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Abstract

The three dimensional folding of mammalian genomes is cell-type specific and difficult to alter
suggesting that it is an important component of gene regulation. However, given the multitude of
chromatin associating factors, the mechanisms driving the co-localization of active chromosomal
domains and the role of this organization in regulating the transcription program in adipocytes are
not clear. Analysis of genome-wide chromosomal associations revealed cell type-specific spatial
clustering of adipogenic genes in 3T3-L1 cells. Time course analysis demonstrated that the
adipogenic "hub", sampled by PPARy and Lpini, undergoes orchestrated reorganization during
adipogenesis. Coupling the dynamics of genome architecture with multiple chromatin datasets
indicated that among all the transcription factors tested, RXR is central to genome reorganization
at the beginning of adipogenesis. Interestingly, at the end of differentiation, the adipogenic hub
was shifted to an H3K27me3 repressive environment in conjunction with attenuation of gene
transcription.
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We propose a stage-specific hierarchy for the activity of transcription factors contributing to the
establishment of an adipogenic genome architecture that brings together the adipogenic genetic
program. In addition, the repositioning of this network in a H3K27me3-rich environment at the
end of differentiation may contribute to the stabilization of gene transcription levels and reduce the
developmental plasticity of these specialized cells.
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Adrb1
Inter-chromosomal associations shared by the adipogenic genesPPARy and Lpini, while distinct
from the compartment of the non-adipogenic gene /fng. At the beginning of adipogenesis the
adipogenic compartment is shaped by spatial clustering of binding sites of the adipogenic
transcription factor RXR. At the end of differentiation, the adipogenic hub is shifted to an
H3K27me3 repressive environment in conjunction with attenuation of gene transcription.
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Introduction

Mammalian genomes are folded in the 3D nuclear space in a non-random manner related to
cell-type and function. The specific genomic spatial organization provides an important
regulatory level of transcriptional activity [1-4]. High-resolution 3C chromatin interaction
maps demonstrated that metazoan genomes are segmented into chromosomal domains of
internal frequently associating loci, termed Topologically Associating Domains (TADs) [5-
7]. TADs were shown to be evolutionarily conserved and give rise to chromosomal
structures resembling a string of beads. In contrast to the mostly constant TAD boundaries,
selective inter-TAD associations give rise to cell-type specific chromosomal compartments,
which are developmentally regulated [3,5,6,8-10]. This cell-type specific high-order
chromosomal organization brings together genes and regulatory chromatin loci, suggesting
that it is a key determinant of cell identity.

Yet, it is not clear how the spatial ensemble of genes, histone marks and transcription factor
binding sites at the associated loci contribute to the establishment of cell-type specific
genome architecture and regulation of gene transcription. Recent studies in functional
differentiation models indicate that chromatin binding of lineage-determining transcription
factors (TFs) leads to spatial clustering of these binding sites, and thereby dictates high-
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order genome organization. For example, spatial association of chromosomal loci
harbouring binding sites for the lineage determining transcription factors STAT4 or STAT6
in multi-potent naive cells, leads to cell-type specific genome architecture of Thl or Th2
lymphocytes, respectively [3].

Similarly, in B cells, genome re-organization during developmental progression from the
multipotent pre-pro-B-cells to the committed pro-B cells is associated with the histone
acetyltransferase p300 and binding of the transcription factors E2A or PU.1 [8]. The
importance of TFs as genome organizers was also demonstrated in pluripotent stem cell
differentiation [11-13]. Interestingly, during stem cell differentiation the spatial position of
genes can alternate from active, TF-enriched, to polycomb-repressed (H3K27me3 enriched)
environments, to suppress pluripotency genes and to promote a specialized gene
transcription program [11]. This further demonstrates a link between genome architecture
and gene regulation. However the dichotomy of active versus repressed compartments,
defined by the chromatin features, is often an oversimplification. Some domains may carry
the H3K27me3 mark together with enhancer or active chromatin marks, both in
undifferentiated and specialized cells [14-18]. Thus the complexity, the reciprocity, and the
role of such compartments in gene regulation are far from understood.

Since differentiation is a dynamic process, it is impossible to identify the factors
contributing to cell-type specific genome organization from only the differentiation end-
point. Thus, to delineate the complex multifactorial process giving rise to this organization,
we followed and integrated the dynamic shaping of genome 3D organization together with
multiple chromatin features at high temporal resolution over the course of 3T3-L1
adipogenic differentiation, one of the most extensively characterized differentiation
processes [19]. Moreover the spatial positioning of adipogenic genes during adipogenesis is
dynamic, and is yet to be characterized at the genome-wide level [20-22]. Adipogenic
differentiation of 3T3-L1 is initiated by a cocktail of inducers which activates a network of
transcription factors in various signaling pathways. The major transcription factors in
adipogenesis, including the key pro-adipogenic factors C/EBPs and PPARy, orchestrate the
dynamic progression of adipocyte differentiation transcriptional network in a sequential and
combinatorial manner [19,23].

