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Connected Gene Communities Underlie Transcriptional
Changes in Cornelia de Lange Syndrome

Imène Boudaoud,*,†,1 Éric Fournier,*,†,1 Audrey Baguette,*,† Maxime Vallée,* Fabien C. Lamaze,*,†

Arnaud Droit,*,‡ and Steve Bilodeau*,†,§,2

*Centre de Recherche du Centre Hospitalier Universitaire de Québec-Université Laval, Québec G1V 4G2, Canada, †Centre de
Recherche sur le Cancer, Université Laval, Québec G1R 3S3, Canada, and ‡Département de Médecine Moléculaire and §Département de

Biologie Moléculaire, Biochimie Médicale et Pathologie, Faculté de Médecine, Université Laval, Québec G1V 0A6, Canada

ORCID IDs: 0000-0002-7954-6617 (É.F.); 0000-0001-8011-2341 (A.B.); 0000-0002-9799-3832 (S.B.)

ABSTRACT Cornelia de Lange syndrome (CdLS) is a complex multisystem developmental disorder caused by mutations in cohesin
subunits and regulators. While its precise molecular mechanisms are not well defined, they point toward a global deregulation of the
transcriptional gene expression program. Cohesin is associated with the boundaries of chromosome domains and with enhancer and
promoter regions connecting the three-dimensional genome organization with transcriptional regulation. Here, we show that connected
gene communities, structures emerging from the interactions of noncoding regulatory elements and genes in the three-dimensional
chromosomal space, provide a molecular explanation for the pathoetiology of CdLS associated with mutations in the cohesin-loading
factor NIPBL and the cohesin subunit SMC1A. NIPBL and cohesin are important constituents of connected gene communities that are
centrally positioned at noncoding regulatory elements. Accordingly, genes deregulated in CdLS are positioned within reach of NIPBL- and
cohesin-occupied regions through promoter–promoter interactions. Our findings suggest a dynamic model where NIPBL loads cohesin to
connect genes in communities, offering an explanation for the gene expression deregulation in the CdLS.
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CORNELIA de Lange syndrome (CdLS; Mendelian Inher-
itance inMan (MIM)#122470, 300590, 610759, 614701,

and 300882) is a developmental disorder characterized by a
typical facial dysmorphism in association with growth and
mental retardation,upper limbanomalies, hirsutism,andother
systemic involvement (Liu and Krantz 2008; Mannini et al.
2013; Boyle et al. 2015). CdLS is caused bymutations in genes
coding for regulators or subunits of the cohesin complex
(NIPBL, SMC1A, SMC3, RAD21, and HDAC8) (Krantz et al.
2004; Tonkin et al. 2004; Musio et al. 2006; Deardorff et al.
2007, 2012a,b). SMC1A, SMC3, and RAD21 are core sub-
units of cohesin, while NIPBL loads the complex and HDAC8
deacetylates SMC3 to favor protein recycling (Michaelis

et al. 1997; Ciosk et al. 2000; Deardorff et al. 2012b). NIPBL
is the most frequently mutated gene in CdLS with up to 65%
of patients showing heterozygous mutations, while mutations
in the other four causal genes account for 11% of patients
(Mannini et al. 2013;Watrin et al. 2016). Although the genetic
causes of CdLS are well defined, the molecular mechanisms
remain to be fully understood.

Cohesin is an evolutionarily conserved protein complex
essential for maintaining sister chromatid cohesion and tran-
scriptional regulation (Nasmyth and Haering 2009; Dorsett
and Merkenschlager 2013; Remeseiro et al. 2013; Singh and
Gerton 2015; Hnisz et al. 2016). While showing some geno-
mic instability (Revenkova et al. 2009), CdLS patient-derived
cell lines are not prone to cohesion defects (Castronovo et al.
2009), arguing for changes in transcriptional regulation to
explain the pathoetiology (Dorsett and Merkenschlager 2013;
Remeseiro et al. 2013; Singh and Gerton 2015). Interestingly,
other congenital malformation disorders sharing phenotypic
similarities with CdLS, such as the Wiedemann–Steiner syn-
drome (MIM #605130) and the CHOPS syndrome (C for cog-
nitive impairment and coarse facies, H for heart defects, O for
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obesity, P for pulmonary involvement, and S for short stature
and skeletal dysplasia; MIM #616368), are also associated
with mutations in transcriptional regulators (Jones et al.
2012; Izumi et al. 2015; Yuan et al. 2015). Moreover, similar-
ities were found in the transcriptomic profiles of CHOPS syn-
drome and CdLS patients (Izumi et al. 2015). Taken together,
these observations suggest that transcriptional regulation is a
major contributor to the phenotypes observed in CdLS and the
related developmental syndromes.

The emergence of genome-wide chromosome conforma-
tion capture methods have revealed an intricate interplay
between chromosomearchitecture and the control of the gene
expression program (Gómez-Díaz and Corces 2014; Dekker
and Mirny 2016; Hnisz et al. 2016). In eukaryotes, transcrip-
tion by RNA polymerase II (Pol II) is a multistep process. In
particular, initiation of transcription is stimulated by tran-
scription factors bound at distal regulatory sequences such
as enhancers (Maston et al. 2006; Ong and Corces 2011). To
achieve this function, distal regulatory genomic elements are
brought in close proximity to their target genes through chro-
matin interactions (Sexton and Cavalli 2015; Spurrell et al.
2016). NIPBL, cohesin, and the coactivator complexmediator
have been shown to play a pivotal role in the stabilization of
these interactions (Kagey et al. 2010). In addition to long-
range enhancer-promoter contacts, cohesin is also associated
with topologically associating domains (TADs), which rep-
resent the building blocks of the genome’s organization
(Lupiáñez et al. 2016). These self-associating domains are
composed of complex networks of chromatin interactions
that are restricted by domain boundaries enriched for CTCF
and cohesin binding (Lieberman-Aiden et al. 2009; Dixon et al.
2012; Nora et al. 2012). Interestingly, depletion of cohesin
creates widespread gene expression changes, maintaining
architectural compartments but modifying the TAD insula-
tion function and sub-TAD interactions, such as those be-
tween enhancer and promoter regions (Seitan et al. 2013;
Sofueva et al. 2013; Zuin et al. 2014a). In fact, TADs, in
addition to CTCF-occupied regions, tend to be conserved
through cell types and evolution (Vietri Rudan et al. 2015).
These results highlight a pivotal role of cohesin in connecting
the chromosome architecture with the control of transcrip-
tional regulation.

