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RESEARCH COMMUNICATION

Nucleoporin-mediated
regulation of cell identity genes

Arkaitz Ibarra,' Chris Benner,>® Swati Tyagi,'
Jonah Cool,"* and Martin W. Hetzer"

!Molecular and Cell Biology Laboratory, 2Integrative Genomics
and Bioinformatics Core, Salk Institute for Biological Studies, La
Jolla, California 92037, USA

The organization of the genome in the three-dimensional
space of the nucleus is coupled with cell type-specific
gene expression. However, how nuclear architecture in-
fluences transcription that governs cell identity remains
unknown. Here, we show that nuclear pore complex
(NPC) components Nup93 and Nupl53 bind superen-
hancers (SE), regulatory structures that drive the expres-
sion of key genes that specify cell identity. We found
that nucleoporin-associated SEs localize preferentially
to the nuclear periphery, and absence of Nupl53 and
Nup93 results in dramatic transcriptional changes of SE-
associated genes. Our results reveal a crucial role of
NPC components in the regulation of cell type-specifying
genes and highlight nuclear architecture as a regulatory
layer of genome functions in cell fate.

Supplemental material is available for this article.

Received July 17, 2016; revised version accepted October 7, 2016.

Cell type-specific gene expression relies on the accurate
spatial and temporal control of transcription. Thousands
of enhancers contribute to the execution of specific gene
expression programs. The activity of key genes crucial
for cell type identity is driven by a small fraction of regu-
latory elements composed of clusters of enhancers, re-
ferred to as stretch enhancers or superenhancers (SEs)
(Hnisz et al. 2013; Parker et al. 2013). The function of
enhancers is influenced by the topological organization
of the genome, which is emerging as a major regulator
in the maintenance of cell type-specific gene expression
(Cavalli and Misteli 2013; Heinz et al. 2015). While the
precise mechanisms underlying genome organization
remain under scrutiny, large-scale spatial chromosome ar-
chitecture partially relies on interactions with the nuclear
envelope (NE) (Mekhail and Moazed 2010; Van de Vosse
etal. 2011). Components of the NE and nuclear pore com-
plexes (NPCs) associate with the genome to influence its
organization and gene expression (Van de Vosse et al.
2011). However, the potential contribution of NE compo-
nents in the regulation of cell type-specific transcriptional
programs is still poorly understood.
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The double-lipid bilayer of the NE is composed of the
outer nuclear membrane (ONM) and inner nuclear mem-
brane (INM) and is perforated at multiple sites by NPCs.
High-resolution images of the nuclear periphery of several
human cell types show that the NE is mostly underlined
with heterochromatin, except at the NPCs (Capelson and
Hetzer 2009). Consistent with these observations, the
lamins, a meshwork of intermediate filaments that under-
lie the NE, interact with large transcriptionally repressed
genomic regions at the nuclear periphery, the lamina-as-
sociated domains (LADs) (Guelen et al. 2008). In contrast,
genomic regions at NPCs appear largely devoid of hetero-
chromatin in human cells (Capelson and Hetzer 2009).
Each NPC is composed of several copies of ~30 different
subunits, called nucleoporins (Nups). Structurally, the
NPC is divided into a NE-embedded scaffold, comprised
of the Nup93-Nup205 and Nup96-Nupl07 subcom-
plexes, and two peripheral structures, the cytoplasmic fil-
aments and the nuclear basket. The latter extends into the
nuclear interior and is composed of Nupl53 and Tpr
(D’Angelo and Hetzer 2008). In addition to the well-char-
acterized role of NPCs in the regulation of nucleocyto-
plasmic transport of macromolecules, studies mainly in
yeast and Drosophila revealed that NPC components as-
sociate with specific genomic regions to positively or neg-
atively regulate the transcriptional activity of target genes
(for review, see Ibarra and Hetzer 2015). While most Nup-
genome interactions in yeast occur at the NPC, in meta-
zoans, dynamic Nups can also extensively interact
with the genome away from the NPC (Capelson et al.
2010; Kalverda et al. 2010). In human cells, characteriza-
tion of Nup-genome interactions is still in its infancy
(Brown et al. 2008); nevertheless, the relevance of Nups
in the regulation of genome functions has been inferred
from the mutations of NPC components that lead to a
panel of tissue-specific pathologies (Capelson and Hetzer
2009; Nofrini et al. 2016). It has been speculated that
Nup functions in gene expression regulation might under-
lie their involvement in tissue-specific disorders (Raices
and D’Angelo 2012). However, whether Nups could recog-
nize and regulate the expression of cell type-specific genes
in human cells remains unknown.