Here, we characterized the changes during the differentiation process in the spatial
chromosomal environments of key adipogenic gene loci, PPARy, an essential adipogenic
determining transcription factor, and Lp/nl, encoding a co-activator of PPARy and enzyme
in triglyceride synthesis [24—26]. These genes are highly significant for adipocyte
differentiation and regulation of lipid metabolism. Notably, polymorphisms in PPARy and
LpinI genes are associated with metabolic syndromes and type 2 diabetes (T2D), and
PPAR y activation by insulin-sensitizing drugs can be used in T2D treatment [27,28].

By combining determinations of genome architecture with dynamics of multiple chromatin
datasets we demonstrate that the spatial organization of the adipogenic genes is highly cell-
type specific and changes in a coordinated manner during differentiation. Among the
adipogenic TFs investigated, RXR binding stands out as key in genome reorganization at the
beginning of adipogenesis. While the adipogenic hub was progressively enriched with
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adipogenic TF binding, at the end of differentiation it was shifted to a H3K27me3 repressive
environment in conjunction with attenuation of gene transcription. This repositioning may
suggest an epigenetic mechanism to stabilize the transcription program of the specialized
cell.

Lineage-specific spatial organization of key adipogenic gene loci

Synchronous induction of 3T3-L1 pre-adipocyte differentiation initiates series of genome-
wide events giving rise to a highly homogeneous population (~95%) of terminally
differentiated cells, as assessed by lipid staining (not shown). Although the tightly
orchestrated cascades of transcription factor binding and chromatin modifications along the
chromatin fiber are relatively well characterized, it is not well understood how these events
converge spatially to give rise to the genome architecture of adipocytes. We first used 4C-seq
to determine the changes in chromatin interactions at different time points during 3T3-L1
adipocyte differentiation for two adipocyte specific genes PPARy (Chr6), one of the key
transcription factors in adipogenic differentiation, and LpinZ (Chr12), an enzyme involved in
triglyceride synthesis. Notably, PPARy and LpinI undergo similar transcription dynamics
during adipogenesis [29]. Lipin-1 also functions as a transcriptional coactivator of PPARy
and is required for adipocyte differentiation. For comprehensive capture of the entire
chromosomal interactome, high complexity 4C libraries were sequenced to high depth.
Similarly to previous 4C-seq datasets from our group and from other labs, the majority
(>75%) of reads were derived from the cis chromosome. These reads encompassed
approximately 35% of the total positive Hindlll fragments in the 4C dataset, reflecting the
high probability of intra-chromosomal associations (Table S1) [30-32]. The 4C libraries
captured intra- and inter-chromosomal contacts that were defined based on a score assigned
to every Hindlll site. We retrieved the Hindlll sites with the top 5% score (“positive HindllI
sites™) for each sample, thereby providing equivalent coverage of contact regions throughout
differentiation. Clusters of more than fifteen consecutive positive HindllI sites were defined
as a contact domain (Table S2). The contact domains for all time points were then merged
together to represent the PPARy and Lpin1 interactome throughout differentiation. Overall,
we identified 944 and 1109 contact domains encompassing 288 and 265 Mb for PPARy and
Lpini, respectively. The inter-chromosomal contact domains ranged from 100kb to 2Mb,
similar to the sizes of high resolution topologically associating domains (TADs) [33] (Fig.
1A, B). The capture of low-abundant inter-chromosomal contact domains at the resolution of
TADs, which define chromosomal segments of local high contact frequency, indicates the
high complexity of the 4C libraries. These data reveal a remarkable overlap between the
spatial localization of the two adipogenic gene loci, which are located on different
chromosomes (Fig. 1A, C highlighted in red, ~35% shared inter-chromosomal contacts,
p=1.9x10733 using a hypergeometric test for the probability of observing the overlap by
chance). In contrast, the interactome of a non-adipogenic gene, /fng, was strikingly disjoint
with only ~2% shared inter-chromosomal contacts (Fig. 1A, C highlighted in blue, p~107°
using a hypergeometric test for the probability of observing the separation by chance). In
addition, the interactomes of these three gene loci showed low (3%—-7%, p=0.08-0.53)
overlap in B lymphocytes in which they are not expressed (Fig. 1C, D). Overall, the 3T3-L1-
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specific spatial compartmentalization of adipogenic genes indicates cell type-specific
regulation of genome high-order organization.