Transcription is spatially compartmentalized in the mam-
malian nucleus (Sutherland and Bickmore 2009). Indeed,
Pol II is observed in distinct foci dispersed throughout the
nucleus where multiple genes converge to be cotranscribed
(Osborne et al. 2004; Mitchell and Fraser 2008; Schoenfelder
et al. 2010; Ghamari et al. 2013). Accordingly, chromatin
interactions surrounding Pol II are involved in extensive
promoter-centered contacts that create multigene complexes
(Li et al. 2012). This three-dimensional (3D) organization cen-
tered on Pol II is connected but distinct from the TAD archi-
tecture (Tang et al. 2015). Interestingly, these connected genes
are compartmentalized by biological functions (Sandhu et al.
2012). This system is reminiscent of genes found in pro-
karyotic operon systems, where a single promoter controls

the transcription of multiple adjacent genes in response to
an environmental cue (Jacob et al. 1960). Whether or not
the specific physical association of genes or their transcrip-
tional coregulation are biologically significant in human
cells remains to be fully understood.

Current models suggest a major role of the 3D chromo-
somal architecture in the transcriptional output of connected
genes. Accordingly, geneswith promoters physically clustered
within a single TAD are cotranscribed during early develop-
ment (Nora et al. 2012). In addition, genes sharing a TAD
corespond to hormone-induced changes in gene activity
(Le Dily et al. 2014). Interestingly, loop-mediated contacts
are required for transcriptional coregulation in a multigene
complex. Indeed, disruption of loop-mediated contact be-
tween NF-kB-regulated genes alters the transcriptional status
of interacting genes (Fanucchi et al. 2013). These results
suggest that coordinated regulation of gene expression in
mammalian cells is driven by the physical interactions be-
tween genes.

To gain molecular insights into the transcriptional dereg-
ulation observed in CdLS, we focused on the link between the
chromosome architecture and gene expression changes asso-
ciated with NIPBL and SMC1Amutations. Here, we show that
connected gene communities, which are a combination of
physically-associated genes (minimum two) and noncoding
regulatory elements, provide amolecular explanation for gene
expression changes observed in CdLS. Indeed, deregulated
genes in CdLS were found in close proximity to NIPBL- and
SMC1A-occupied regions within connected gene communi-
ties. We suggest that the organization of genes in connected
communities underlies the pathoetiology of CdLS.

Materials and Methods

Gene expression data sets

Differentially expressed genes for NIPBL- and SMC1A-mutated
lymphoblastoid cell lines (LCLs) from Liu et al. (2009) and
Mannini et al. (2015) were used. To uniformize the nomencla-
ture, genes were reannotated using the hgu133plus2.db
Biocondutor package or reinferred from their RefSeq, ENSEMBL,
or GenBank identifiers. The uniformized gene symbols used
throughout themanuscript are provided (Supplemental Ma-
terial, Table S1 and Table S2).

Cell culture

The GM12878 normal lymphoblastoid cells were obtained
from the National Institute of General Medical Sciences Hu-
manGeneticCellRepositoryat theCoriell Institute forMedical
Research (Catalog ID: GM12878) and cultured in RPMI-1640
medium (MT10040CV; Fisher Scientific, Pittsburgh, PA) sup-
plementedwith 15% fetal bovine serum(qualified12483020;
Invitrogen, Carlsbad, CA), 2 mM L-glutamine (25030-081;
GIBCO [Grand Island Biological], Grand Island, NY), 13
MEM nonessential amino acids (25-0250; Cellgro) and 13
Penicillin/Streptomycin (15170-063; GIBCO).
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Chromatin immunoprecipitation sequencing (ChIP-Seq)

ChIP-Seq experiments were performed in duplicates as de-
scribed previously (Bilodeau et al. 2009; Kagey et al. 2010;
Fournier et al. 2016). Briefly, 50 million cells were cross-
linked for 10 min with 1% formaldehyde and quenched with
125 mM glycine for 5 min. Cells were then washed with PBS,
pelleted, flash frozen, and stored at 280�. Sonicated DNA
fragments were immunoprecipitated with antibodies directed
against NIPBL (A301-779A; Bethyl Laboratories), SMC1A
(A300-055A;Bethyl Laboratories) andMED1 (A300-793A;Bethyl
Laboratories). Library preparation and high-throughput sequenc-
ing were performed at the McGill University and Génome
Québec Innovation Centre (MUGQIC), Montréal, Canada.
Analysis of raw sequencing reads was performed using the
MUGQIC ChIP-Seq pipeline (version 2.2.0). The data dis-
cussed in this publication have been deposited in the Na-
tional Center for Biotechnology Information (NCBI) Gene
Expression Omnibus (GEO) (Edgar et al. 2002) and are acces-
sible throughGEOSeries accession numberGSE93080 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE93080).
Public ChIP-Seq data sets for CTCF, Pol II, and NIPBL in
patient-derived LCLs (Table S3) were processed using the
same ChIP-Seq pipeline.

To generate genomic visualizations, the BAM files for a
given factor were pooled and their reads extended to 225 bp.
Coverage was calculated using genomecov from bedtools
v2.17.0 (http://bedtools.readthedocs.io). Tracks images were
generated using the University of California, Santa Cruz (USCS)
Genome Browser (Kent et al. 2002).

