manufacturer’s instructions.
Reagents
The expression construct pcDNA3-Flag-Ctcf and pEF1amyc-Tet2 were obtained from Pr Rainer Renkawitz (JustusLiebig University, Giessen, Germany) and Dr Anjana Rao
(La Jolla Institute, USA), respectively.
Antibodies used in this study were directed against TET1
(09-872 from Millipore), CTCF (07-729 from Millipore),
PPARG (sc-7196 from Santa-Cruz Biotechnology), ACTB
(sc-1616 from Santa-Cruz Biotechnology), Flag (F1804
from Sigma) and the Myc-tag (2272 from Cell Signaling).
Isolation of primary adipocytes
Adipocytes were isolated from the epididymal white adipose tissue of adult C57BL/6J mice as previously described
(31). All experiments were approved by the ethical committee for animal experimentation of Institut Pasteur de Lille.
Oil-red-O (ORO) staining
Cells were fixed for 1 h at room temperature using a
3.7% formaldehyde solution in phosphate buffered saline
(PBS). Thereafter, formaldehyde was removed and cells
were washed with 60% isopropanol. Cells were then completely dried and incubated for 10 min at room temperature
in Oil red O (ORO) staining solution [0.21% (w/v) ORO
(Sigma), 60% isopropanol, 40% dH2 O]. At the end of the
incubation, cells were washed 4× with dH2 O. Quantitation
was obtained by measuring the optical density at 560 nm
after elution in isopropanol. Dilutions of the ORO staining
solution were used as standards.
Co-immunoprecipitation assays
3T3-L1 adipocytes were washed twice with ice-cold PBS
and harvested. Nuclei were prepared by resuspending cells
into hypotonic buffer (20 mM Tris-HCl, pH 7.5, 10 mM
NaCl, 3 mM MgCl2, 0.2% NP40 and protease inhibitors)
followed by dounce homogenization with 20 strokes. Nuclei
were pelleted by centrifugation at 600 g for 5 min at 4◦ C and
then lyzed using 25 mM Tris-HCl pH7.5, 500 mM NaCl, 1
mM ethylenediaminetetraacetic acid (EDTA), 0.5% NP40
for 30 min on ice. Samples were sonicated for 10 min (30 s
on/off cycles) with a Bioruptor (Diagenode) and were centrifuged at 13 000 g for 15 min at 4◦ C after which the soluble fraction was transferred to a new tube and diluted with
two volumes of a buffer containing 25 mM Tris-HCl pH7.5,
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In contrast, the role of ubiquitous TF in establishing
cell type-specific transcriptional programs often remains
more elusive. CCCTC-binding factor (CTCF) is a ubiquitously expressed TF characterized by multiple functions
(16). Indeed, CTCF is well known for its role at insulators, which restrict enhancer-mediated transcriptional inductions. It can also serve as a chromatin barrier delimitating active and repressive domains. Finally, CTCF can
act as a transcriptional activator/repressor at gene promoters or enhancers (16). These context-dependent activities
often rely on interactions with different collaborating proteins including TFs, transcriptional cofactors, RNA polymerase II and the cohesin complex (17,18). Interaction with
the cohesin complex is thought to confer global chromatin
organization properties to CTCF through chromatin looping. However, the exact role exerted by CTCF in the threedimensional folding of chromatin is still elusive. Indeed,
loss-of-function studies yielded conflicting results regarding
the role of CTCF in local chromatin interactions and higher
order topological domain structures (19–21). Hence, while
CTCF is required for embryonic development and neuronal
and hematopoietic cell differentiation (22), the mechanisms
involved remain only partially understood.
The CTCF chromatin binding landscape (defined as its
cistrome) has been described as invariant across different
tissues/cell types (23–25) and well conserved across divergent species (26,27). This led to propose a conserved role
for CTCF across tissues (28). However, recent studies challenged this view and revealed that tissue-specific CTCF
binding occurs, correlates with tissue-specific DNA methylation patterns (29) and is characterized by lower occupancy
and degenerated CTCF recognition motifs when compared
to ubiquitous binding sites (30). Altogether, these data suggest that the CTCF cistrome is more versatile than initially
thought even though the extent and functional importance
of cell type-specific CTCF chromatin binding is poorly understood.
Here, we used the 3T3-L1 adipogenesis model to thoroughly study CTCF cistrome plasticity and dynamics during the course of cell differentiation. We report that the
CTCF cistrome is highly dynamic during adipogenesis, with
lost and gained CTCF binding sites (CTS) that are linked
to dynamic gene regulation associated with the different
stages of the differentiation process. Moreover, we show that
gained cell type-specific CTCF binding to transcriptional
regulatory regions allows for PPARG-mediated transcriptional induction of adipocyte differentiation. Finally, we establish that these activities involve a functional link between
CTCF and enhancer DNA hydroxymethylation through an
interaction with TET.
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1 mM EDTA, 1.5 mM MgCl2. Subsequently, 1 l of benzonase (Novagen, 70746, 25 U/l) was added and samples
were incubated for 30 min at RT to avoid spurious interactions that can be triggered by the presence of contaminating nucleic acids (32). Protease inhibitors were added and
500 g of proteins were incubated overnight at 4◦ C with
2 g of antibody. Dynabeads magnetic beads (Life technologies) previously blocked by overnight incubation at 4◦ C
in PBS containing 5 mg/ml of serum albumin bovine were
added and samples were incubated for 4 h at 4◦ C under rotation. Beads were washed 4× using ice-cold washing buffer
containing 25 mM Tris-HCl pH7.5, 150 mM NaCl, 1 mM
EDTA, 0.2% NP40 and protease inhibitors. Laemmli buffer
was finally added to the beads and the eluate was used for
western blotting.