Spatial compartmentalization of the adipogenic genetic program

We noted that the PPARy and LpinI loci associate with each other in the nuclear space, and
that their chromosomal contacts contain additional adipogenic genes (Fig. 1A, 1D). For
example, the C/EBP-B (Chr 2), C/EBP-a (Chr 7) and Scd (Chr19) gene loci associate with
both the PPARy and Lpin1 loci, specifically in 3T3-L1 cells (Fig. 1D). Indeed global
analysis indicated that the chromosomal contacts in adipogenesis are highly enriched for
adipogenic genes (GO terms). Notably the proportion of adipogenic GO terms (~30% of all
adipogenic GO terms in PPARy and ~35% in LpinI contact domains) was significantly
higher than the overall enrichment for genes in their spatial compartments (p<0.05 for
PPARy and p<0.001 for LpinI) (Fig. 2A). Remarkably, ~50% of all adipogenic genes were
located in the contact regions of both genes together (Table S3). This enrichment of
adipogenic genes was not found in the interactome of the negative control /fng gene in the
same cells nor in the interactome of PPARy and Lpiniin B lymphocytes (Fig. 2A).

To determine whether the enrichment for adipogenic genes is related to the enrichment for
active genes in the adipogenic hub, we partitioned the genome to non-overlapping 200kb
windows with or without expressed genes. The spatial compartment of the adipogenic genes
PPARy and Lpinl was active relative to the overall genome (Fig 2B). However, the
enrichment of adipogenic genes in the active compartment within the PPARy and Lpinl
interactome was indistinguishable from the rest of the active genome (Fig 2C), indicating
that the adipogenic hub is enriched for active genes including, but not limited to, those with
adipogenic functions. Thus the spatial clustering of the adipogenic genetic program
represents the cell-type specific genome architecture of adipocytes.

To further define the features of the adipogenic nuclear architecture, we correlated our 4C-
seq data with genome-wide profiles of chromatin accessibility as determined by DNase-seq,
as well as transcription factor binding and histone modifications as determined by chromatin
immunoprecipitation (ChiP)-seq in 3T3-L1 cells [14,29,34-37]. In agreement with previous
studies from our group as well as those of others [3,10,38,39] high correlation was found
between 4C-seq and regulatory elements, as determined by DNase | hypersensitivity (Fig.
2D). Similarly, a high correlation was found between regions identified by 4C-seq and
transcription factors determining adipogenic cell fate such as PPAR-y, as well as for histone
marks of active enhancers such as H3K27ac, H3K4mel, H3K4me2, P300 and MED1 (Fig.
2D, E). A lower correlation was found for features of active genes such as H3K4me3,
H3K36me3, and RNA polymerase Il occupancy, and this correlation was not related to the
transcriptional level of PPARy and LpinI (Fig. 2F). No correlation was found between
PFPARy and Lpin1 interacting regions and the inactive chromatin marks H3K27me3 and
H3K9me3 (Fig. 2D). Similarly to the combined 4C datasets, PPARy and Lpinl interacting
regions were predominantly correlated with TF binding and enhancer chromatin at each of
the time points along adipogenesis (Fig. 3). The correlation between the adipogenic
interactome and overall transcription level, which is lower than the correlation with
transcription factor binding, is not surprising and supports the proposed role of TF binding
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in genome high-order organization by spatial clustering of their binding loci [3,8,11-
13,38,40]. In order to depict the hierarchy and combinatorial interplay among factors in
establishing genome architecture states we next characterized the dynamics of genome
reorganization during adipogenesis.

Orchestrated dynamics of genome architecture along adipogenesis

3T3-L1 adipogenesis progresses through the activity of two separate waves of adipogenic TF
networks [19]. The adipogenic cocktail induces TFs that act in the first wave (e.g. RXR, C/
EBP-B) which activate TFs of the second wave (e.g. PPARy, C/EBP-a). The second wave of
TFs drives final adipocyte differentiation by activating the adipogenic gene program [19].
Importantly, the first wave (day 1) is associated with substantial activation of a large number
of regulatory sites, which become accessible for cooperative binding of TFs (3.5 fold
induction in DHS sites) [36]. Thus, in addition to pre-adipocytes (day 0) and mature
adipocytes (day 6 after induction) our measurements of nuclear architecture at days 1 and 2
represent key intermediate stages of differentiation [36].

Interestingly, the comparison between 4C datasets from different days revealed that more
than half of the inter-chromosomal contact regions of PPARy and Lpinlin mature
adipocytes are shared with the contacts detected at the previous intermediate time points.

To characterize the dynamics of genome spatial reorganization, we clustered contacts
exhibiting similar dynamic patterns using K-means cluster analysis (see Methods). To avoid
bias from the inherent variation in contact frequency between inter- and intra-chromosomal
associations, we included only inter-chromosomal associations in the analysis. PPARy and
Lpin1 interactomes (inter-chromosomal contact regions) exhibited five distinct clusters of
contacts with similar temporal behavior (Fig. 4A, C, D, E). Clusters 1-4 displayed transient
contacts elevated on one of the days. Cluster 5, on the other hand, contained contacts that
remained stable throughout the differentiation process. Strikingly, although the PPARy and
LpinI genes reside on different chromosomes, the proportion of contacts in each cluster of
dynamic contacts was similar (Fig. 4B). In contrast, the trends were markedly different for
the negative control, /fng locus, which was measured from the same 4C libraries used for
PPARy and Lpini (Fig. 4F, G). In fact, the /fng interactome remained stable overall during
adipogenesis, and accordingly, the algorithm could not produce a good estimation for the
number of clusters (Fig. 4C). These findings suggest that the dynamics of adipogenic genes
during adipogenesis reflects a remarkable coordinated and regulated formation of an
adipogenic hub(s). In line with the adipogenic predisposition of 3T3-L1 cells, the proportion
of adipogenic genes was highest in the stable contacts (cluster 5, Table S4, Fig. 4H).