Overlap with genomic features

To calculate the overlap between the NIPBL- and SMC1A-
occupied regions and chromatin states, theChromHMM18-state
model was used (Kundaje et al. 2015). To simplify representa-
tions, chromatin states were grouped per functional type
as follows: (a) transcription start site (TSS)-associated:
01_TssA, 02_TssFlnk, 03_TssFlnkU, 04_TssFlnkD, and
14_TssBiv; (b) transcribed: 05_Tx and 06_TxWk; (c) en-
hancer: 07_EnhG1, 08_EnhG2, 09_EnhA1, 10_EnhA2,
11_EnhWk, and 15_EnhBiv; (d) repressed: 12_ZNF/Rpts,
13_Het, 16_ReprPC, 17_ReprPCWk; and (e) quiescent:
18_Quies. Pairwise overlaps between the regions of inter-
est and the chromatin states were determined using the
findOverlaps function from the GenomicRanges package
(Lawrence et al. 2013).

Theclosest gene for allNIPBL- andSMC1A-occupied regions
were obtained using the annotatePeak function from the
ChIPSeeker (Yu et al. 2015) and TxDb.Hsapiens.UCSC.
hg19.knownGene packages (Carlson M, R package version
3.2.2). All regions within 1 kb of the TSS were considered as
TSS-proximal regions. The types of regions identified using
ChIPseeker were simplified as follows: (a) TSS-proximal:
promoter; (b) gene-body: 59-UTR, exon, intron, and 39-
UTR; and (c) intergenic: downstream and distal intergenic.
If a target region overlapped more than one type of genomic

region, it was assigned a type using the following priority
order: TSS-proximal, gene-body, and intergenic.

Annotation of interaction points

Publicly available Pol II Chromatin Interaction Analysis
by Paired-End Tag Sequencing (ChIA-PET) interactions
(Tang et al. 2015) (GEO accession: GSM1872887; file
GSM1872887_GM12878_RNAPII_PET_clusters.txt.gz.) were
used as input regions to define the connected gene communi-
ties in GM12878 cells. Interactions involving the mitochondri-
al chromosomes were removed. Then, overlapping interaction
regions were combined into single interaction points and
annotated using the ChIPseeker package. Each gene with an
interaction point within 1 kb from a TSS was attributed to this
region. In the event of multiple regions fulfilling this criterion,
the one involved in the most interactions was selected. Gene
expression levels for each gene in GM12878 cells were obtained
from the ENCODEProject (Bernstein et al. 2012) (Table S3) and
mean Fragments Per Kilobase of transcript per Million mapped
reads (FPKM) were calculated for each gene. A gene was con-
sidered actively transcribed if its mean FPKM was$1.

All interacting regions were attributed a single chromatin
state as described above. If an interaction point overlappedmore
than one chromatin state, the following priorities for state
attribution were used: TSS-associated, transcribed, enhancer,
repressed, or quiescent. For transcription factor and cofactor
occupancy, narrowPeaks files from the ENCODE Project
(Bernstein et al. 2012) were obtained for the GM12878 cells
(Table S3). For each factor, replicates were combined and
overlapping regions were kept. The number of occupied re-
gions for each transcription factor or cofactor found within
each interacting region was then added to its annotations.

The same analysis was repeated using the interaction
points of the promoter Capture Hi-C data set from Mifsud
et al. (2015). However, the number of interactions in this
data set was an order ofmagnitude larger than those in the Pol
II ChIA-PET experiment (1,777,526 vs. 113,591). Therefore,
only the 150,000 most significant promoter Capture Hi-C in-
teractions were kept for the analysis to maintain comparable
complexities and topologies of the two networks.

Identification of connected gene communities

To identify connected gene communities, the annotated in-
teraction points were used as the vertices of a graph, which
was modeled using the R igraph package (Csárdi and Nepusz
2006). Components bearing no TSS-proximal nodes were
filteredout, and the remainingnodeswere split into communities
using the cluster_fast_greedy function (Clauset et al. 2004).
Components without at least two TSS-proximal nodes were then
filtered out and interchromosomal edges forming bridges be-
tween subcomponents of.10nodeswere removed. The remain-
ing components formed the connected gene communities.

To determine the centrality of each vertex in the commu-
nities, two metrics were calculated: their degree and their
closeness (Freeman1978). Thesemetricswere scaled separately
for each network component and a centrality score averaging
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bothmetrics was attributed to each vertex.Within a community,
vertices with a centrality score above the 95th percentile were
labeled as central nodes. Graphical representations of connected
gene communities were generated using Cytoscape (v3.4.0,
http://www.cytoscape.org/).

Enrichment within connected gene communities

The proportions of base pairs for all chromatin states through-
out thegenomeandwithin connectedgene communitieswere
calculated. The same proportions were also calculated using
NIPBL- and SMC1A-occupied regions. The ratio (log2) be-
tween the proportions of chromatin states in a list of regions
vs. the genome represented the chromatin state enrichment
for the given set of regions.

To determine the enrichment of a factor in connected gene
communities, the available genome, which represents the
union of all occupied regions for all factors profiled in
GM12878 cells, was used. While the entire genome is often
used as a reference, the available genome is more stringent as
it narrows the information to accessible regions. The enrich-
ment of each factor was calculated by dividing the ratio of
occupancywithin connected gene communities and the avail-
able genome. The statistical significance of each enrichment
was assessed using a hypergeometric test.