Results and Discussion

NPC and INM components interact with functionally
opposite chromatin regions at the NE

To gain insights into the role of NE proteins in the regula-
tion of genome functions in human cells, we used the
DamlID (DNA adenine methyltransferase identification)
technique (Guelen et al. 2008; Kalverda et al. 2010; Meule-
man et al. 2013; Jacinto et al. 2015) to identify interac-
tions between NE components and the genome. We first
validated this approach by generating genome interaction
maps in U20S cells for the Lamin B receptor (LBR), an
INM protein that interacts with Lamin B and contributes
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to the localization of heterochromatin to the nuclear
periphery in differentiated cells (Solovei et al. 2013). We
generated stable cell lines expressing the Dam fused to
LBR or GFP as a reference. We found that LBR associated
with 1046 large chromosome segments with a median
size of 766 kb (Fig. 1A; Supplemental Fig. S1A). LBR-asso-
ciated regions effectively recapitulate the Lamin Bl
DamlID interaction maps described in HT1080 cells (Meu-
leman et al. 2013) and Tig3 cells (97% and 79% overlap,
respectively) (Fig. 1A; Guelen et al. 2008). This indicates
that, as expected, LBR associates with the LADs, sup-
porting a robust conservation of genome contacts with
the nuclear lamina (Meuleman et al. 2013). Next, to ex-
pand our understanding of NE-genome interactions,
we performed similar experiments with components of
the NPCs, such as the nuclear basket member Nup153
and the scaffold constituent Nup93. Using a Dam-GFP-
expressing cell line to correct for the effects of local chro-
matin accessibility (Guelen et al. 2008), we identified
1851 local genome interaction sites with the basket
component Nupl53 (Fig. 1BJI). In addition, we detec-
ted 1021 interaction sites for the more secluded NPC
component Nup93 that accumulate in very close pro-
ximity to Nupl53-binding sites (Fig. 1B; Supplemental
Fig. S1B), likely representing bona fide interactions with
the NPC.

We next characterized the genomic, transcriptional
(mRNA sequencing [RNA-seq]), and chromatin (chro-
matin immunoprecipitation [ChIP] combined with high-
throughput sequencing [ChIP-seq] of epigenetic modifica-
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Figure 1. NPC components and LBR interact with functionally opposite chromatin com-

