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Nucleoporins (Nups) are a family of proteins best known as the constituent building blocks of nuclear pore com-
plexes (NPCs), membrane-embedded channels that mediate nuclear transport across the nuclear envelope. Recent
evidence suggests that several Nups have additional roles in controlling the activation and silencing of develop-
mental genes; however, the mechanistic details of these functions remain poorly understood. Here, we show that
depletion of Nup153 in mouse embryonic stem cells (mESCs) causes the derepression of developmental genes and
induction of early differentiation. This loss of stem cell identity is not associated with defects in the nuclear import
of key pluripotency factors. Rather, Nup153 binds around the transcriptional start site (TSS) of developmental genes
andmediates the recruitment of the polycomb-repressive complex 1 (PRC1) to a subset of its target loci. Our results
demonstrate a chromatin-associated role of Nup153 in maintaining stem cell pluripotency by functioning in
mammalian epigenetic gene silencing.
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Nuclear pore complexes (NPCs) are large nuclear enve-
lope (NE)-embedded protein assemblies that are com-
posed of multiple copies of ∼30 different nucleoporins
(Nups), creating a selective transport channel between
the nucleus and the cytoplasm (D’Angelo and Hetzer
2008). Nups can be functionally separated into at least
two categories: (1) the scaffold Nups, which consist of
the Nup107/160 and Nup93/205 complexes that together
comprise almost 50% of all Nups and form the stable core
ring-like structure of theNPC (D’Angelo andHetzer 2008;
Toyama et al. 2013), and (2) the peripheralNups, which es-
tablish the permeability barrier and mediate the translo-
cation of cargo through the NPC via receptor-mediated
processes (Wente and Rout 2010).

In addition to their roles as constituents of the NPC,
Nups have emerged as potential regulators of chromatin
organization and transcription (Van de Vosse et al. 2011;
Pascual-Garcia and Capelson 2014). For example, studies
in Saccharomyces cerevisae, Drosophila melanogaster,
andmammalian systems have demonstrated that a subset
of peripheral Nups, including Nup98 and Nup153, is able
to physically interact with specific genomic loci and can
regulate the transcriptional status of its target genes
(Casolari et al. 2004; Schmid et al. 2006; Capelson et al.
2010; Kalverda et al. 2010; Vaquerizas et al. 2010; Liang

et al. 2013; Light et al. 2013; Van de Vosse et al. 2013).
Importantly, inDrosophila theseNup–chromatin interac-
tions were commonly found to occur in the nucleoplasm,
away from theNE-embeddedNPCs, suggesting thatNups
may retain the ability to regulate gene activity even when
not associated with NPCs. Furthermore, these Nup–gene
contacts occur predominantly at developmentally regu-
lated genes undergoing transcriptional induction (Ca-
pelson et al. 2010; Kalverda et al. 2010). These studies
uncovered functions for specific Nups that are not linked
to mediating cargo translocation across the NPC chan-
nels. Instead, they suggest that Nups play a direct role
in controlling developmental transcriptional programs.
However, the role of the Nup–gene contacts during mam-
malian development remains obscure, and the molecular
details of howNups can participate in gene-activating and
gene silencing processes is still amajor unsolved question.

The observed role of Nups in developmental gene regu-
lation is supported by reports of several NPC components
exhibiting tissue-specific expression (Lupu et al. 2008;
D’Angelo et al. 2012) and tissue-specific disease pheno-
types (Zhang et al. 2008). Interestingly, peripheral Nups
have also been shown to exhibit low residence times at
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theNPC, with a highly mobile, soluble pool being present
inside the nucleoplasm (Rabut et al. 2004; Van de Vosse
et al. 2011; Pascual-Garcia and Capelson 2014). Moreover,
several mobile Nups, including Nup153, Nup98, and
Nup50, are sensitive to transcriptional inhibition inmam-
malian cells, further implicating a link between Nups
and transcriptional regulation (Griffis et al. 2004; Buch-
walter et al. 2014). Recent genome-wide studies in several
model organisms have demonstrated the importance
of Nup153 in active transcription (Casolari et al. 2004;
Vaquerizas et al. 2010). Nup153 has also been found to
participate in X-chromosome transcriptional hyperactiva-
tion in dosage compensation ofD.melanogaster (Mendjan
et al. 2006). Altogether, Nup153 seems to be required for
the establishment of active chromatin domains in flies.
This raises the interesting question of whether Nup153
might play a function in developmental gene regulation
in mammals.
Here, we show that mouse embryonic stem cells