Coherency within a connected gene community

Thenumberof upregulatedanddownregulatedgenes inCdLS
was calculated for each community. The level of coherence,
between 0.5 and 1, was calculated as coherence = max(#
upregulated, # downregulated) / (# upregulated+# down-
regulated). A threshold of 0.75 was used to label coherent
communities. To determine if the number of coherent com-
munities was larger than expected by chance, we assumed
that if the fold-change and community membership of mis-
regulated genes were unrelated, upregulated and downregu-
lated genes would be randomly distributed among the
communities. Thus, the set of fold-changes associated with
each data set was resampled across all deregulated genes
10,000 times and the proportion of coherent gene communi-
ties calculated for each resampling. Resampling the fold-
changes preserved the directionality of gene expression
variations, which has a large impact on the chosen coherence
metric. P-values of overrepresentation were inferred from the
resulting empirical cumulative distribution.

Proximity of NIPBL- and SMC1A-occupied nodes to
CdLS-misregulated genes

To determine if the neighborhood of misregulated genes
contained more NIPBL- and SMC1A-occupied regions than
expected by chance, a number of nodes equal to the total
number of NIPBL- and SMC1A-occupied nodes were ran-
domly sampled from the connected gene communities. The
distances between all misregulated genes and their closest
selected nodes were then calculated. The process was re-
peated 10,000 times and distance distributions were inferred
from the simulated values.

Data availability

The data discussed in this publication have been deposited in
NCBI’s GEO (Edgar et al. 2002) and are accessible through
GEO Series accession number GSE93080 (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE93080). The soft-
ware implementing the methods described in this paper is
available upon request.

Results

Variable occupancy of NIPBL and cohesin at
CdLS-deregulated genes

To gain insight into the molecular mechanism underlying
CdLS, we compared the gene expression profiles of patient-
derived lymphoblastoid cell lines (LCLs) with mutations in
NIPBL and SMC1A. While a total of 1431 and 1186 genes
were found to be significantlymisregulated inNIPBL-mutated
and SMC1A-mutated proband-derived lymphoblastoid cell
lines, respectively (Liu et al. 2009; Mannini et al. 2015) (Ta-
ble S1 and Table S2), only 126 differentially expressed genes
were shared between the two gene signatures (Figure 1A).
To identify the direct targets of NIPBL and SMC1A, we used
ChIP coupled with massively parallel DNA sequencing (ChIP-
Seq) in GM12878 normal lymphoblastoid cells. In mamma-
lian cells, cohesin is typically associated with CTCF at TAD
boundaries and with Mediator (MED1) and NIPBL at con-
necting enhancer–promoter regions (Kagey et al. 2010;
Fournier et al. 2016; Merkenschlager and Nora 2016). Ac-
cordingly, SMC1A-occupied regions (without CTCF), NIPBL,
and MED1 were found mostly at noncoding regulatory ele-
ments such as TSSs and enhancer regions (Figure 1B). In
contrast, cohesin regions cooccupied by CTCF were found
distributed throughout the genome with a predominance in
quiescent regions. The genomic distribution of cohesin sub-
units SMC3 and RAD21 confirmed these results (Figure S1 in
File S1). In addition, another NIPBL antibody (Zuin et al.
2014b) also identified TSSs and enhancer regions in LCLs
(Figure S1 in File S1). Close examination of density profiles
confirmed the occupancy of NIPBL and cohesin at predicted
enhancer and promoter regions of the ZNF608 locus, a gene
deregulated in CdLS patient-derived LCLs (Figure 1C).
Therefore, NIPBL and cohesin occupy noncoding regulatory
regions in lymphoblastoid cells.

To assess whether deregulated genes are occupied by
NIPBL and SMC1A, we investigated their distribution sur-
rounding CdLS-deregulated genes. Strikingly, merely 20.1
and 39.0% of TSS proximal regions of genes deregulated in
NIPBL-mutated and SMC1A-mutated cells were occupied by
NIPBL and SMC1A, respectively, in normal conditions (Figure
1D and Table S4). For example, the PDHA1 gene is deregu-
lated in CdLS, but was unoccupied by NIPBL and SMC1A in
opposition to ZNF608 (Figure 1C). These results suggest that
a large fraction of the transcriptional control exerted by
NIPBL and cohesin on genes deregulated in CdLS extends
beyond local promoter effect.
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Figure 1 NIPBL and cohesin occupy a fraction of CdLS-deregulated genes. (A) Genes affected by mutations in NIPBL and SMC1A are different. Venn
diagram representation of differentially expressed genes in CdLS patient-derived LCLs with mutations in NIPBL and SMC1A. A total of 1431 and
1186 genes were identified in NIPBL- and SMC1A-mutated cell lines, respectively, while only 126 genes were shared (see Table S1 and Table S2). (B)
Heatmap showing the percentage of overlap between regions occupied by SMC1A (no CTCF), NIPBL, MED1, SMC1A (with CTCF), and CTCF and the
functional genome. A simplified version of the ChromHMM 18-state model in GM12878 cells (see Materials and Methods) was used to represent the
functional genome. TSS-associated and enhancer regions are occupied by SMC1A (no CTCF) and NIPBL. The color scale indicates the ratio of overlap. (C)
ChIP-Seq occupancy profiles of NIPBL, SMC1A, MED1, CTCF, and Pol II at the ZNF608 and PDHA1 loci, two CdLS-deregulated genes in GM12878 cells.
RNA-Seq profiles show that both ZNF608 and PDHA1 genes are transcribed. The chromatin states are displayed below the gene tracks. Noncoding
regulatory regions of the ZNF608 locus are occupied by SMC1A and NIPBL while they are not for PDHA1. The scales of ChIP-Seq and RNA-Seq profiles
are displayed in reads per million. (D) NIPBL and SMC1A occupancy of deregulated genes in CdLS. Percentage of deregulated genes in NIPBL-mutated or
SMC1A-mutated cells occupied by NIPBL or SMC1A respectively. Regions associated to genes were defined as: TSS proximal (a 61 kb region
surrounding the TSS), gene body (from +1 kb to the TTS), and intergenic (not TSS proximal nor gene body). Overall, 71.5% of genes deregulated in
NIPBL-mutated cells are not occupied by NIPBL, while 42.6% of genes deregulated in SMC1A-mutated cells are not occupied by SMC1A. CdLS, Cornelia
de Lange syndrome; ChIP-Seq, chromatin immunoprecipitation sequencing; chr, chromosome; LCLs, lymphoblastoid cell lines; Pol II, RNA polymerase II;
RNA-Seq, RNA sequencing; TSS, transcription start site; TTS, transcription termination site.