partments. (A) LBR-binding profile in U20S cells (log, ratio of Dam-LBR to Dam-GFP
methylation). The interaction profile along a region of chromosome 5 is shown. Black rect-
angles indicate LADs identified using LBR-DamID replicates in U20S cells or Lamin Bl
(LB1) DamID data in Tig3 cells (Guelen et al. 2008) and HT1080 cells (Meuleman et al.
2013). Nup93 DamID interaction sites are shown in the box. (B) DamlID interaction pro-
files of GFP, Nupl153, and Nup93 in a segment of chromosome 7. High-confidence inter-
action sites are indicated with black tracks. (C-H) LBR-defined LADs were aligned by their
boundaries, and the occupancy of LBR (C), mRNA production (D), H3K27ac (E), H3K9me2
(F), Nup93 (G), and Nupl53 (H) was examined. Gray areas highlight LADs. Lines show
moving-window averages of 25 kb in size. (I) Distribution of Nup153 interaction sites ob-
tained from two biological replicates relative to annotated genes. Interactions with pro-
moters (x1 kb from the transcription start site [TSS]), intragenic regions (exons and
introns), intergenic regions, and other features are shown as indicated. (/) Histogram show-
ing the distribution of chromatin features (H3K27ac in red, H3K4me3 in gray, DNase I
hypersensitivity sites [DHSs] in purple, and H3K9me2 in green) relative to Nup153 inter-
action sites.
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tions and DNase I hypersensitivity site [DHS] maps)
features of LBR, Nupl53, and Nup93 interactions with
the genome. LBR-associated domains presented lower
gene density, low mRNA expression levels, low chroma-
tin accessibility (DHSs), lower occupancy of the insulator
protein CTCF, and low levels of the central histone
modifications found at active promoters (H3K4me3) and
regulatory elements (H3K27ac) (Fig. 1C-E; Supplemental
Fig. S1C-F). Instead, LBR-associated domains exhibi-
ted higher levels of the repressive histone modifica-
tion H3K9me2 (Fig. 1F). In contrast, Nup153 and Nup93
interaction sites accumulated closer to transcription
start sites than LBR LADs (Supplemental Fig. S1G),
mostly in promoter-distal intergenic (~53% of Nupl53
and 51 % of Nup93 interactions) and intragenic (~39% of
Nup153 and 40% of Nup93 interactions) regions (Fig. 1I;
Supplemental Fig. S1H). Nup153 and Nup93 interaction
sites were enriched for histone modifications associated
with active transcription such as H3K4me3 and, pre-
dominantly, H3K27ac, which marks putative enhancers
(e.g., up to ~50.5% of Nupl53 interaction sites occur
at H3K27ac regions; P << 1 x 10719} (Fig. 1J; Supplemental
Fig. S1I). Interaction sites of these Nups also correlated
with DHSs, which characterize active regulatory regions
(Fig. 1J; Supplemental Fig. S1I; Song and Crawford 2010).
Furthermore, the top de novo motif identified within
Nupl53-binding sites was the regulatory DNA sequence
AP1, supporting the idea that Nup153 interacts with ge-
nomic regulatory regions, including putative transcrip-
tional enhancers (Supplemental Fig. S1J).

Nups interact with SEs

When we examined the distribution of NE-
genome interactions, Nup93 and Nupl53
interactions were found to accumulate out-
side of LBR-defined LADs (Fig. 1A,G,H) and
gather around large clusters of transcrip-
tional enhancers, such as the one located
near the Myc oncogene (Fig. 2A; Supple-
mental Fig. S2A-D; Hnisz et al. 2013). Key
cell type-specifying genes are generally
regulated by SEs (Hnisz et al. 2013; Parker
et al. 2013), which can be defined by charac-
teristically high levels of H3K27ac (Hnisz
et al. 2013). To evaluate the presence of
these Nups at SEs, we identified the col-
lection of SEs in U20S cells defined
by H3K27ac (345 SEs out of 11,831 putative
enhancers) (Fig. 2B; Hnisz et al. 2013). Sur-
prisingly, Nupl53 interactions sites were
enriched in SEs (P<<1x10719) and asso-
ciated with 174 of 345 SEs (50.4%) (Fig.
2D). Nup93 interaction sites were also
enriched in SEs (P<<1x107!%; of 345
SEs, 104 (30.1%) showed association with
Nup93, 83.6% of which were bound by
both NPC components (Supplemental Fig.
S2A-F).

In U20S osteosarcoma cells, SE-associat-
ed genes are involved in bone physiology
and hallmarks of cancer (e.g., Myc and
regulation of cell cycle) (Fig. 2A-C; Hnisz
et al. 2013). The subset of Nup-bound SE-
associated genes participates in similar
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Figure 2. NPC components Nupl53 and Nup93 interact with SEs
in different cell types. (A) Interaction sites of Nupl153 and Nup93
at the regulatory region surrounding the Myc gene are depicted
with black bars, and SEs are indicated with red bars. Normalized
H3K27ac and H3K4me3 profiles and University of California at Santa
Cruz (UCSC) genes illustrate the chromatin and genomic landscape.
(B,E) Enhancer regions ranked by H3K27ac levels in U20S (B) and
IMROO (E) cells. SEs are highlighted in red (see the Supplemental Ma-
terial). (C,F) Selected gene ontology categories of SE-associated genes
in U20S (C) and IMR90 (F) cells. (D,G) Pie charts showing the frac-
tion of SEs that interact with Nup153 (red) in U20S (E) and IMR90
(G) cells.

biological processes (Supplemental Fig. S2G), including
genes critical for ossification (Ext1) (Koziel et al. 2004)
and osteoblast compaction (Itgh1) (Brunner et al. 2011)
among others (Fig. 4C; Supplemental Fig. S2G,H).