(mESCs) require Nup153 to maintain their pluripotency
by mediating the recruitment of the polycomb-repressive
complex 1 (PRC1) to the transcription start site (TSS) of
several lineage-specific genes. Importantly, this function
of Nup153 is not linked to the import of PRC1 compo-
nents. Instead, Nup153 has the ability to bind to specific
developmentally regulated genes and maintain them in

a repressed state. Altogether, our study reveals a trans-
port-independent role of Nup153 in PRC1-mediated
gene silencing in mESCs, adding to the functional diver-
sity of Nups in transcription control.

Results

Nup153 knockdown causes differentiation of mESCs

Tostudy thepotential roleofNup153 in stemcell function
anddifferentiation,weconstitutivelyexpressed twodiffer-
ent lentiviral shRNA vectors against Nup153 in mouse
mESCs. Efficient knockdown of Nup153 was achieved
with both constructs as verified by Western blotting anal-
ysis (Fig. 1A) and quantitative RT–PCR (qRT–PCR) (Sup-
plemental Fig. S1A). Nup153 depletion resulted in a
significant decrease of alkaline phosphatase (AP) staining
(Fig. 1B) and in the formation of flat and morphologically
distinct colonies indicative of early differentiation (Fig.
1C).Wedidnot detect the cleavage of poly(ADP-ribose) po-
lymerase (Parp1) in either of the two Nup153-depleted
mESCs, suggesting that the observed loss of AP stem cell
colonies was not the result of apoptosis (Fig. 1A; Supple-
mental Fig. S1E). Importantly, the phenotype was effi-
ciently rescued by the expression of an shRNA-resistant
mouse Flag-mCherry-Nup153, which properly localized

Figure 1. Nup153 knockdown induces the differen-
tiation of mESCs that is not caused by the down-reg-
ulation of markers of the undifferentiated state. (A)
Western blot analysis for Nup153, Parp1, and Oct4
in whole-cell extracts from mESCs after 6 d of
Nup153 knockdown. Tubulin was used as the loading
control. (B) AP staining of control and stable Nup153-
depletedmESCcolonies. The total number of positive
AP stem cell colonies between the control and
Nup153-deficient mESCs is quantified in the right
graph. Data are represented asmean ± SD; n = 3. P-val-
ues were obtained from Student’s t-test; (∗∗∗) P <
0.001. (C ) Representative phase-contrast microscopy
images of control and Nup153 knockdown AP stem
cell colonies. Original magnification, 100×. (D) Rela-
tive mRNA levels of Nup153 in control, knockdown,
and rescued mESCs measured by qRT–PCR. The rel-
ative expression levels were normalized to actin
and are expressed as fold change relative to the con-
trol (shCTRL). (E) AP staining (left panel) and total
number of positive AP stem cell colonies (right
graph) in control, Nup153 knockdown, and shRNA-
resistant Flag-mCherry-Nup153-expressing mESCs.
(F ) Nup153 expression analysis by qRT–PCR and
Western blot upon the differentiation of mESCs into
NeuP cells. Tubulin was used as the loading con-
trol. (G) qRT–PCR analysis of the pluripotency fac-
tors Oct4, Nanog, and Klf4 after 6, 9, and 13 d of
Nup153 knockdown. The relative expression levels
were normalized to actin and are expressed as fold
change to the respective control. The mean ± SD
from three independent experiments is shown.
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to the NE, indicating the functional integrity of this re-
combinant protein (Fig. 1E; Supplemental Fig. S1B,C).
Analysis by qRT–PCR and Western blot revealed that
the expression of the taggedNup153was∼1.5-fold to two-
fold higher than the endogenous Nup153 levels (Fig. 1D;
Supplemental Fig. S1D). Together, these results show
that the observed induction of early differentiation is
caused by Nup153 deficiency. Interestingly, Nup153 ex-
pression was down-regulated upon differentiation of
mESCs into neural precursor (NeuP) cells (Fig. 1F), further
suggesting thatNup153 expression correlateswith the un-
differentiated state.