Cells were harvested, washed using cold PBS and lyzed using 25 mM Tris-HCl pH 7.5, 500 mM NaCl, 2 mM EDTA,
0.5% NP-40 and protease inhibitors. 100 g of proteins were
used for western blotting following a procedure previously
described (33) including a 2 h transfer at 4◦ C in a buffer
containing 0.1% sodium dodecyl sulphate when analyzing
TET.
DNA hydroxymethylation enzymatic activity measurement
HEK293T cells were lyzed using 25 mM Tris-HCl pH7.5,
500 mM NaCl, 1 mM EDTA, 0.5% NP40. Samples were
sonicated for 15 min (30 s on/off cycles) with a Bioruptor (Diagenode). After centrifugation at 13 000 g for 15
min at 4◦ C, the soluble fraction was transferred to a new
tube and processed for co-immunoprecipitation as previously described. Immunoprecipitates were eluted using 25
mM Tris-HCl pH7.5, 500 mM NaCl, 1 mM EDTA and
1% Triton X-100. TET enzymatic activity in eluates and
inputs was determined using Epigenase 5mC-Hydroxylase
TET Activity/Inhibition Assay Kit (Epigentek).

Public functional genomics data recovery and processing
Public functional genomics data (6,11–13,15,35–42) used in
this study were downloaded from the Gene Expression Omnibus (GEO), ArrayExpress or DNA Databank of Japan
(DDBJ) databases or from the UCSC Genome Browser
(Raney et al. 2011) and are listed in Supplementary Table
S1. 3T3-L1 pre-adipocytes were grown and differentiated
using the MDI cocktail under standard and therefore comparable conditions in all these studies (34).
All raw data from 3T3-L1 cells were mapped to the mm9
version of the mouse genome using Bowtie (43). Wig files
used to define signal intensities were generated at 25 bp
resolution from raw data and were normalized to the total number of uniquely mapped sequenced reads (extended
to 200 bp for chromatin immunoprecipitation followed by
high throughput sequencing (ChIP-seq) and hMeDIP-seq
data).
Data were visualized using these wig files and the Integrated Genome Browser (44).
RefSeq gene coordinates and transcription start sites
(TSS) as well as vertebrate PhasCons conservation scores
were downloaded from the UCSC Genome Browser (45).
CTS from mouse tissues (bone marrow, cerebellum, cortex, heart, kidney, liver, lung, spleen) and cells [C2C12 myoblastic cells, CH12 B-cell lymphoma, embryonic stem (ES)
cells, G1E erythroid progenitor cells, embryonic fibroblasts
(MEF), erythroleukemia cells (MEL)] were obtained from
the CTCFBSDB 2.0 database (46) and from ENCODE
(45).

Reverse transcription and quantitative real-time PCR (RTqPCR)

Transcription factor binding site identification and comparisons

Total RNA was extracted using the Extract-all reagent (Eurobio, Courtabeuf, France) according to the manufacturer’s
protocol. RNA was reverse-transcribed using the High Capacity Reverse Transcription Kit (Applied Biosystem, Life
Technologies, Carlsbad, CA, USA) according to the manufacturer’s protocol. Quantitative real-time PCR (qPCR)
were then performed using Brillant II Fast SybR Green
Master Mix (Agilent Technologies, Santa Clara, CA, USA)
and a Stratagen Mx3005P QPCR System (Agilent Technologies). Gene expression levels were normalized using the
Rplp0 housekeeping gene expression level as an internal
control. All primers used for RT-qPCR are listed in Supplementary Table S2.

CTCF and PPARG chromatin binding sites were identified using model-based analysis of ChIP-seq (MACS) (47).
Input DNA was used as control and parameters recommended for analysis of TF ChIP-seq data were applied (48),
except that a more stringent cut-off P-value (10−9 ) was used.
Peaks overlapping with regions that systematically give rise
to the highest tag counts in 3T3-L1 ChIP-seq datasets (issued from 98 different datasets) were considered as potential false positives (49) and were therefore discarded. Genomic annotation of CTS was performed using CEAS from
the cistrome analysis platform (50).
Peaks with at least one overlapping base pair were considered as overlapping and were identified using the cistrome
analysis platform (50). Analyses were performed similarly
to compare CTS with DNaseI hypersensitivity (DHS) or
gene regulatory domains (ranging 25 kb on both sides of
the TSS). Distances between CTS and their nearest PPARG
binding region were defined using peak centers.

Hydroxymethylated DNA immunoprecicpitation (hMeDIP)
hMeDIP assays were performed as described in (34). Immunoprecipitated DNA was normalized to background
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Western blotting

DNA recovery using average recovery from six different
negative control regions. All real-time PCR primers used are
listed in Supplementary Table S2. Library preparation and
sequencing was performed using Illumina HiSeq 2000 at the
CNRS U8199 genomics platform using standard protocols
from the manufacturer (Illumina). The hMeDIP-seq data
obtained using mouse primay adipocytes of the epididymal
white adipose tissue were deposited to the Gene Expression
Omnibus database under accession number GSE57582.

10946 Nucleic Acids Research, 2014, Vol. 42, No. 17

Random regions were obtained using the shuffle function
of the BEDTools and all identified CTS from 3T3-L1 cells
as input. The -chrom option was selected to keep a similar
chromosomal distribution in the randomly selected regions
(Quinlan and Hall 2010).
Characterization of CTS using signals from functional genomics data
Average ChIP-seq signal intensity and phylogenic conservation plots were generated as described in (34) using regions spanning 1 or 2.5 kb in each direction around the
center of CTS. Signals from ChIP-seq, DHS-seq, FAIREseq or hMeDIP-seq from differentiating 3T3-L1 or mouse
cells/tissues were computed using a window spanning the
central 300 bp of CTS. All these analyses were performed
using the normalized wig files.