To confirm the association between SEs and Nups, we
explored this link in an unrelated cell type; namely,
IMR90 primary lung fibroblasts. Based on H3K27ac levels,
we identified 596 SEs in IMR90 cells (out of 17,746 puta-
tive enhancers) (Fig. 2E), which were associated with
genes involved in cell migration, lung development, and
the regulation of transcription among other processes
(Fig. 2F). Next, since we detected a stronger relationship
between SEs and Nupl53, we performed DamID and
sorted the top 1851 Nupl53-binding sites throughout
the IMR90 genome to operate with a similar number of
interactions in both cell lines. We observed a consis-
tent enrichment of Nupl53 at IMR90 SEs (171 of 596
SEs; P << 1 x 10719) (Fig. 2G), which were associated with
key genes involved in lung development (Smad7) and
cell adhesion (Bcarl and Ltbp2) (Nojima et al. 1996; Hyy-
tidinen and Keski-Oja 2003) among others (Supplemental
Fig. S3AE).

To test whether Nup-SE interactions exhibited
cell type specificity, we classified the SEs into U20S-spe-
cific, IMR90-specific, and “common” SEs overlapping
in both cell lines (Supplemental Fig. S3F). We then com-
pared U20S-specific and IMR90-specific SEs with
Nupl53 interaction maps identified in U20S and IMR90

Nucleoporins in cell identity

cells. Nupl53 interaction sites identified in each cell
type showed better overlap with the respective cell
type-specific SEs (Supplemental Fig. S3G). This suggests
that Nupl53 preferentially interacts with cell type-
specific SEs.

SEs interactions with Nups are enriched
at the nuclear periphery

FRAP (fluorescence recovery after photobleaching) analy-
ses showed that scaffold NPC components such as Nup93
are remarkably stable at the NE-embedded NPC, whereas
the nuclear basket component Nupl153 presents a stable
and a dynamic subpopulation, the latter exchanging
between the NPC and the nucleoplasm (Griffis et al.
2004; Rabut et al. 2004). To determine the subnuclear lo-
calization of SEs that interact with NPC components, we
performed DNA fluorescent in situ hybridization (FISH)
in U20S and IMR90 cells (Supplemental Table S1). We
determined the relative radial positions of FISH signals
in the middle plane of the nucleus binned into three con-
centric zones of equivalent area (Fig. 3A; Towbin et al.
2012). As a reference, we used probes covering actively
expressed genes and SEs that do not interact with Nups
(expected to localize to the nuclear interior) as well as
probes within LADs (expected to be peripheral). We then
examined the positions of 19 Nup-associated SEs (11
Nupl53-associated SEs in IMR90 and eight in U20S, six
of which were cobound by Nup93). We observed the pref-
erential accumulation of these SEs in the most peripheral
subdivision of the nucleus in both cell types (Fig. 3B,C;
Supplemental Fig. S4A,B). In IMR90 cells, 51.9%, 26.8%,
and 21.1% of measured Nupl53-associated SE loci
mapped respectively to zones 1, 2, and 3, on average, com-
pared with 25.2%, 40.3%, and 34.5% of control active
regions and 62.5%, 25.3%, and 12.2% of loci within
LADs. Furthermore, fractionation of the radius in 10%
windows showed that the global nuclear distribution of
Nupl53-associated SEs in IMR90 cells was more proximal
to the NE than control active regions (~34 % of all Nup-as-
sociated SE signals were detected in the outer fraction of
the nucleus compared with ~14% of control active re-
gions) (Fig. 3D). Consistently, in U20S cells, up to 49%
of the Nup-bound SE foci mapped to the peripheral zone
1 on average, compared with only 24% of control active
regions (Supplemental Fig. S4B). The tested SEs that ex-
hibited association only with Nupl53 in U20S also
showed peripheral localization. This suggests that the
presence of this Nup directly facing the chromosomes at
the nuclear basket allows the detection of additional
DamlD interactions compared with the secluded scaffold
component Nup93. Interestingly, silenced regions embed-
ded within LADs are the most restricted to the NE in both
cell types (Fig. 3D). This suggests that, compared with
LADs, NPC-associated regions show a more dynamic
behavior, likely subjected to cell cycle-dependent fluctua-
tions as reported in yeast (Brickner and Brickner 2010).
Moreover, SEs were mostly excluded from LADs (Supple-
mental Fig. S4C), denoting that their localization is not
driven by components of the nuclear lamina. Together,
our results indicate that Nupl53 and Nup93 interact
with a subset of SEs in different cell types predominantly
at the nuclear periphery, suggesting contact of these SEs
with the NPCs.
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A