However the dynamics of transcriptional activity were not mirrored in the dynamics of
chromosomal reorganization. Although some of the adipogenic genes which were stably
associated with both PPARy and Lpin1 throughout adipogenesis (cluster5) were stably
expressed (for example Socs7and Axinl), others robustly increased at dayl and then
gradually decreased (for example Lrp5and Zfp3854), while Scdl transcription continuously
increased until day 4 and was then attenuated (Fig. 41). The dynamics of Erol/transcription
were similar to ScdZ; however Erol/joins the spatial compartment of PRPARy and Lpinl
only at the last stage of adipogenesis (Fig. 4, cluster 4). These results are expected given that
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the correlation between chromosomal associations and transcription was not high in
adipocytes (Fig. 2, Fig. 3) nor in other cell types [3,38,40]. These results reflect the complex
relationship between gene regulation and genome architecture, as evident for other
regulatory layers of gene transcription. For example, transcription factor binding may
promote, inhibit, or potentiate gene transcription [41,42]. Thus, to define the molecular basis
of genome architecture during adipogenesis, we searched for coordinated dynamics between
genome reorganization and other chromatin processes (e.g. histone modifications and TF
binding).

Hierarchy of transcription factors and epigenetic states in the establishment of the
adipogenic genome in 3D

Differentiation is a complex process regulated by multiple transcription factors, chromatin
modifiers and readers working in various sequential and combinatorial manners. The
temporal dynamics of chromosomal contacts showed overall transient profiles characterized
by increases and decreases at single time points. Thus, for understanding how the
multifactorial processes at the local chromatin level are linked to changes in chromosomal
associations, we decided to separately focus on each transition during adipocyte
development. By assessing the relative enrichment of "genomic regulatory events” (i.e. TF
binding, chromatin accessibility, histone modifications) in the dynamic chromosomal
contacts, we expected to infer their contribution to 3D chromosomal reorganization. Since
the chromosomal domains used for the cluster analysis were merged from overlapping
contacts across adipogenesis, they tend to be broader than contact domains detected on
single days. Thus, to improve the resolution of our analysis we focused on contacts which
were detected on a given day relative to the previous one. To determine the relative
enrichment of the ChIP signal from of a single day in dynamically associated chromatin, we
calculated ratios between the ChIP signals per Kb in the day-specific contacts. Calculating
the ratio of the ChIP signal of a particular day (e.g. day 1) in the "gained" (e.g. day 1-
specific) vs "lost" (e.g. day O-specific) contacts in each transition provides internal
normalization of the ChIP data and a uniform scale for comparing different days and factors.
To present enrichment (ratio >1) and depletion (O<ratio<1) on a similar scale, log2 ratios are
shown.

In the first stage of differentiation (day O to day1), dayl-specific contacts were enriched in
chromatin accessible sites (as assessed by DNasel hypersensitivity) relative to day0-specific
contacts in both PPARy and Lpin1 (higher log2 ratio, Fig. 5A, B). Chromatin accessible loci
mainly reflect TF binding sites. Indeed, binding of RXR and C/EBP-B, key TFs of this stage,
is enriched in the dayl-specific contacts. Notably, the relative enrichment of RXR binding is
higher than that of C/EBP-p (Fig. 5A, B). Thus, at the first stage (day 0 to day1l) of
differentiation, the changes in the spatial environment of adipogenic genes are associated
with regulatory sites and binding of transcription factors, particularly binding of RXR.
Unexpectedly, in contrast to the first stage, such enhancement of regulatory sites and binding
of lineage determining TFs was not observed at the contacts acquired at the final stage of
differentiation (day 2 to day 6) (Fig. 5A, B). In fact, we noted relative depletion of
regulatory sites and binding of lineage determining TFs of the first and the second wave at
the mature adipocyte-specific contacts. This indicates lower enrichment of TF binding in
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genomic regions that joined the spatial environments of PPARy and Lpin1 relative to the
regions that dissociated from the hub.

On the other hand, the specific contacts of day 6 were enriched for H3K27me3
transcriptional repressive mark relative to day 2-specific contacts. Interestingly, overall
H3K27me3 levels (ChIP signal) at the day 6- specific associating loci remained stable
relative to previous days (Fig. 5C, D), suggesting that the enrichment in repressive
chromatin at the adipogenic compartment is due to recruitment of chromosomal loci
decorated with H3K27me3 rather than an increase in H3K27 tri methylation at the
interacting loci.