Transcription in Three Dimensions 143

http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.202291/-/DC1/TableS1.xlsx
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.202291/-/DC1/TableS2.xlsx


NIPBL and cohesin are constituents of noncoding
regulatory regions within connected gene communities

To understand the mechanism by which NIPBL and cohesin
indirectly control gene expression in CdLS, we investigated
their relationship with the chromosome architecture. Indeed,
genes and noncoding regulatory regions are associated in the
3D space to create connected gene communities. To define
these communities, we integrated and annotated Pol II ChIA-
PET in GM12878 lymphoblastoid cells (Tang et al. 2015). We
defined connected gene communities as networks of interact-
ing regions (or nodes) containing at least two genes. A total
of 1290 communities were found averaging 34.5 nodes and
5.9 genes (Table S5). To validate the analysis, we looked at
the histone cluster 1 (HIST1) gene family, which was shown
to be organized into interaction clusters (Li et al. 2012;
Sandhu et al. 2012). Accordingly, 21 of the 58 HIST1 genes
were found structured into a single connected gene commu-
nity in GM12878 cells (Figure S2A in File S1). A connected
gene community of 11 nodes is depicted in Figure 2A. Of
these nodes, five were occupied by either NIPBL or SMC1A.
Moreover, a total of six nodes were associated with a TSS
chromatin state (T1–T6), while four of them (T1, T2, T4,
and T5) overlapped an annotated TSS and were there-
fore labeled as gene representative (WHAM, SNHG21,
FAM103A1, and AP3B2). In addition, three nodes were an-
notated as transcribed regions (Tr1–Tr3), one as an enhancer
region (E), and one as a quiescent region (Q). As expected,
gene representatives connected through Pol II interactions at
the TSS were transcribed (with the exception of AP3B2). In
accordance with previous reports (Li et al. 2012), genes
found within connected gene communities were mostly tran-
scribed (86%) and expressed at a higher level (4.63-fold)
than nonconnected genes (Figure S2C in File S1 and Table
S5). Furthermore, among interactions assigned to TADs
[(Rao et al. 2014), 83% of all interactions], most were
intra-TAD (88%) and rarely (12%) crossed TAD boundaries.
These observations suggest that connected gene communi-
ties are found within larger chromosome domains like TADs.

Inaddition togenes, connectedcommunities are composed
of noncoding regulatory elements. On average, TSS-associated
regions accounted for 52.6% of nodes within connected gene
communities, while enhancer regions and repressed elements
represented 8.9 and 4.3% of nodes, respectively (Figure 2B).
Within communities, TSS–TSS interactions were the most fre-
quent, followed by interactions between TSS and transcribed
regions and TSS–enhancer interactions (Figure 2C). These ob-
servations confirm that connected gene communities are formed
from the interactions of multiple types of regulatory regions.

The cohesin complex, and by association its loader NIPBL,
have been associated with chromosome domains and
enhancer–promoter interactions (Bonev and Cavalli 2016;
Merkenschlager and Nora 2016). Consequently, we reasoned
that NIPBL and cohesin could be enriched in connected gene
communities. Accordingly, TSS-associated and enhancer re-
gions were found enriched in NIPBL- and SMC1A-occupied

regions, similarly to the chromatin states found enriched in
connected gene communities (Figure 2D). Moreover, regions
occupied by NIPBL and SMC1A were more frequently ob-
served (4.4-fold, P , 0.001 and 2.1-fold, P , 0.001, respec-
tively) within connected gene communities compared to the
available genome (see Materials and Methods). These results
suggest that NIPBL and SMC1A are components of regulatory
regions within connected gene communities.

NIPBL and cohesin are central to
connected gene communities

The role of cohesin in the maintenance of the chromosome
architecture and its presence in connected gene communities
suggest an important role in gene regulation. We postulated
that if NIPBL and cohesin represented major constituents of
connected gene communities, they would be found at highly
interacting nodes. Indeed, within connected gene communi-
ties, nodes made an average of 2.7 contacts, while those
occupied by NIPBL and SMC1Awere implicated in an average
of 6.2 (P # 2.2e216, Wilcoxon rank sum test) and 4.9 (P #

2.2e216, Wilcoxon rank sum test) interactions, respectively
(Figure 3A). As expected, among the different regulatory
elements occupied by NIPBL and SMC1A, TSS regions were
forming the most contacts with other TSS elements in addi-
tion to transcribed and enhancer regions (Figure 3B). These
results establish that regions occupied by NIPBL and cohesin
are well connected within a gene community.

NIPBL loads cohesin at the promoter of active genes from
which cohesin is translocated using Pol II (Lengronne et al.
2004; Busslinger et al. 2017). Therefore, we reasoned that a
central position of NIPBL would provide an opportunity for
cohesin to reach the entire gene community. Node centrality
metrics identify vertices of importance within a biological
network (Ma and Zeng 2003; Zotenko et al. 2008). Using a
combination of node degree and closeness (Freeman 1978),
we attributed a centrality score to each node (Figure S3 in
File S1). Central nodes (nodes with a centrality score in the
top five percentile of their component) were found enriched
in NIPBL (3.6-fold, P , 0.001) and SMC1A (2.4-fold, P ,
0.001). For example, the GLCCI1 gene is the most central
node within a connected community of 48 nodes and was
occupied by NIPBL and SMC1A (Figure 3C). In addition,
8 out of the 10 most central nodes in the community were
also occupied by NIPBL and SMC1A. These results suggest
that NIPBL and cohesin occupy a central position within con-
nected gene communities.