As a pre-requisite, data were analyzed using NGS QC Generator (51) to ensure they were of comparable quality. For
cluster-based analyses, the size of CTS was standardized
by using a central 300 bp window, which was then used to
monitor CTCF ChIP-seq signal intensities in differentiating
3T3-L1 cells at days −2, 0, 2 and 7. Quantitative differences
were obtained by normalizing to ChIP-seq signal at day −2
using Manorm and conCTS as common binding sites (52).
Finally, k-means clustering was performed using MAnormderived quantitative differences in ChIP-seq signal intensities and the function ‘Kmeans’ (53) of ‘amap’ package in
R. The number of clusters was varied and the final k was
selected as the minimum number of clusters revealing the
full diversity of CTCF dynamic binding.
Transcription factor recognition motif enrichment analyses
The search for TF binding motifs was performed using
the SeqPos tool of the cistrome analysis platform (50) and
CENDIST (54). De novo motif discovery was performed
using SEME (sampling with expectation maximization for
motif elicitation) (55) and logos were generated using enoLOGOS (56).
Transcriptomic data analyses and gene association with transcription factor binding sites
Raw transcriptomic data from 3T3-L1 and human adipose
stromal cells (12) were downloaded from GEO and analyzed using the GeneSpring GX software using Robust
Multichip Average (RMA) normalization (Agilent). Genes
significantly induced at day 7 compared to day −2 were
identified (P < 0.05, fold change > 2) and were then discriminated based on the presence of CTS and/or PPARG
binding sites within 25 kb of their TSS.
Gene ontology (GO) analyses
Genes whose TSS was localized within 25 kb of a CTS were
identified using the ‘Peak2gene’ tool of the cistrome analysis platform (50). The Database for Annotation, Visualization and Integrated Discovery (DAVID) was then used

Statistical analyses
Statistical analyses were performed using Prism software
(GraphPad, San Diego, CA, USA) and R. Statistical significance was determined using Chi-squared with a Holm’s correction, Kolmogorov–Smirnov with a Holm’s correction,
Kruskal–Wallis with Dunn’s correction, Mann–Whitney or
Student’s t-tests for unpaired data when it was appropriate
and as indicated in figure legends. Results were indicated as
follows: *P < 0.05; **P < 0.01; ***P < 0.001.
RESULTS
Dynamic CTCF chromatin binding landscape during adipogenesis
Adipocyte differentiation of 3T3-L1 cells is a multi-step
process during which cell proliferation arrests, intercellular
contacts and changes in cell shape occurring upon confluency initiate adipogenesis (Figure 1A, Day −2). Two days
after confluency, a differentiation cocktail is added (Figure
1A, Day 0) and cells undergo mitotic clonal expansion together with induction of the transcriptional regulatory cascade required for differentiation. The differentiation process involves intermediate transcriptional and epigenomic
transition states (Figure 1A, Day 2) and culminates with
the activation of genes characterizing mature adipocytes,
including those involved in lipid metabolism (Figure 1A,
Day 7) (3,11,35,59). We used ChIP-seq data obtained at
different stages of the 3T3-L1 differentiation process (days
−2, 0, 2 and 7) (12) to monitor CTCF cistrome plasticity
during adipogenesis. We identified more than 30 000 CTS
at each one of the analyzed differentiation stages (Figure
1A). Strikingly, when all identified CTS were compared, we
found that half of them were not conserved over the course
of adipogenesis. Indeed, while 29 850 CTS were identified
as constitutively bound at all four stages (hereafter called
conCTS), 30 240 binding sites were defined as dynamic since
they were not identified at least at one out of the four differentiation stages (hereafter called dynCTS). Differential
CTCF binding was not linked to differences in the quality
of the raw data (see ‘Materials and Methods’ section), and
there was no dramatic difference in the genomic distribution of conCTCF and dynCTS relative to annotated RefSeq
genes (Supplementary Figure S1). Moreover, enrichment
for the CTCF recognition motif was similar in conCTS and
dynCTS (Figure 1B), indicating that the latter are also genuine CTS.
However, de novo motif analyses revealed that the CTCF
motif enriched in dynCTS was slightly divergent from
the known consensus motif (Figure 1C). This was associated with lower CTCF ChIP-seq signal intensities (Fig-
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Cluster-based identification of different classes of dynCTS