Similarly to PPARy contacts in the first stage of adipogenesis, in the intermediate transition,
day 2 -specific contacts of LpinI are enriched in regulatory sites (DHS) and in RXR and C/
EBP-p binding relative to day 1-specific contacts (Fig. 5 A, B). Interestingly, in the PRARy
locus, day 2-specific contacts were not enriched in regulatory sites or in binding of lineage-
determining TFs relative to the contacts that were lost in this transition (Fig. 5A), similarly
to the pattern observed in the final stage of adipogenesis. Thus, despite the similarity in the
interactomes of PPARy and Lpinl and their dynamics along adipogenesis, there are some
differences in the timeline of the reshaping of the interactome between these two adipogenic
genes along the differentiation process.

Discussion

In this study, we documented the reorganization of the adipogenic gene loci, PPARy and
Lpini, along the progression of 3T3-L1 adipogenesis. Despite being on different
chromosomes, the two genes share many of their genome-wide long-range chromosomal
associations along adipogenesis and create an adipogenic —specific sub nuclear
compartment, or "hub”. This hub is very robust, as chromosomal associations of the two
gene loci comprise 50% of all adipogenic genes from different chromosomes. This exquisite
spatial clustering of the adipogenic genetic program during adipogenesis reflects the
functional aspects of nuclear architecture and suggests that it is a hallmark of the cellular
adipogenic identity. Integration of 4C data with chromatin-immunoprecipitation (ChIP) and
DNasel hypersensitivity (DHS) data on these cells demonstrated a positive correlation with
active regulatory sites, but lower correlation with transcriptional activity. Thus, although
these environments are transcriptionally active, the interplay between gene positioning and
transcription is more complex than simple induction of gene transcription within the
adipogenic hub. We have previously shown that the hormone-activated glucocorticoid
receptor (GR) transcription factor, induces and represses genes which are spatially
associated in cell type-specific active compartments [38]. These results suggest that active
hubs are organized to support regulated processes including maintenance of cell-type
specific transcriptional programs as well as responses to signals.

The significant correlation of the adipogenic interactome with regulatory elements and TF
binding loci is consistent with the role of TFs in organizing the genome by spatial clustering
of their genomic binding loci, as was shown in several differentiation paradigms [3,8,11-
13]. However defining cooperative and hierarchical roles of different fate determining
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transcription factors and other chromatin factors in reconstructing the nuclear space of the
mature cell requires these links to be captured along different steps of differentiation.

The analysis of 3D reorganization of the genome along adipogenesis revealed an overall
shared dynamics of the two adipogenic genes, suggesting common dynamics of the
adipogenic hub. Importantly, approximately half of the contact regions of PRPARy and Lpini
in mature adipocytes were already established in 3T3L1 pre-adipocytes, reflecting the
adipogenic potential (primed state) of the 3T3-L1 pre-adipocyte line. The commitment of
3T3-L1 cells to the adipogenic fate provides a narrow developmental window that allows
fine dissection of the dynamics of 3D genome organization and its associated molecular
events. Since adipogenesis requires the sequential participation of several TFs, analysis at
several intermediate time points allowed us to dissect the factors contributing to the
reshaping of the nuclear architecture along differentiation. C/EBP-p, RXR and PPAR-y are
key adipogenic TFs. C/EBP-P binds to chromatin at the pre-adipocyte stage. Induction of
differentiation leads to extensive chromatin remodeling and RXR recruitment to these sites
at day 1 of adipogenesis. PPAR~y expression is induced at day 2, and the protein is recruited
to these open regulatory sites where it heterodimerizes with RXR and promotes the
adipogenic transcription program [36].

The changes in the spatial environment of adipogenic genes at the first stage (day 0 to day1)
of differentiation are predominantly associated with spatial focusing of RXR binding sites,
suggesting that RXR is the key factor mediating genome organization at first stage. This is
consistent with the activation of RXR on day1, and its binding to a subset of pre-adipogenic
C/EBP-B binding loci [29]. Thus genome reorganization may lead to selective enrichment of
active C/EBP-B binding sites at the spatial environment of adipogenic genes. This interplay
between C/EBP-B and RXR may shed new light on a recent study showing that the spatial
organization of the PPARy locus in the first hours of differentiation requires C/EBP-p [43].
Since prior to induction of adipogenesis in 3T3-L1 cells, C/EBP-B binding marks a subset of
hotspots to which other adipogenic TFs including RXR subsequently bind [36], it is possible
that C/EBP-B binding affects nuclear organization indirectly by establishing sites for RXR
binding.