Importantly, knockdown of Nup153 did not signifi-
cantly alter the expression levels of the core pluripotent
factors Oct4, Nanog, and Klf4 as judged by qRT–PCR
and Western blot analysis (Fig. 1A,G). These results sug-
gest that the induction of differentiation observed in
Nup153-depleted mESCs is not caused by the down-regu-
lation of markers of the undifferentiated state, which
prompted us to test whether Nup153 might be involved
in the regulation of differentiation genes.

Nup153 depletion induces expression
of developmental genes

To gain insight into the molecular mechanisms by which
Nup153 maintains the mESC pluripotent state, we ana-

lyzed global gene expression profiles using next-genera-
tion sequencing of total RNA (RNA-seq). Compared
withmock-depleted cells, knockdown ofNup153 resulted
in up-regulation and down-regulation (fold change ≥1.5
and false discovery rate [FDR] <0.05) of 1234 and 660
genes, respectively (Fig. 2A; Supplemental Table S1). Con-
sistent with the observed morphological changes, early
ectodermal differentiation markers such as Pax6, Neu-
rod1, Blbp (also known as Fabp7), Sox11, Nefh, Nrp1,
and Reln were up-regulated in Nup153-depleted mESCs
(Fig. 2A). A gene ontology (GO) analysis of the list of up-
regulated transcripts showed a significant enrichment
for genes involved in transcription, cell morphogenesis,
and neuron development (Fig. 2B).

To determine whether Nup153 deficiency enhanced
primarily neuroectoderm differentiation, we differentiat-
ed mESCs into NeuP cells and analyzed their gene ex-
pression profiles by RNA-seq (Supplemental Fig. S2A;
Supplemental Table S2). A significant number of genes
that were up-regulated after Nup153 knockdown (∼29%)
were also induced during neural differentiation (Fisher’s
exact test,P < 10−20), supporting a role forNup153 inmain-
taining a specific subset of early lineage-specific genes in a
repressed state (Fig. 2C; Supplemental Fig. S2B). TheRNA-
seq further confirmed that Nup153 knockdown did not af-
fect the levels of the core transcriptional network that
maintains the pluripotent ESC phenotype, as judged by
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genes after 6 d of Nup153 knockdown. Two biological
replicates using independent lentiviral shRNA vec-
tors (shNup153 #2 and shNup153 #4) were analyzed,
merged, and compared with the control. Arrows indi-
cate representative ectodermal markers up-regulated
byNup153 knockdown. (B) GO analysis of the up-reg-
ulated genes upon Nup153 depletion. (C ) Heat map
from RNA-seq data showing the relative expression
of ectodermal markers, pluripotency factors, and
PRC1 components in control mESCs, Nup153 knock-
down mESCs, and NeuP cells. Nup153 relative ex-
pression is shown as control. (D) qRT–PCR analysis
of four different ectodermal markers (Pax6, Blbp,
Nes, and Tubb3) after 6 d of Nup153 knockdown.
The relative expression levels were normalized to
actin and are expressed as fold change relative to
the control (shCTRL). The mean ± SD from three
independent experiments is shown. P-values were ob-
tained from Student’s t-test; (∗∗∗) P < 0.001. (E) Rela-
tive mRNA levels of Pax6, Blbp, Nes, and Tubb3 in
control, knockdown, and rescued mESCs measured
by qRT–PCR.
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the expression of Oct4, Nanog, Klf4, Sall4, and Esrrb (Fig.
2C). Additional confirmation for the up-regulation of neu-
ral-specific genesPax6, Blbp,Nes, andTubb3was obtained
by qRT–qPCR analysis (Fig. 2D) andWestern blot analysis
(Supplemental Fig. S2C).
Importantly, the derepression of developmental genes