to identify biological processes over-represented [biological process-level 5 (BP5) with P-value < 0.01] in the created gene lists (57). GO terms comprising gene lists that
were more than 90% identical were merged into a single
class. GO terms related to similar biological processes were
identified and the classes of CTS were clustered according to their percentage of shared GO terms. This was performed through agglomerative hierarchical clustering using
the function ‘hclust’ (58) of the ‘stats’ package in R.
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Figure 1. A significant fraction of the CTCF cistrome is dynamic during 3T3-L1 cell adipogenic differentiation. (A) Schematic showing the four time
points (day −2, 0, 2 and 7) of the 3T3-L1 differentiation process that were analyzed in this study. The number of CTS identified using model-based analysis
of ChIP-seq (MACS) (47) at each time point is indicated on the right. (B) ConCTS and dynCTS were scanned for the known CTCF recognition motif
(Jaspar MA0139) using the SeqPos tool of the cistrome analysis platform (50). The number of hits obtained together with the enrichment P-values is
indicated. (C) Top de novo motif enriched in conCTS and dynCTS. (D) Average CTCF ChIP-seq signal from days −2, 0, 2 or 7 at conCTS and dynCTS as
well as randomly selected regions. For each time point, dynCTS (numbers indicated in blue) are sites that were not identified in all three other time points.
All CTS were centered (arrowhead) and a region spanning 1 kilobase (kb) on each side was analyzed. (E) Average vertebrate PhasCons conservation score
for conCTS and dynCTS. All CTS were centered (arrowhead) and a region spanning 1 kb on each side was analyzed. (F) Percent of 3T3-L1 conCTS and
dynCTS that were identified at least once as a CTS within the CTCFBSDB 2.0 database (46). (G) 3T3-L1 conCTS and dynCTS were compared to the
CTCFBSDB 2.0 database (46) to monitor the number of different tissues/cells in which each single binding site was also detected. The bar graph shows
the percent of 3T3-L1 conCTS and dynCTS that were specific to adipocytes (0 sites shared with other tissues/cells) or found in an increasing number of
mouse tissues/cells (from 1 to 14).
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Dynamic CTCF binding patterns are linked to transcriptional
regulation of genes expressed at different stages of the adipogenic differentiation process
In order to functionally characterize the dynCTS, we first
characterized more precisely the CTCF binding patterns.
k-means clustering identified eight clusters of dynCTS exhibiting distinct CTCF binding dynamics during adipogenesis (clusters A–H, Figure 2A). Cluster A comprised sites
bound by CTCF at day −2 and gradually lost during adipogenesis. Clusters B–F contained sites with varying patterns,
where CTCF binding exhibits non-linear changes during
the differentiation process. Finally, clusters G and H comprised CTS gradually gained during adipogenesis (Figure
2A).
Since adipogenesis is linked to drastic changes in the transcriptome of 3T3-L1 cells, we considered the possibility that
dynCTS locate to transcriptional regulatory regions. Hence,
we compared dynCTS with active transcriptional regulatory regions identified at days −2, 0, 2 and 7 by enrichment of both H3K4me1 or 3 and H3K27ac (12). Interestingly, a fraction of dynCTS from each cluster was found
at active transcriptional regulatory regions (10–30%) (Figure 2B). Moreover, the number of dynCTS that were active at a given stage of adipocyte differentiation positively
correlated with CTCF recruitment intensity suggesting that
CTCF binding is linked to activation of transcriptional regulatory regions (Figure 2B). In light of these data, we interrogated whether CTCF chromatin binding dynamics relates
to transcriptomic changes occurring during 3T3-L1 adipogenesis. We analyzed the mRNA expression levels of genes
localized near the dynCTS from the different clusters, i.e.
genes with CTS within 25 kb of their TSS. This conservative window allows identification of transcriptional regulator binding distribution bias toward regulated genes and
captures a high proportion of CTS and enhancers interacting with gene TSS (62–64). Strikingly, gene expression
and CTCF chromatin binding patterns were positively correlated during the course of adipogenesis (Figure 2C). For
example, expression of genes associated with cluster A de-

creased during adipogenesis while that of genes associated
with clusters G-H drastically increased (Figure 2C).
To determine whether these coordinated changes in
CTCF binding and associated gene expression are relevant
to adipocyte differentiation, we assessed the biological functions of genes linked to the different dynCTS clusters. We
performed gene ontology (GO) analyses and organized using hierarchical clustering the dynCTS clusters according to
their pair-wise homology in enriched GO terms (see ‘Materials and Methods’ section) (Figure 3). Indeed, we identified several biological processes associated with multiple
clusters of dynCTS, including RNA and protein synthesis,
transport and modification as well as glucose metabolism
(shared GO terms in Figure 3). More interestingly, these
analyses revealed biological processes specifically linked
to unique dynCTS clusters. For instance, genes linked to
dynCTS from cluster A, whose expression decreases during
differentiation, specifically relate to cytoskeleton remodeling, an early event required for adipogenesis (3,65). Intermediate B–F CTCF binding clusters were also specifically
associated with functional GO terms relevant to adipogenesis, including those related to redox homeostasis and the
Wnt signaling pathway (3,4). Finally, biological functions
of genes associated with clusters G and H, whose expression culminates in mature 3T3-L1 adipocytes, specifically
identified GO terms attributed to fatty acid metabolism and
mitochondrial activities.
Altogether, these data indicate that dynCTS exhibit different dynamic patterns of chromatin binding during adipogenesis that are positively linked to transcriptional regulatory region activities and expression of genes biologically
relevant to specific stages of the differentiation process.