Notably, although PPARy expression and chromatin binding is initially observed at day 2
and then extends to the entire adipogenic genome by day 6 [29,44], PPARy binding is
negatively associated with changes in 3D genome organization. A possible explanation is
that PPARy binds to regulatory sites that were already primed and occupied by TF, acting
upstream to PPAR-y, which are more dominant in the establishment of the cell-type specific
chromosomal organization. Hence, the relative enrichment for MED1 and DHS in the first
transition suggests that the dominance of RXR binding in this transition is due to coupling of
enhancer activation. Surprisingly, in contrast to the relative reduction in PPARy binding in
mature adipocytes (day 6), the spatial environment of both PPARy and Lpini, is relatively
enriched for the H3K27me3 transcriptional repressive signature. Since the levels (ChIP
signal) of H3K27me3 at the associating loci remain stable, the enrichment in repressive
chromatin at the adipogenic compartment is likely a consequence of spatial joining of loci
decorated with H3K27me3 at this stage of differentiation. This enrichment of repressive
chromatin through long-range chromatin association may be linked to numerous previous
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observations of overall attenuation of the transcription rate at the conclusion of terminal
differentiation in adipogenesis and other differentiation paradigms (Fig. 5E) [45-49]. This
ensuing decrease in gene transcription is subtle, relative to the robust induction of cell type-
specific genes during differentiation.

Our analyses indicate that the transition in H3K27me3 enrichment in the spatial environment
of PPARy precedes that of Lpinl, although the transcriptional dynamics of both genes are
similar. This is not surprising given that such variation in the dynamics of local chromatin
decoration was reported for PPARy and the adipogenic transcription factor C/EBPa,
although the two genes are induced with similar kinetics. The H3K27me3 signal is high at
C/EBPa in pre-adipocytes and decreases dramatically upon gene activation, while this
repressive modification remains low at PPARy throughout 3T3-L1 adipogenesis. On the
other hand, PPARy induction is coupled with an elevated H3K4me3 signal, while this active
mark is high at C/EBPa prior to its activation [50]. Thus although these genes are marked by
high H3K4me3 and low H3K27me3 signals in mature adipocytes, the dynamics of their
loading suggests that it is the combination of these and other features that determine the
transcriptional activity. Analogously, at the intermediate stage (day 1 to day 2), H3K27me3
is increased in the PPARy environment, while TFs and active chromatin marks decrease at
the later (day 2 to day 6) transition. This suggests that the attenuation of transcription
requires both an increase in the repressive signal, and a decrease in active chromatin. In
addition, it is possible that high-order genome organization provides a regulatory function
that is downstream to more direct mechanisms acting in cis. Further studies of terminal and
functional differentiation systems are required to understand the link between genome
reorganization and transcriptional attenuation at the end of differentiation, which may serve
to stabilize the proper transcription program.

On the basis of our findings, we propose the existence of an adipogenic hub, rich in
adipogenic genes, and specific to cells undergoing adipogenesis, indicating that the 3D
genome organization supports the regulatory networks that establish and maintain cell
identity. This hub is found to some extent in pre-adipocytes, changes along adipogenesis,
and is strongly related to regulatory elements and lineage-determining TFs. The high-
temporal resolution analysis suggests that RXR is a major player in the establishment of
adipogenic specific 3D genome organization at the early stages of differentiation, whereas
the spatial adipogenic organization is more related to the repressive environment at later
stages of adipogenesis. These data support an essential role for transcription factors in
shaping the nuclear environment that supports cell identity along with their role in gene
transcription regulation.

Materials and Methods

3T3-L1 cell culture

3T3-L1 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen)
containing 4500 mg/liter glucose supplemented with 10% calf serum (Sigma), 100 pg/ml
streptomyecin, 62.5 pg/ml penicillin, 8 pg/ml biotin, and 8 pg/ml pantothenic acid.
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Differentiation of 3T3-L1 fibroblasts to adipocytes was achieved as described previously
(Helledie et al, 2002). Namely, 2-day post-confluent 3T3-L1 cells (designated day 0 cells)
were exposed to DMEM containing 10% FCS (Invitrogen) supplemented with 1 uM
dexamethasone (Sigma), 0.5 mM 3-isobutyl-1-methylxanthine (Aldrich), and 1 ug/ml insulin
(Roche Molecular Biochemicals). At day 2, cells were fed DMEM containing FCS and 1
pg/ml insulin, thereafter cells were maintained in DMEM and FCS.