with the rest of the genes (P << 0.01) (Fig. 4D-F;
Lad? Nup-SET Nup-SE6 Nup-SE8 Supplemental Fig. S3C,D). To further control
for the high expression levels often associated
with SE-associated genes, we compared the ef-
fects of Nup153 knockdown on genes with the
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Figure 3. Subnuclear localization of Nup-associated SEs. (A) Subdivision of the
central plane of the nucleus in three concentric regions of equal area: the most pe-
ripheral zone 1 (black; 0-18.4), zone 2 (light gray; 18.4-42.3), and zone 3 in the nu-
clear interior (dark gray; 42.3-100). (B) Representative immunofluorescence (IF)
DNA-FISH images of the indicated regions in IMR90 cells. Lamin A (green) and
DIG-labeled BAC probes (red) are shown. (C) Distribution of analyzed loci into
the three zones, represented as in A. (Cont) Control active regions; (Lad) regions
within LADs; (Nup-SE) Nup153-associated SEs. n > 50 for each region. (D) Distribu-
tion of the relative radial distance of all measured control regions (gray; n = 406),
Nupl53-associated SEs (red; n = 622), and LAD regions (blue; nn = 240). Gray shading

indicates the theoretical positioning of the three zones.

Nups regulate the transcriptional activity
of SE-associated genes

NPC components like Nup153 regulate gene expression
in Drosophila and mouse cells without dramatically af-
fecting global transport or nuclear compartmentalization
(Supplemental Fig. S5; Vaquerizas et al. 2010; Jacinto et al.
2015). We therefore explored the potential role of NPC
components in regulating the expression of SE-associated
genes in human cells. In regard to Nup153, RNA-seq ex-
periments showed that knockdown of this Nup led to
global transcriptional changes in U20S cells comparable
with those reported in other organisms (false discovery
rate [FDR] < 0.05 and fold change >1.5; 2440 up-regulated
and 2568 down-regulated genes) (Supplemental Fig. S6A;
Supplemental Table S2; Vaquerizas et al. 2010; Jacinto
et al. 2015). Moreover, Nup153 interaction sites were as-
sociated with differentially expressed genes, revealing
that Nup153 is required for the accurate expression of tar-
get genes in human cells (Supplemental Fig. S6B). Re-
markably, expression levels of SE-associated genes were
significantly more affected by Nup153 knockdown than
the rest of the genes (P <<0.01) (Fig. 4A,B). A large subset
of Nup153-associated SE-driven genes experienced robust
expression changes upon Nup153 depletion (Fig. 4C; Sup-
plemental Fig. S6D,E). Furthermore, Nup93 knockdown
resulted in similar transcriptional defects of SE-associated
genes, suggesting that several NPC components might co-
operate to regulate the transcriptional activity of these
genes (Supplemental Fig. S6C-E). Consistently, Nup153
knockdown led to gene expression changes in IMROO0 cells
(Supplemental Table S3), and transcriptional alterations
were particularly severe for SE-associated genes compared
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incomplete, supported a notion of context-de-
pendent association of NPC components with
transcriptionally active and repressed regions
(Brown et al. 2008; Liang et al. 2013). In agree-
ment with our observations, recent studies in
human CD4" T cells proposed that HIV integra-
tion occurs at putative NPC interaction sites,
which are transcriptionally active regions that
localize at the nuclear periphery and are exclud-
ed from LADs (Marini et al. 2015). Our results are
also consistent with the patterns of chromatin
organization observed in differentiated human
cells using high-resolution imaging techniques
(Capelson and Hetzer 2009) and provide genetic and
molecular details of this organization.