CTS gained during adipogenesis are linked to PPARGmediated gene transcriptional activation
Since PPARG is a central regulator of adipogenesis, we
wondered whether dynCTS are linked to PPARG-mediated
transcriptional regulation. We first monitored the distribution of dynCTS from the previously defined clusters relative
to genes induced during 3T3-L1 adipogenesis. A distinction was made between genes with nearby PPARG binding,
which are potential direct targets (DynCTS+, PPARG+),
and induced genes lacking PPARG binding within 25 kb
from their TSS (DynCTS+, PPARG−). All other genes
were used as a reference in these analyses. Remarkably, potential direct PPARG target genes showed a significant and
specific enrichment for dynCTS from clusters D–H (Figure 4A). The biased localization of these dynCTS toward
PPARG-bound genes was partially explained by direct cobinding with PPARG, which occurred at 598 sites (∼10%
of PPARG binding sites). In addition, dynCTS lacking
PPARG co-binding showed a shifted distribution toward
short distances (<50 kb) relative to PPARG binding sites
(Figure 4B). Consequently, 80% of induced genes bound by
PPARG also harbor at least one dynCTS within 25 kb from
their TSS. Among all clusters, dynCTS from clusters G and
H, corresponding to gained CTCF binding during adipogenesis, showed the strongest association with PPARG signaling (Figure 4A-B).
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ure 1D) and weaker evolutionary conservation (Figure 1E)
at dynCTS compared to conCTS. Since these properties
have been associated with cell-specific chromatin binding
of TFs (60,61), we compared 3T3-L1 conCTS and dynCTS
to CTCF cistromes from multiple mouse tissues or celltypes (see ‘Materials and Methods’) obtained from the
CTCFBSDB 2.0 database (46). While ∼80% of dynCTS
and almost all conCTS had already been identified at least
once as recruiting CTCF in these datasets (Figure 1F), we
found a pronounced difference in the number of different
tissues/cells in which conCTS or dynCTS had also been
identified (Figure 1G). Indeed, the median number of different tissues/cells where 3T3-L1 conCTS had also been found
was 10 compared to 2 for dynCTS, which included ∼20% of
sites not identified elsewhere (Figure 1G).
Hence, the CTCF cistrome exhibits pronounced plasticity during adipogenesis at newly identified adipocytespecific binding sites, which are distinct from ubiquitous
CTS that remain constitutively bound during cell differentiation.
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Figure 2. Identification of clusters of dynCTS exhibiting different binding dynamics during adipogenesis positively associated with gene transcriptional
expression variations. (A) CTCF chromatin binding intensities are shown for all CTS from the eight different clusters (clusters A–H) identified using kmeans clustering from dynCTS using CTCF ChIP-seq signals at days −2, 0, 2 and 7 of the 3T3-L1 differentiation process. The number of CTS within
each cluster is provided as well as the average binding profile (red curve). (B)% dynCTS from clusters A–H that overlap transcriptional regulatory regions
active at days −2, 0, 2 and 7 of the 3T3-L1 differentiation process. Active regulatory regions were defined as those significantly enriched for H3K4me1 or
H3K4me3 and H3K27ac identified in (12). (C) Average RMA-normalized mRNA expression levels of genes associated with CTS (genes with at least one
CTS within 25 kb of their TSS) from the eight different clusters identified in (A) at days −2, 0, 2 and 7 of the 3T3-L1 differentiation process. Microarray
expression data from (12) were processed as indicated in ‘Materials and Methods’ section. Results are means ± S.E.M.
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Figure 3. Comparison of the biological functions identified within genes associated with the eight clusters of dynamic CTCF chromatin binding. Biological
functions enriched within the gene lists associated with the eight clusters of CTS identified in Figure 2A were defined using GO term enrichment analyses
in DAVID (57) as described in ‘Materials and Methods’ section. Recovered GO terms were compared and CTS clusters were organized using hierarchical
clustering. GO terms shared by at least two CTS clusters are shown at the bottom while GO terms specific to a single CTS cluster are indicated on the
right.

CTCF is required for PPARG-mediated gene transcriptional
induction and adipogenesis
In order to establish its importance for PPARG signaling
during adipogenesis, Ctcf expression was silenced in 3T3L1 pre-adipocytes (day 0) using siRNAs (Figure 5A). As
a consequence, levels of the CTCF protein, which appears
as 2 bands in western blot assays (66,67), were reduced in
cells transfected with si-CTCF (Figure 5B). CTCF silencing
led to a reduced adipogenic differentiation induced by the
classical MDI cocktail (see ‘Materials and Methods’ section) as judged by lower lipid accumulation monitored using ORO staining (Figure 5C). To directly evaluate the effect
of CTCF silencing on PPARG-mediated adipogenesis, 3T3-

L1 cells were also induced to differentiate using rosiglitazone, a potent PPARG agonist. In these experiments, CTCF
silencing also led to a significant inhibition of lipid accumulation (Figure 5D). These effects were independent of any
significant impact on the mitotic clonal expansion phase
and on cell viability (Supplementary Figure S2).
We next sought to define if these effects were linked to
impaired PPARG signaling. Therefore, we investigated the
effect of CTCF silencing on expression of Pparg, which is
induced partly through direct auto-activation during adipogenesis (10,68–70), and of its target genes Adipoq, Lgals12,
Pnpla8, Fabp4 and Mgll (Supplementary Figure S3). All
these genes harbor dynCTS within 25 kb of their TSS,
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only a fraction of which were directly co-bound by PPARG
(Figure 6A–F and Supplementary Figure S4A-B), in line
with data from Figure 4. We found that CTCF silencing
significantly blunted the rosiglitazone-induced transcriptional increase in expression of Pparg (Figure 6G) and
its target genes Adipoq, Lgals12, Pnpla8 (Figure 6H-J) as
well as Fabp4 and Mgll (Supplementary Figure S4C-D).
Conversely, the expression of Rsp28 and Rxra, which lack
dynCTS and PPARG binding (Figure 6E-F) was not affected by rosiglitazone and CTCF silencing (Figure 6KL) ruling out a global transcriptional deregulation upon
CTCF silencing, in line with (21,71).
Altogether, our data thus point to a critical role for CTCF
in transcriptional activation of adipogenesis through a com-