The 4C assay was performed according to the method previously described (Simonis et al.
2006; Hakim et al. 2011). Cells were fixed with 2% formaldehyde for 10 min, cross-linked
chromatin was digested overnight with excess of Hindlll enzyme (New England Biolabs)
and then DNA ends were ligated under dilute conditions that favor junctions between cross-
linked DNA fragments. The ligation junctions were then circularized by digestion with the
Dpnll four-base restriction enzyme (New England Biolabs) followed by ligation. Baits were
amplified with the following inverse PCR primers: PPARg- m_Pparg_Dpnll_F:
TGTTGAACAAATGAATGAAATAGAATG; m_Pparg_HindllI_R:
GAGATGGCAAGCCTTAAGCTT, Lpinl- m_Lpinl_H4 R:
GTGTTGTGACACAGGCCTTC; m_Lpinl_D4_F: CTGGGTGATAAGTTGGGGTT, Ifng-
m_Ifng_Dpnll_F: CTCTATCTCCAGAGGAGCCC; m_Ifng_Hind_R:
GACTCTCCGGTGAACAAAGOC. In order to multiplex the samples, 5-base barcodes were
added to the primers on the Hindlll cut side: day 0- replica 1 ATCGA/replica 2 GCATG; day
1- replica 1 TAGCA/replica 2 CGTAG,; day 2- replica 1 ATGCG/ replica 2 CGATA,; day 6 —
replica 1 GCTAC/ replica 2 ACGTC. B cells samples were without indexes. Libraries were
sequenced on an lllumina HiSeq 2500 platform.

4C-seq analysis

Reads were sorted into different fastq files for each bait/viewpoint and time point according
to the bait and indexes sequences and aligned to the mouse (mm9) genome using BOWTIE.
Reads were then counted for each Hindl1l site. To avoid possible quantitative PCR or
sequencing bias [51] the data were transformed to represent unique coverage (>1 reads per
Hindl1l site was set to 1). The 10Mb centered at the viewpoint were excluded from the
analysis, as contact frequency at this range is significantly higher than at the rest of the
genome. To identify contact loci, i.e. genomic loci with higher sequence capture frequency
than expected, a p score (= —logyg p-value) was calculated for each Hindlll site using a one
tailed binomial test with 100Kb running window centered at the HindlIl site and the entire
chromosome as background. Since intra- and inter-chromosomal associations are typically
different in intensity and size, the top 10% intra-chromosomal and the top 5% inter-
chromosomal Hindlll sites were considered positive (FDR ~0.04). Contact regions were
determined as clusters of consecutive positive Hindlll sites of 100Kb or greater. To avoid
loci with high p score that may result from low Hindlll content, only clusters containing at
least15 HindlIl sites were considered.

Overlap between 4C contact regions was calculated for the merged 4C contact regions
detected for each bait. A hypergeometric test was used to determine significantly high
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overlap between baits (calculating P[X > x]) or significantly low overlap between baits
(calculating P[X <=Xx])

Enrichment of genes that are related to adipogenesis within contact regions was calculated
for the 134 adipogenic GO terms (from GO database) relatively to all mouse genes (24,783
genes from the RefSeq database). A hypergeometric test was used to determine significance.
Active genes were determined as genes with at least 1 cpm at all time points during
differentiation. RNA-seq from GSE95533 was used for this analysis. The genome was
divided into 200kb windows and the number of windows overlapping at least 50% of the
contact regions was determined. A similar analysis was performed for the overlaps of
windows with active genes with contact regions. A proportional test was used to determine
significant enrichment of the windows.

To identify contacts with similar temporal profiles, we first merged overlapping contact
regions from all the time points. To normalize for the amount of total Hindlll sites and reads
at all time points, quantile-normalization was applied for the ratio of HindllI sites covered
with reads / total HindlI1 sites at a given region at a given time point. K-means cluster
analysis for the merged dataset was performed by the PAM algorithm in R programming
using the squared Euclidean distance. The number of clusters, K, was determined by the
function 'clusGap' in R that calculates a goodness of clustering measure by testing various
values of K. Both functions are implemented in the ‘cluster' package (available at http://
cran.r-project.org/web/packages/cluster/index.html).

DHS-seq and ChlIP-seq

DHS-seq data and ChIP seq data were taken from GSE13511, GSE27826, GSE21898,
GSE73434, GSE95533, GSE27450 and GSE20752 [14,29,34-37,52]. For detecting
regulatory loci and transcription factor binding sites, hotspot algorithm was applied as
described [36,53]. This algorithm identifies regions of local enrichment which are calculated
based on the binomial distribution of a 250bp target window relative to 200kb surrounding
window (local background). The hotspots were filtered by selecting data specific tag density
thresholds based on visual inspection of a large number of low signal peaks.

Genome-wide correlation

To maintain the quantitative aspect of each genomic data set despite their different genomic
scales, a fixed resolution profile of each genomic data was obtained by computing the total
number of reads within contact regions (for 4C), genes (for transcription) or peaks (for ChIP
peaks or DHS hotspots) in a fixed 100 kb window, sliding along the genome at 50-kb
increments. The resulting profiles were used for calculating the Spearman correlation
coefficient over the genome between 4C and each of the other profiles.