A subset of metazoan NPC components, the dynamic
Nups, exchanges between the NPC and the nucleoplasm
(Rabut et al. 2004). Consistently, Nupl53 can interact
with the genome both at the NPC and away from it in Dro-
sophila and mouse cells (Vaquerizas et al. 2010; Jacinto
et al. 2015). It remains unclear whether Nup-genome in-
teractions that occur away from the NPC are functionally
distinct from NPC-associated sites. Importantly, our
results in human cells indicate that Nup-associated SEs
show preferential localization at the nuclear periphery,
where NPCs might provide large and stable platforms to
accurately regulate the expression of key SE-associated
genes. However, additional interactions between Nups
and SEs might exist in the nuclear interior that were
missed due to technical and analytical limitations. For in-
stance, since DamlID relies on very low expression levels
of the Dam fusion proteins (Guelen et al. 2008), the meth-
ylation levels around the NPCs where multiple copies of
Nups accumulate might be more prominent compared
with the dynamic pools. Nevertheless, the peripheral
localization of a subset of SEs suggests that noncanonical
enhancer characteristics, in particular their association
with features of the nuclear landscape, could contribute
to the emerging definition of SEs (Pott and Lieb 2015).

Mutations affecting the NE and NPC components un-
derlie a panel of tissue-specific disorders and developmen-
tal pathologies (Capelson and Hetzer 2009; Worman et al.
2010; Raices and D’Angelo 2012). In addition, NPC com-
ponents have been implicated in cell differentiation and
cell identity maintenance (D’Angelo et al. 2012; Buch-
walter et al. 2014; Jacinto et al. 2015). Here, we show
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Nucleoporins in cell identity

organization might influence the accurate

' transcriptional activity at SE and Polycomb
' domains.
Together, our results highlight a key func-

tion of Nups in the regulation of cell type-
specific gene expression and anticipate a prom-

inent role for the NE components in the regu-
lation of genome functions during cell fate

specification and disease.

Materials and methods

Cell culture and manipulation

N U20S cells were cultured in DMEM (Gibco) and 10% FBS.
IMROO0 cells were cultured in DMEM and 20% FBS supple-
mented with nonessential amino acids (Gibco) and low-
oxygen conditions (3%). Cell lines expressing Dam fusion
proteins were generated by retroviral infection and selec-

ted with 1 pg/mL puromycin. siRNA-mediated gene silenc-
l ing was performed using the oligos (Invitrogen) control

—n—3 EVA1A

. (Luc; 5-UAUGCAGUUGCUCUCCAGC-3'), Nupl53 (5'-
VRPLTS ACAUUUGGUAGAGUCUGCCUU-3'), and Nup93 (5'-
GCGCUAAUUUACUACUGCA-3') and were delivered us-

ing siLenFect (Bio-Rad). DNA transfections were carried out
using Lipofectamine 2000 (Invitrogen) and 1 pg of DNA.
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Figure4. Nupl53 regulates the accurate transcriptional activity of cell identity genes
in different cell types. (A,D) Bar graphs showing the regulation exerted by Nup153 over
SE-associated genes (red) and the rest of the genes (gray) in U20S (A) and IMR90 (D)
cells. FDR <0.05; >1.5-fold differential expression. P-value, Fisher exact test. (B,E)
SE-associated genes ranked according to their changes in transcriptional activity
upon Nupl53 knockdown relative to control populations in U20S (B) and IMR90

DamlID

Genomic DNA from stable cell populations expressing Dam
fusion proteins was isolated using the DNeasy blood and tis-
sue kit (Qiagen). DamID samples were processed and ana-
lyzed as described previously (Jacinto et al. 2015). Detailed
information about sample preparation and data analysis is
in the Supplemental Material.