was rescued by an shRNA-resistant Flag-mCherry-
Nup153 (Fig. 2E), confirming that Nup153’s role in re-
pressing early lineage-specific genes is specific. Altogeth-
er, we conclude that the early induction of differentiation
observed in mESCs upon Nup153 depletion is caused
by the up-regulation of early ectodermal lineage-specific
genes, implying that Nup153 has an unanticipated role
in gene silencing.

Nup153 is essential for mESC pluripotency

The early induction of differentiation genes observed in
Nup153-depleted mESCs suggested that their pluripotent
state was compromised, and we therefore tested their
capacity to form embryoid bodies (EBs) in vitro and terato-
mas in vivo. Analysis of ectodermal markers Nes, Tubb3,
and Blbp by qRT–PCR in control andNup153 knockdown
EBs at days 8 and 12 demonstrated that these lineage-spe-

cific genes were significantly up-regulated in the absence
of Nup153 (Fig. 3A). In contrast, the endoderm-specific
genes Gata4, Sox17, and Rbp were markedly down-regu-
lated in Nup153 knockdown EBs (Fig. 3B). The induction
of mesoderm-specific genes like Isl-1, Brach-T, and α-Sma
(smooth muscle actin) during EB differentiation occurred
at comparable levels in both control andNup153-depleted
EBs (Supplemental Fig. S3A). Further expression analysis
of ectodermal markers by immunostaining in Nup153-
depleted EBs showed a marked increase of neural pro-
genitor cells (i.e., stained with Blbp and Nes) and neurons
(i.e., stained with Tuj1) relative to control EBs (Fig. 3C).
In contrast, the immunostaining for the endodermal genes
Gata4 and Foxa2 in Nup153 knockdown EBs showed that
these EBs did not form the typical outer layer of primitive
endoderm present in control EBs (Fig. 3D; Supplemental
Fig. S3C). As expected, the overall number of mesodermal
cells was similar between the Nup153-depleted and con-
trol EBs (Supplemental Fig. S3B). Furthermore, Nup153-
depleted mESCs gave rise to teratomas with abundant
neural differentiation (stained with GFAP [glial fibrillary
acidic protein] and Tuj1) when compared with terato-
mas originated from control mESCs (Fig. 3E; Supplemen-
tal Fig. S3D). Altogether, these results show that down-

Figure 3. Nup153 is required for mESC pluripo-
tency. (A) qRT–PCR analysis showing the relative ex-
pression levels of representative ectodermal markers
in control and Nup153 knockdown EBs at days 0, 8,
and 12 after LIF removal. The relative expression lev-
els were normalized to actin and are expressed as fold
change relative to the respective control. The mean ±
SD from three independent experiments is shown. P-
values were obtained from Student’s t-test; (∗∗) P <
0.01; (∗∗∗) P < 0.001. (B) qRT–PCR analysis showing
the relative expression levels of representative endo-
dermal markers in control and Nup153-depleted EBs
at days 0, 8, and 12 of EB differentiation. (C ) Immuno-
fluorescence for the ectodermal markers Blbp, Nes,
and Tuj1 in control and Nup153-depleted EBs at day
12 of EB differentiation. Bars, 200 μm. (D) Immunoflu-
orescence for the endodermalmarkerGata4 in control
and Nup153-depleted EBs at day 12 of EB differentia-
tion. Bars, 50 μm. (E) Representative immunofluores-
cence data for the ectodermal marker GFAP on
paraffin-embedded sections of teratomas originated
from control and Nup153-depleted mESCs. Bars, 100
μm.
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regulation of Nup153 induces neuroectoderm differentia-
tion that derives from a propensity already detected in the
undifferentiated state.