Enrichment analysis between consecutive days

The chromosomal contacts that were gained or lost between consecutive 4C measurements
were determined using bedtools multilntersectBed function, which allowed separation of the
genome covered by the domains of two consecutive 4C measurements into overlapping or
non-overlapping intervals. Non-overlapping intervals between 4C datasets from two
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timepoints were defined as day-specific. The signal of each regulatory event (DHS hotspots,
ChIP peaks) within the day-specific contact was calculated as reads per Kb, and the log2
ratios between the signals of regulatory events on consecutive days were determined.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Adipocyte-specific genome architecture
(A) Examples of 4C-seq inter-chromosomal association profiles in 3T3-L1 preadipocytes

showing contact domains shared by PPARy and Lpini (highlighted in red), while distinct
from /fng chromosomal contacts (highlighted in blue). Adrb1 adipogenic gene is highlighted
in red on the x-axis. Y-axis indicates p-score. Local intra-chromosomal contact domains
(TADs) from Hi-C in murine CH12-LX cells are shown on top [33]. (B) Histograms of
domain sizes from high resolution mouse CH12-LX TADs [33], PPARy, Lpini and /fng 4C
domains. (C) Venn diagram showing overlap (in base pairs) of the inter-chromosomal
interactomes in 3T3-L1 and B lymphocytes. The lowest overlap in 3T3-L1 is between /fng
and the adipogenic genes PPARy and Lpinl. (D) Examples of 4C-seq inter-chromosomal
association profiles in 3T3-L1 and B lymphocytes at C/EBP-f, C/EBP-a and ScdZ
adipogenic gene loci (highlighted in red). Y axis indicates p-score. Chromosomal
coordinates in Mb of mouse mm9 genome build are indicated on top.
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Fig. 2. Spatial clustering of adipogenic genes and transcription factor binding sites
(A) PPARy and Lpinl contact regions are enriched for adipogenic genes. The proportion of

genes within 4C contact regions of PPARy and Lpinl (/fng interactome serves as a negative
control) relative to the total genes in the mouse genome (blue bars) and the proportion of
adipogenic genes (from 134 adipogenic GO terms) within 4C contact regions (red bars) in
adipocytes (left) and B cells (right). **p<0.001, *p<0.05, hypergeometric test. (B) The
proportion of 200kb windows with expressed genes within 4C contact regions of /fng,
PFPARYy, Lpin and genome-wide **p<0.001, proportional test. (C) Similar analysis for the
proportion of 200kb windows with expressed adipogenic genes. (D) Spearman correlations
of PPARY, Lpinl and /fng 4C-seq data with genomic features throughout adipogenesis.
Color Key = Spearman values. (E) Example of PRARy and Lpinl chromosomal contact
domains in adipocytes (day 6) (highlighted in red) enriched for PPARy binding (black
track). Y-axis indicates p score. Chromosomal coordinates in Mb of mouse mm9 genome
build are indicated on top. (F) Log?2 ratios of RNAPII occupancy on each day relative to day

0.
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Fig 3. Adipgenic genes spatial environment enriched for transcription binding sites throughout

adipogenesis

(A-D) Spearman correlations between each bait (indicated at the bottom of each lane)
interactome on days 0, 1, 2 and 6, and genomic events. Color Key = Spearman values.
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Fig. 4. Common chromosomal reorganization dynamics at adipogenic gene loci
(A) Cluster analysis of PPARy and Lpini contact regions identified by 4C-seq reveal

distinct temporal profiles of chromosomal associations. Each cluster is presented in a plot
where the X axis indicates the time points in the differentiation. Y axis represents relative
4C signal. Grey lines represent contact domains, light-blue and red lines represent the mean
and the medoid, respectively. (B) Pie chart representing the proportion of contact regions in
each cluster for each bait. (C) The number of clusters (1 to 9) and the statistical ratio (Gapk)
calculated for each 4C dataset showing that for both PPARy and Lpin, the best K is 5
(indicated by a circle). For /fng no such K is obtained. Red bars indicates SE, n=60.
Representative examples of 4C regions in each cluster of PPARy (D) and Lpin1 (E) are
highlighted in screen shots from the UCSC Genome Browser. (F, G) Cluster analysis and
example of contacts for /fng 4C. Y-axis indicates p score. Chromosomal coordinates in Mb
of mouse mm9 genome build are indicated. (H) The proportion of adipogenic genes in each
dynamic cluster from the total of adipogenic genes in the chromosomal interactome of
PPARYy (left) and Lpini (right). () Transcription dynamics (log2 ratios of RNAPII
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occupancy at each day relative to day 0) of adipogenic genes in cluster 5 (left) and cluster 4
(right), of both PPARy and Lpin1.
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Fig. 5. Concordant dynamics of genome high-order reorganization and chromatin structure
The relative enrichment of transcription factors, CTCF, RNA-Polll and histone marks at

each transition point during adipogenesis. Enrichment was calculated as the ratio between
ChiIP-seq signal on the contacts joined relative to the contact domains that disjointed from
PFPARy (A) and Lpin (B) in each transition. The ratios are presented on a log2 scale. (N.A -
ChIP data for a particular day is not available). Normalized H3K27me3 peaks (peaks per kb
per total peaks *1000) through the differentiation at the chromosomal contacts of PPARy
(C) and Lpin1 (D) in mature adipocytes (day 6).
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