(E) cells. Differentially expressed genes are highlighted in red. (C,F) Examples of

Nup-bound SE-associated cell identity genes in U20S (C) and IMR90 (F) cells.
Nupl53- and Nup93-binding sites are shown with black bars, and SEs are shown
with red bars. UCSC genes and normalized H3K4me3, H3K27ac, and RNA-seq profiles

in each cell type are shown.

that components of the NPC, such as Nup153 and Nup93,
establish functional interactions with SE-associated
genes, which are critical regulators of cell type-specific
transcriptional programs. Thus, our results support a
model in which Nup functions in gene expression regula-
tion underlie their involvement in tissue-specific dis-
orders and cell identity maintenance (Supplemental Fig.
S7). Consistently, Nup98 interacts with lineage-specific
genes in neural progenitor cells (Liang et al. 2013), and,
in mouse embryonic stem cells (mESCs), Nup153 deple-
tion results in heterogeneous gene expression changes
that lead to loss of pluripotency (Jacinto et al. 2015). Inter-
estingly, in mESCs, Nup153 regulates a subset of genes
through interactions with Polycomb group proteins
(PRC1), which promote predominantly gene silencing but
also gene activation (Aranda et al. 2015; Jacinto et al.
2015). In addition, Nup153 has also been reported to inter-
act with histone acetyltransferases such as p300/CBP, re-
sponsible for most H3K27 acetylation and highly enriched
at SEs (Kasper et al. 1999; Vahedi et al. 2015), which could
facilitate the Nup-SE interaction. Intriguingly, Polycomb
and SE domains share a similar topological organization
that serves to insulate these regions (Dowen et al. 2014).
Since NPC components display insulator activity and reg-
ulate long-range chromatin interactions in yeast (Ishii
et al. 2002; Tan-Wong et al. 2009), it is tempting to
speculate that a structural role of Nups in chromosome

RNA-seq

Total RNA was isolated from the different cell populations
using Trizol (Ambion) and purified using the RNAeasy kit
(Qiagen). Total RNA (1-2 ng) was processed using the Illu-
mina Tru-seq stranded RNA LT kit (Illumina) to obtain
strand-specific mRNA libraries. Resulting libraries were run in a HiSeq
2500 sequencing system according to the manufacturer’s instructions
(lumina). Detailed information about data analysis is in the Supplemen-
tal Material.

ChIP-seq and DNase sequencing (DNase-seq)

ChIP was performed as described in Liang et al. (2013). DNase-seq libraries
were processed as described previously (Song and Crawford 2010) by Dr.
Greg Crawford’s laboratory at Duke University. Detailed information
about data analysis, SE identification, peak overlap, feature enrichments,
and motif analysis is in the Supplemental Material.

Immunofluorescence (IF) and DNA-FISH

IF and DNA-FISH were carried out as in Jacinto et al. (2015). BACs are de-
scribed in Supplemental Table S1 and were processed using the DIG-Nick
translation mix (Roche). Probes and genomic DNA were denatured simul-
taneously for 3 min at 80°C. The antibodies used were anti-Lamin A
(Sigma), anti-Nup153 (SA1 mouse ascites from Dr. B. Burke), and anti-
DIG (Roche). Images were acquired in a Carl Zeiss 710 confocal micro-
scope. For the three-zone scoring, we determined the relative radial posi-
tions of FISH spots by calculating the euclidean distance of the FISH
spot to the nuclear periphery in the middle plane of the nucleus binned
into three concentric zones of equivalent area. Measurements were carried
out using Imaris software.

Accession number

The Gene Expression Omnibus accession number for the data reported in
this study is GSE87831.
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