To eliminate the possibility of a bias created by the use of
Pol II-centric data in the definition of the connected gene
communities, we aimed to confirm our conclusions using
orthogonal data.We used promoter Capture Hi-C data, which
consists of 3D interactions converging on promoter regions
(Mifsud et al. 2015). Analyses of the data confirmed ourmain
observations (Figure S4 in File S1). Indeed, promoter
Capture Hi-C-defined connected gene communities were
enriched in noncoding regulatory elements occupied by
NIPBL and SMC1A (Figure S4A in File S1). Furthermore,
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Figure 2 Active noncoding regulatory regions are occupied by NIPBL and cohesin within connected gene communities. (A) Representation of a
connected gene community containing the WHAM, SNHG21, FAM103A1, and AP3B2 loci. First, ChIP-Seq occupancy profiles of Pol II, NIPBL, SMC1A
and RNA-Seq are shown in GM12878 cells. The scales of ChIP-Seq and RNA-Seq profiles are displayed in reads per million. Connected gene
communities were created by integrating the Pol II ChIA-PET interaction data (green boxes) (see Materials and Methods and Tang et al. (2015)). The
represented community contains 11 nodes individually annotated using the simplified chromatin state model [pink: TSS-associated (T), yellow: enhancer
(E), green: transcribed (Tr), dark gray: repressed (R), and light gray: quiescent (Q)]. Interacting regions overlapping an annotated TSS were defined as
gene representatives. (B) Distribution of chromatin states within connected gene communities. The pie chart shows the average percentage of each
simplified chromatin state (pink: T, yellow: E, green: Tr, dark gray: R, and light gray: Q) within a connected gene community. (C) Pol II-mediated
interactions between chromatin states within connected gene communities. Each circle represents a simplified chromatin state (pink: T, yellow: E, green:
Tr, dark gray: R, and light gray: Q). The size of the circle corresponds to the frequency of the chromatin state within connected gene communities. The
thickness of the lines represents the frequency of interactions between the different chromatin states. TSS-associated nodes are the most prevalent and
involved in the highest frequency of interactions. (D) Heatmap showing the enrichment of simplified chromatin states within connected gene com-
munities compared to all NIPBL- and SMC1A-occupied regions. The enrichment fold was calculated relative to the genome. NIPBL and SMC1A are
enriched at TSS-associated and enhancer regions, similar to connected gene communities. The color scale indicates the enrichment vs. the genome.
CdLS, Cornelia de Lange syndrome; ChIA-PET, Chromatin Interaction Analysis by Paired-End Tag Sequencing; ChIP-Seq, chromatin immunoprecipitation
sequencing; chr, chromosome; Pol II, RNA polymerase II; RNA-Seq, RNA sequencing; TSS, transcription start site.
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nodes occupied by NIPBL and SMC1A featuredmore contacts
than average (Figure S4B in File S1). Therefore, the impor-
tant position of NIPBL and cohesin within connected gene
communities is confirmed independently from the type of
3D chromosome information used to infer the communities.

Gene communities connect deregulated genes in CdLS

Whether or not the central position of NIPBL and SMC1A
within connected gene communities is responsible for gene
expression changes observed in CdLS is unknown. Genes
deregulated in CdLS were 46% more prevalent in connected
gene communities than expected by chance in GM12878 cells
(P # 6.2e281, hypergeometric test). For NIPBL-mutated
LCLs, 840 misexpressed genes were distributed in 504 con-
nected gene communities (185 were multigenic, including
two or more misexpressed genes), while 612 genes were
found in 423 communities (106 were multigenic) in SMC1A-
mutated cells (Figure 4A). These numbers were consistent with
those found in promoter Capture Hi-C-defined connected gene
communities (Figure S4C in File S1). Among these multigenic
communities, 55 were shared between NIPBL- and SMC1A-
mutated cells (29.7 and 51.8%, respectively) in Pol II ChIA-
PET-defined connected gene communities while 61 were
shared in promoter Capture Hi-C-defined communities (37.0
and 46.9%, respectively). These results suggest that connected
communities organize genes deregulated in CdLS.

If connectedgenecommunities control thegeneexpression
changes associated with CdLS, deregulated genes should be
within reach of nodes occupied by NIPBL and cohesin. In a
network, the distance represents a measure of the number of
steps required to reach a specific node. We computed the
distance between deregulated genes and nodes occupied by
NIPBL and SMC1A within connected gene communities. A
random distribution analysis of NIPBL- and SMC1A-occupied
regions showed that one step was sufficient to connect a
significantly greater number of deregulated genes to aNIPBL-
or SMC1A-occupied node than would be expected by chance
[60.5%, P , 0.002, simulated 95% C.I. of (50.4, 56.0) and
81.7%, P , 0.002, simulated 95% C.I. of (72.9, 78.1), re-
spectively] (Figure 4B). Once again, these observations were
supported by the promoter Capture Hi-C-defined communi-
ties reaching 55.9% of NIPBL- [P, 0.05, simulated 95% C.I.
of (42.4, 48.0)] and 87.3% of SMC1A- [P , 0.05, simulated
95% C.I. of (82.0, 86.7)] occupied nodes one step from a
deregulated gene (Figure S4D in File S1). NIPBL- and
SMC1A-occupied regions connected to unoccupied deregu-
lated genes were typically associated with a promoter/TSS
region (Table S6) supporting the role of some promoters as

Figure 3 Nodes occupied by NIPBL and cohesin create more interactions.
(A) Violin plots representing the connectivity of NIPBL- and SMC1A-
occupied nodes. The number of interactions for all nodes is displayed in
gray while those for NIPBL- and SMC1A-occupied nodes are displayed in
orange and purple, respectively. On average, nodes occupied by NIPBL and
SMC1A are involved in 6.2 (P# 2.2e216, Wilcoxon rank sum test) and 4.9
(P # 2.2e216, Wilcoxon rank sum test) interactions compared to 2.7 for
all nodes within connected gene communities. (B) Nodes occupied by
NIPBL and SMC1A are mostly involved in inter-TSS interactions. Contact
heatmap representing the proportion of nodes occupied by NIPBL and
SMC1A involved in chromosome interactions between each simplified
chromatin states. The color scale indicates the percentage of interactions.