bined role in transcriptional induction of both PPARG and
its target genes.
CTCF associates with functionally active TET enzymes and
promotes enhancer DNA hydroxymethylation
In order to better characterize the functional significance
of dynCTS relative to PPARG signaling, we further characterized these sites using genome-wide functional genomics
data from 3T3-L1 cells (Supplementary Table S1). We focused our analyses on CTS from clusters G and H, together referred as gainCTS hereafter, since they showed
the strongest association with PPARG signaling (Figure 4).
First, the chromatin structure of gainCTS was assessed by
monitoring H3K4me1/2/3 and H3K27ac levels in differ-
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Figure 4. CTS gained during adipogenesis are linked to PPARG signalling. (A) The indicated categories of RefSeq genes were analyzed for the presence
of CTS from the eight different clusters identified in Figure 2A within 25 kb of their TSS. The fraction of recovered genes is shown for each CTS cluster
relative to that obtained with ‘Other genes’, which was arbitrarily set to 1. Statistical significance was assessed using Chi-squared with a Holm’s correction
tests. *P < 0.05; ***P < 0.001. (B) The distance to the nearest PPARG recruitment site was measured for each CTS from the eight clusters identified in
Figure 2A. Results are reported as density plots. Clusters in the legend on the right are ordered according to their bias toward co-binding with PPARG.
Kolmogorov–Smirnov tests with a Holm’s correction indicated that the distribution of distances between CTS from clusters D–H and their nearest PPARG
recruitment site was significantly different from that obtained with anyone of clusters A–C. **P < 0.05.
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entiating 3T3-L1 cells. In line with Figure 2B, we found
that levels of these histone marks increased at gainCTS during adipocyte differentiation (Figure 7A–D). This was correlated with increased chromatin opening, as defined by
DHS or enrichment by formaldehyde-assisted isolation of
regulatory elements (FAIRE) (Supplementary Figure S5).
Moreover, these sites were bound in adipocytes not only by
PPARG but also by its dimerization partner RXR and by
CEBP alpha (CEBPA). Moreover, while the transcriptional
coactivators CBP and MED1 were also specifically present,

the transcriptional corepressor NCOR2 was barely detected
at these sites (Figure 7E). As a control, similar analyses
were performed using dynCTS from cluster A, which are
lost upon differentiation (Figure 2). Accordingly, these sites
show reduced H3K4me1/2/3 and H3K27ac levels upon
3T3-L1 differentiation together with a lack or low binding
of transcriptional activators in adipocytes (Supplementary
Figure S6).
Most gainCTS (∼90%) are distal from gene promoters (>2.5 kb from gene TSS) and showed the preferen-
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Figure 5. CTCF is required for PPARG-mediated stimulation of adipogenesis. (A) 3T3-L1 pre-adipocytes (day 0) were transfected using siRNAs directed
against CTCF (si-CTCF) or a control set of non-targeting siRNAs (si-Control). RT-qPCR were performed after 3 days to monitor Ctcf mRNA expression
levels. Results are means ± S.D. Statistical significance was assessed using a Student’s t-test for unpaired data. **P < 0.01. (B) Cellular extracts from cells
transfected as in (A) were used for western blot assays using an antibody directed against CTCF. CTCF showed as two bands including an aberrantly
migrating form above 130 kDa, as previously described (66,67). (C) ORO stainings were performed on 3T3-L1 cells, which had been transfected as in (A)
and concomitantly induced to differentiate for 8 days using the regular MDI protocol. Representative images are shown (top). Staining quantifications are
from triplicates of a representative experiment (bottom). Results are means ± S.D. Statistical significance was assessed using a Student’s t-test for unpaired
data. *P < 0.05. (D) ORO stainings were performed on 3T3-L1 cells, which had been transfected as in (A) and concomitantly induced to differentiate for 8
days in the absence (−Rosi) or the presence (+Rosi) of the PPARG agonist rosiglitazone. Representative images are shown (top). Staining quantifications
are from triplicates of a representative experiment (bottom). Results are means ± S.D. Statistical significance was assessed using a Student’s t-test for
unpaired data. * P < 0.05.
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Figure 6. CTCF is required for PPARG-mediated gene transcriptional activations involved in adipogenesis. (A–F) The Integrated Genome Browser (IGB)
was used to visualize PPARG and CTCF ChIP-seq signals obtained from 3T3-L1 at the indicated stages of the differentiation process. Normalized wig files
were used and the scale was kept identical for the different tracks related to CTCF. Shown are regions spanning 25 kb on each side of the TSS of Adipoq (B),
Lgals12 (C), Pnpla8 (D), Rps28 (E) and Rxra (F), which are indicated by arrows. For Pparg, a region extending 25 kb upstream and downstream of the two
alternative promoters, respectively, is shown (A). DynCTS are indicated on top of the tracks using a letter that refers to clusters identified in Figure 2. * was
used to indicate conCTS. (G–L) 3T3-L1 cells were transfected using siRNAs directed against CTCF (si-CTCF) or a control set of non-targeting siRNAs
(si-Control) and concomitantly induced to differentiate in the absence (−Rosi) or the presence (+Rosi) of the PPARG agonist rosiglitazone. RT-qPCR
assays were performed after 3 days and results expressed for each analyzed gene as relative mRNA expression levels compared to those obtained with cells
transfected with si-Control and not exposed to rosiglitazone, arbitrarily set to 1. Results are means ± S.D from a representative experiment performed in
triplicates. Statistical significance was assessed using Student’s t-tests for unpaired data. *P < 0.05; **P < 0.01.
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Figure 7. GainCTS behave as transcriptional regulatory regions activated during differentiation. (A–D) Average H3K4me1 (A), H3K4me2 (B), H3K4me3
(C) and H3K27ac (D) ChIP-seq signal levels at days −2, 0, 2 and 7 of the 3T3-L1 differentiation process at gainCTS. All gainCTS were centered (arrowhead)
and a region spanning 2.5 kb on each side was analyzed. (E) Similar analyses as in A–D were performed using ChIP-seq for the indicated TFs or cofactors
obtained in differentiated 3T3-L1 adipocytes (day ≥ 6).