(C) NIPBL and SMC1A occupy central nodes. Representation of a
connected gene community where the size of each node is proportional
to the centrality score. The bigger the circle, the more central the node is.
Gene names are indicated in nodes overlapping a TSS-proximal (61 kb)
region. Nodes are colored in function of their occupancy: NIPBL (orange),
SMC1A (purple), both (orange and purple), or none (gray). TSS, transcrip-
tion start site.
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functional enhancers (Dao et al. 2017; Diao et al. 2017).
Therefore, these results are consistent with the possibility
that connected deregulated genes in CdLS are within reach
of NIPBL- and cohesin-occupied noncoding regulatory re-
gions. Altogether, our findings point toward a role of NIPBL
and cohesin in the maintenance of the transcriptional integ-
rity of connected gene communities.

NIPBL mutations lead to coordinated gene expression
changes within communities

Patients with mutations in NIPBL and SMC1A share pheno-
typic characteristics, but differ in the severity of their symp-
toms (Mannini et al. 2013). In addition, NIPBL loads cohesin
at the promoter of active genes from which cohesin is trans-
located (Lengronne et al. 2004; Busslinger et al. 2017). These
observations led us to directly compare the distribution and
function of NIPBL and cohesin within connected gene commu-
nities. First, NIPBL occupied the promoter of genes expressed at
a higher level than SMC1A [4.12 and 3.26 log2(FPKM) respec-
tively, P , 2.2e216]. In addition, genes occupied by NIPBL
were more central than those occupied by SMC1A (centrality
measures of 1.74 and 1.36, respectively, P , 7.4e215). These
results suggest that the preponderant function of NIPBL is to
load cohesin at the promoter of highly active central genes.

Whether connected gene communities offer a physical
structure to coordinate gene expression changes in human
diseases is an interestingquestion.Whileexploringmultigenic
connected gene communities, we observed coherent and
noncoherent gene expression changes. For example, Figure
5A represents a connected community containing seven
genes (TMEM232, SLC25A46, FER, LINC01023, PJA2,MAN2A1,
and FBXL17) in which four were upregulated in CdLS (three in
NIPBL-mutated and two in SMC1A-mutated cells; one gene was
shared). Using a minimal requirement of three-quarter of CdLS-
deregulated genes modulated in the same direction to define
coherency, more than half of the genes in NIPBL-mutated
[53.5%, P = 0.0013, 95% C.I. of (37.8, 49.2); P-value and C.I.
obtained by resampling fold-changes within the networks] com-
munities showed coherent changes in gene expression (Figure
5B). These results were corroborated by Capture Hi-C-defined
connected gene communities [56.3%, P , 0.002, 95% C.I. of
(37.8, 49.2)] (Figure S4E in File S1), but not for genes deregu-
lated in SMC1A-mutated cells. These results suggest that con-
nected gene communities can function as a transcriptional unit,
coordinating gene expression changes followingmutations of a
major constituent like NIPBL.

Discussion

Global transcriptional disturbances have been associatedwith
many human diseases. Here, we integrated the chromosome
architecture surrounding transcriptional regulation to shed
new light on the pathoetiology of CdLS, a complex multisys-
temdevelopmental disorder associatedwith a perturbation in
transcriptional mechanisms. While a large fraction of CdLS-
deregulated genes are unoccupied by NIPBL and SMC1A

(Figure 1), the majority were within one step of NIPBL- and
SMC1A-occupied nodes within connected gene communities
(Figure 4 and Table S6). Accordingly, nodes occupied by
NIPBL and SMC1A were central to connected gene commu-
nities (Figure 2 and Figure 3), with genes deregulated in
NIPBL-mutated cells being more expressed and centrally lo-
cated than those deregulated in SMC1A-mutated cells. These
results argue that the chromosome architecture provides es-
sential information to explain gene expression changes asso-
ciated with transcriptional disturbances in CdLS.

Integration of published studies with our observa-
tions allows the proposition of a working model illustrating
the dynamic environment of connected communities in
which active genes are found. NIPBL would predominantly
load cohesin at the promoter of highly active, central, and

Figure 4 Deregulated genes in CdLS are within reach of NIPBL- and
cohesin-occupied regions. (A) Distribution of CdLS-deregulated genes
within connected gene communities. Genes deregulated in NIPBL-
mutated LCLs are found in 504 connected gene communities (185 multi-
gene). Genes deregulated in SMC1A-mutated cells are found in 423
connected gene communities (106 multigene). (B) Genes deregulated in
CdLS are connected to NIPBL- and SMC1A-occupied nodes. Graphical
representation of the proportion of CdLS-deregulated genes as a function
of the distance from a NIPBL- or SMC1A-occupied node. A distance of
0 corresponds to the gene locus deregulated in CdLS being directly oc-
cupied by NIPBL or SMC1A 6 1 kb from the TSS. A distance of 1, 2, or
3 corresponds to the number of steps from the occupied node. CdLS,
Cornelia de Lange syndrome; LCLs, lymphoblastoid cell lines; TSS, tran-
scription start site.
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connected genes. Then, using active transcription, Pol II
would distribute cohesin on chromosomes, extruding DNA
in the process to form loops andTADs (Busslinger et al. 2017).
This model is corroborated by other network analyses sug-
gesting a primary role for active Pol II and cohesin in the
formation of chromatin–chromatin interactions (Kruse et al.
2013; Pancaldi et al. 2016; Azofeifa and Dowell 2017). In-
terestingly, NIPBL seems to favor promoter–promoter inter-
actions (Pancaldi et al. 2016). Accordingly, loading of cohesin
at the promoter of highly active genes would provide a mode
of transportation for cohesin within connected gene commu-
nities to reach more distal regions. In agreement, genes
deregulated in NIPBL-mutated cells are more central than
those deregulated in SMC1A-mutated cells. Therefore, our
results support a model where NIPBL loading of cohesin at
central active genes is the epicenter of connected communi-
ties’ control.

NIPBL mutations decrease cohesin occupancy (Liu et al.
2009) while SMC1A mutations increase cohesin affinity with
chromatin (Revenkova et al. 2009). In that context, muta-
tions in NIPBL would decrease cohesin loading, globally
affecting the chromosome architecture of connected
communities leading to coordinated gene expression
changes. On the other hand, mutations in SMC1A rendering
cohesin more stable could lead to Pol II-dependent transpor-
tation problems or accumulation at distal sites. Similar to a
WAPL loss-of-function (Busslinger et al. 2017; Haarhuis et al.

2017), SMC1A-mutated cohesin complexes could accumu-
late at distal sites, including CTCF and connected genes,
where most of the differentially expressed genes in SMC1A-
mutated cells were found. Therefore, NIPBL and SMC1A
mutations likely modify the connections within gene commu-
nities at different levels leading to specific transcriptional
changes.

Coordination and coregulation of genes is an emerging
concept for normal and disease development. Noncoding
regulatory regions, including promoters and enhancers, are
implicated in multiple functional interactions with numerous
genes to control their transcriptional responses (Maston et al.
2006; Ong and Corces 2011; Sexton and Cavalli 2015;
Spurrell et al. 2016). Those central regulatory regions are
occupied by NIPBL and cohesin predicting that mutations
could lead to coordinated transcriptional effects. This model
is supported by gene expression analyses in CdLS animal
models where genes, including some linear clusters, show
low to moderate expression changes (Kawauchi et al. 2009;
Muto et al. 2014). For example, during limb development,
NIPBL is required for the regulation of long-range chromo-
somal interactions and collinear expression of hox genes
(Muto et al. 2014). This collinearity is associated with a
switch between topological domains (Andrey et al. 2013).
Our model postulates that NIPBL and cohesin are organiz-
ing gene communities inside those domains. In our
B-lymphocytes model, deregulated genes in cells with NIPBL

Figure 5 Coordinated deregulation of gene expres-
sion is associated with NIPBL mutations. (A) Example
of a connected gene community containing seven
genes (TMEM232, SLC25A46, FER, LINC01023, PJA2,
FBXL17, and MAN2A1). Gene names are indicated in
nodes overlapping an annotated TSS. Genes upregu-
lated in NIPBL-mutated (orange), SMC1A-mutated
(purple), or both (orange and purple) LCLs are high-
lighted. Nodes occupied by NIPBL or SMC1A are iden-
tified by a thicker line. (B) Coordinated gene expression
changes in connected gene communities are associ-
ated with mutations in NIPBL. Left panel: quantification
of the number of up- and downregulated genes in
CdLS within individual multigene connected gene
communities. Communities with at least 75% of co-
herency are highlighted in light blue. Right panel: dis-
tribution of coherence score of connected gene
communities. A coherence score of 1 represents that
all CdLS-modulated genes are deregulated in the same
direction. CdLS, Cornelia de Lange syndrome; LCLs,
lymphoblastoid cell lines; TSS, transcription start site.
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and SMC1Amutations are associated with hematological and
immune functions (Liu et al. 2009) consistent with humoral
immunity defects observed in CdLS patients (Jyonouchi et al.
2013). Interestingly, physically interacting genes have been
suggested to be involved in related cellular functions (Li et al.
2012; Sandhu et al. 2012). Therefore, we propose the con-
sistent model that, through the connected gene communities,
the chromosome architecture provides the backbone to orga-
nize genes necessary for normal and consequently patholog-
ical functions.

How different deregulated genes associated with specific
mutations lead to similar phenotypes inCdLS is unknown.The
prevalent model is that the collective effects of gene expres-
sion changes associated with each mutation create the birth
defects associated with CdLS (Muto et al. 2011). We are pro-
posing an alternativemodel where controlling the integrity of
the chromosome architecture of connected gene communi-
ties could play an important role during differentiation. In-
deed, active noncoding regulatory elements and chromatin
interactions surrounding Pol II are, in part, cell type-specific
(Li et al. 2012; Kieffer-Kwon et al. 2013; Tang et al. 2015).
Accordingly, the chromosome conformation is extensively
reorganized to accommodate the creation of new cell states
(Dixon et al. 2015). Interestingly, while the gene signatures
associated with NIPBL and SMC1A mutations were different
(Figure 1A), many connected communities were shared.
Mutations in NIPBL and cohesin subunits could destabilize
(or stabilize) the architecture of connected gene commu-
nities leading to cellular misreading of environmental
cues, creating developmental timing problems. In agree-
ment with this model, embryonic stem cells rapidly differ-
entiate when NIPBL and SMC1A levels are decreased
(Kagey et al. 2010). Taken together, these observations
led us to propose that NIPBL and SMC1A maintain the
structural integrity of connected gene communities, which
represent an important feature of normal differentiation
mechanisms.

In summary, integration of the chromosome architecture is
essential to understand themechanisms behind transcription-
based diseases like CdLS. While our study focused on
B-lymphocytes, our transcriptional model is applicable to
all cell types encompassing all CdLS-related phenotypic ob-
servations. The clinical manifestations will be dependent on
the biological role of the cell type in relation to the importance
ofmaintaining the integrity of the transcriptional program for
the cellular function. Future studies will reveal how the
connected gene communities are formed and restructured
depending on the genetic profiles of CdLS patients.
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