tial enrichment for H3K4me1 over H3K4me3 that characterizes enhancers (72) (Supplementary Figure S7A–G).
We have previously shown that enhancer activation during adipogenesis involves DNA hydroxymethylation (15).
In line, we found that gainCTS occurring at enhancers activated during adipogenesis showed increased 5hmC levels in differentiated 3T3-L1 cells (Figure 8A). Recently,
PPARG was found to potentiate TET recruitment and
DNA hydroxymethylation (14). However, increased 5hmC
levels were not limited to gainCTS enhancers co-bound by
PPARG, but were also observed at gainCTS enhancers lacking PPARG [30 and 70% of gainCTS enhancers, respectively (Supplementary Figure S8)] (Figure 8B). Moreover,
by monitoring 5hmC levels in primary adipocytes from
mouse epididymal white adipose tissue and by comparing with public hMeDIP-seq data from additional mouse

cells/tissues, we found that gainCTS both with and without PPARG co-binding showed stronger 5hmC levels in
adipocytes compared to other cell-types (Figure 8C). Finally, CTCF silencing in 3T3-L1 cells led to decreased
5hmC levels at gainCTS, irrespective of the presence of
PPARG, as evidenced using real-time PCR quantification of
hydroxymethylated DNA immunoprecipitations (hMeDIPqPCR) (Figure 8D). These effects also occurred in the absence of any changes in expression of the Tet genes (Supplementary Figure S9).
Altogether, these results point to a direct role for CTCF
in mediating DNA hydroxymethylation. Hence, we next
considered a potential interaction between CTCF and
TET enzymes. Co-immunoprecipitation assays in 3T3L1 adipocytes showed a weak but detectable interaction between CTCF and TET1 (Figure 8E). A physical
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Figure 8. CTCF is functionally linked to DNA hydroxymethylation of transcriptional enhancers in adipocytes. (A) Average 5hmC levels issued from
hMeDIP-seq data obtained using 3T3-L1 pre-adipocytes (day 0) or adipocytes (day 8) at gainCTS localized at active enhancers (H3K4em1+/H3K27ac+
in 3T3-L1 adipocytes). All gainCTS were centered (arrowhead) and a region spanning 2.5 kb on each side was analyzed. (B) Average 5hmC levels at
gainCTS + PPARG and gainCTS − PPARG issued from hMeDIP-seq data obtained in 3T3-L1 pre-adipocytes (day 0) and adipocytes (day 8). Enhancers
active in mouse cerebellum but not in 3T3-L1 adipocytes (i.e. H3K4me1+/H3K27ac+ only in cerebellum) were used as a control. Results are means ±
S.EM. Statistical significance was assessed using Mann–Whitney tests for unpaired data. ***P < 0.001. (C) Average 5hmC levels at gainCTS + PPARG
and gainCTS − PPARG issued from hMeDIP-seq data obtained in the indicated C57BL/6J mouse primary cells or tissues. Similar analyses were also
performed using enhancers active in mouse cerebellum but not in 3T3-L1 adipocytes (i.e. H3K4me1+/H3K27ac+ only in cerebellum). MEF, mouse
embryonic fibroblasts; HBC, horizontal basal cells; GBC, globose basal cells; mOSN, mature olfactory sensory neurons. Results are means ± S.EM.
Statistical significance was assessed using Kruskal–Wallis with Dunn’s correction using primary adipocytes or cerebellar granule cells as a reference for
GainCTS +/− PPARG binding sites and cerebellum enhancers, respectively. *P < 0.05; **P < 0.01 and ***P < 0.001. (D) hMeDIP-qPCR assays performed
using 3T3-L1 cells transfected for 4 days using siRNAs directed against CTCF (si-CTCF) or a control set of non-targeting siRNAs (si-Control). DNA
recovery is shown for each PPARG + gainCTS or PPARG − gainCTS relative to that obtained in 3T3-L1 cells transfected with si-Control, which was set
to 100. Results are means ± S.D from three experiments. Statistical significance was assessed using Student’s t-tests for unpaired data. *P < 0.05; **P <
0.01. (E) TET1 co-immunoprecipitates CTCF from 3T3-L1 adipocyte nuclear extracts. Co-immunoprecipitation assays were performed using anti-TET1
(TET1), non-immune IgG (IgG) or no antibody (−) and nuclear extracts from 3T3-L1 differentiated into adipocytes for 8 days. The presence of CTCF
in the immunoprecipitates was analyzed using western blotting. Similar results were obtained in three independent experiments. The asterisk indicates a
non-specific band while the open arrowhead indicates immunoglobulins. (F) Control of expression of Flag-CTCF and Myc-TET2 in transfected HEK293T
cells. Empty refers to cells transfected with an empty control plasmid. The asterisk indicates a non-specific band showing equal loading. (G) HEK293T
cells were co-transfected with expression vectors for Flag-CTCF and Myc-TET2 and used for co-immunoprecipitation assays using anti-Flag (Flag) or
non-immune IgG (IgG). (H) HEK293T cells were transfected with an expression vector for flag-CTCF or an empty control plasmid. Eluates issued from
co-immunoprecipitation assays performed with anti-Flag antibody were used for measurement of CTCF-associated DNA hydroxymethylation activity.
Normalized amounts of methylated DNA converted to hydroxymethylated DNA are shown and represent amounts of converted DNA obtained using
eluates from co-immunoprecipitation assays divided by those obtained using 10% inputs. Results are means ± S.D. Statistical significance was assessed
using Student’s t-tests for unpaired data. **P < 0.01.
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DISCUSSION
The CTCF cistrome has often been described as narrowed upon cell differentiation and largely invariant across
cell types (23–28,73). However, recent studies have reported tissue-specific CTCF binding to chromatin (29,30).
Here, using the 3T3-L1 adipogenesis model, we report that
cell differentiation is accompanied by multiple patterns of
CTCF chromatin binding dynamics. Of note, similar observations were made when analyzing the CTCF cistrome
in differentiating human adipose stromal cells (Supplementary Figure S11). Our study therefore reveals the high plasticity of the CTCF cistrome during cell differentiation.
As dynCTS are more tissue-specific when compared to
conCTS, our study suggests that the CTCF cistrome, which
has mostly been defined in mature cells, is most probably
broader than presently thought.
Interestingly, a fraction of dynCTS occur at transcriptional regulatory regions (mainly enhancers) whose activity positively correlates with CTCF chromatin recruitment.
In line, the different patterns of CTCF chromatin binding at dynCTS were positively linked with changes in gene
transcription that relate to different biological processes involved during the different stages of adipogenesis. Therefore, CTCF is functionally connected to highly dynamic
genome-wide enhancer landscapes, which are required not
only for in vitro but also for in vivo differentiation processes
(59,74–75).
Importantly, our study more specifically identifies CTCF
as a novel TF directly required for PPARG signaling and
adipogenesis through transcriptional regulation of both
PPARG itself and its target genes. This involves gained
binding of CTCF to enhancers activated during adipogenesis, of which only a subset is directly co-occupied by
PPARG (Figure 4 and Supplementary Figure S12). This
may relate to gene regulation processes involving collaboration between TFs recruited to different distant enhancers to
promote synergistic gene activation (76–78). Additionally,
gainCTS without PPARG may also be involved in alternate

or secondary gene activation during adipogenesis (Figure
4A and Supplementary Figure S12).
We found that CTCF is required for DNA hydroxymethylation of bound enhancers. In support of a direct role for
CTCF in promoting DNA hydroxymethylation, we found
that (i) the increase in 5hmC levels upon adipogenesis at
gainCTS is not limited to sites co-bound by PPARG and
is sensitive to CTCF silencing and (ii) CTCF physically interacts with TET and associates with TET enzymatic activities in a PPARG-independent manner. Moreover, mining of data issued from ES cells showed cell-specific genomic co-localization of CTCF, TET1 and 5hmC (Supplementary Figure S13). These findings are in line with
a recent study showing higher 5hmC levels at bound versus unbound CTCF recognition motifs (79). These findings could be directly relevant to the previously reported
negative correlation between DNA methylation and CTCF
binding to chromatin (29,79) since 5hmC could represent
a DNA demethylation intermediates (80,81). Our findings
may also be of significance regarding the tumor suppressor activities of CTCF, which involve the control of epigenomic stability (82). With respect to transcriptional regulation, DNA hydroxymethylation is linked to labile nucleosomes that may facilitate TF binding, including CTCF itself
(73). Alternatively, 5hmC could behave as a stable modification directly modulating DNA binding affinity of transcriptional regulators (83–85). While further studies are required
to better define the precise role(s) exerted by DNA hydroxymethylation in transcriptional regulatory events, our findings are of importance since DNA hydroxymethylation is
crucial for adipogenesis (14). Our results do not exclude
that additional mechanisms may also be utilized by CTCF
to promote transcriptional activation and adipogenesis. Indeed, CTCF is known to impact on the local nucleosomal positioning (86) and may promote chromatin looping to connect distal regulatory regions to gene promoters (87). Irrespectively of these mechanistic aspects, the biological importance of enhancers that gain CTCF binding
upon in vitro adipogenesis is further supported by several
lines of evidences from primary cells/tissues: (i) they exhibit stronger 5hmC levels in primary adipocytes compared
to other mouse cells/tissues (Figure 8C), (ii) they preferentially overlap with DHS sites from mouse genital white
adipose tissue (Supplementary Figure S14A) and (iii) most
of these enhancers which are co-bound by PPARG also recruit PPARG in primary adipocytes (Supplementary Figure
S14B).
Our findings do not rule out additional roles for gained
CTS since they also occur at regions devoid of or exhibiting
much weaker features of transcriptionally active regulatory
regions (i.e. TF/cofactor binding and active chromatin features). They also do not exclude a role for conCTS at specific stages of adipogenesis since ubiquitous CTS can exhibit
tissue-specific activities (88,89). Moreover, potentially functionally relevant changes in CTCF binding intensity during
adipocyte differentiation reminiscent of those observed for
dynCTS also occur at conCTS, although significantly less
prominently (Supplementary Figure S15).
In conclusion, our study has identified a functional role
for CTCF dynamic and cell type-specific cistrome toward
chromatin remodeling and gene transcriptional regulation
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contact between CTCF and TET was further suggested
by co-immunoprecipitation experiments performed using
HEK293T cells expressing tagged CTCF and TET2 proteins (Figure 8F and G). To interrogate the functionality
of the biochemical link between CTCF and TET, we expressed Flag-tagged CTCF in HEK293T cells and subjected
anti-Flag immunoprecipitates to ELISA-based TET enzymatic activity assays. Interestingly, the results indicate that
CTCF associates with enzymatically active TET proteins,
since co-immunoprecipitated complexes converted methylated DNA to hydroxymethylated DNA more efficiently
than control eluates obtained using cell extracts lacking
Flag-CTCF (Figure 8H). This was independent of PPARG,
which was barely expressed in HEK293T and not coimmunoprecipitated by Flag-CTCF (Supplementary Figure S10).
Altogether, these data therefore strongly suggest a role
for CTCF in promoting chromatin remodeling through
DNA hydroxymethylation of adipocyte transcriptional enhancers.
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driving adipogenesis. These findings illuminate the role and
functions of this ubiquitous TF in transcriptional regulation of cell differentiation.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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U837, Lille, France) for help with imaging of ORO staining experiments, Stéphane Avner (CNRS U6290, Rennes,
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