The premature induction of differentiation genes is not
caused by global defects in nuclear transport

Originally identified as a component of the NPC, Nup153
has been shown to be involved inRNAexport (Bastos et al.
1996; Ullman et al. 1999; Dimaano et al. 2001) and protein
import (Shah et al. 1998; Walther et al. 2001; Sabri et al.
2007). However, recent findings in Drosophila suggest a
role in transcription regulation that is independent of its
role as a constituent of NPCs (Vaquerizas et al. 2010).
To determine whether the observed early differentiation
phenotype in Nup153-depleted mESCs was a result of de-

fects in nuclear trafficking, we first tested the nuclear lo-
calization of the key pluripotency factors Oct4 and Sox2.
In both cases, nuclear stainings for both Oct4 and Sox2
were indistinguishable between control and Nup153-
depleted mESCs (Fig. 4A; Supplemental Fig. S4A). Fur-
thermore, immunofluorescence fluorescent RNA in situ
hybridization (IF-RNA-FISH) analysis using an oligo dT
probe in Nup153 knockdown mESCs did not show a sig-
nificant nuclear accumulation of poly(A)+ RNAs (Fig. 4B).

Nup153 has been shown to interact with Nup50, and
both NPC components as a complex have been impli-
cated in nuclear transport (Matsuura and Stewart 2005;
Makise et al. 2012). To directly test a potential involve-
ment of Nup50 in the observed phenotype, we depleted
this Nup in mESCs (Fig. 4C; Supplemental Fig. S4B) but
did not detect induction of early differentiation (Fig. 4F;

Figure 4. Nup153-mediated silencing of spe-
cific developmental genes in mESCs seems to
be independent of its roles in global nuclear
transport. (A) Immunofluorescence for the plu-
ripotency marker Oct4 in control and Nup153
knockdownmESCs after 6 d of Nup153 knock-
down. Bars, 10 μm. (B) Representative image
from a Nup153 IF-RNA-FISH for poly(A)+

RNAs in control and Nup153 knockdown
mESCs after 6 d of Nup153 depletion. Bars,
10 μm. (C ) Western blot analysis for Nup153
and Nup50 in whole-cell extracts from con-
trol, Nup153 knockdown, and Nup50 knock-
down mESCs upon 5 d of depletion. Gapdh
was used as the loading control. (D) Western
blot analysis for Nup153 and Nup107 in
whole-cell extracts from control, Nup153
knockdown, and Nup107 knockdown mESCs
upon 7 d of depletion. Tubulin was used as
the loading control. (E) NPCs were stained
and visualized by superresolution microscopy,
and individual pores were counted for each nu-
cleus. N≈ 30. Maximum projection of repre-
sentative reconstructed images (left panel)
and total number of single pores per cell (right
graph) from control, Nup153 knockdown, and
Nup107 knockdown nuclei. P-values were
obtained from Student’s t-test; (∗∗∗) P < 0.001.
(F ) Representative phase-contrast microscopy
images of control, Nup153 knockdown, and
Nup50 knockdown AP stem cell colonies.
Original magnification, 100×. (G) Representa-
tive phase-contrast microscopy images of con-
trol, Nup153 knockdown, and Nup107
knockdown AP stem cell colonies. Original
magnification, 100×. (H) qRT–PCR analysis of
four different ectodermal markers in control,
Nup153 knockdown, and Nup50 knockdown
mESCs after 5 d of knockdown. The relative
expression levels were normalized to actin
and are expressed as fold change relative to
the control (shCTRL). (I ) qRT–PCR analysis
of four different ectodermal markers in con-

trol, Nup153 knockdown, and Nup107 knockdownmESCs after 7 d of knockdown. The relative expression levels were normalized to ac-
tin and are expressed as fold change relative to the control (shCTRL). The mean ± SD from three independent experiments is shown. P-
values were obtained from Student’s t-test; (∗∗∗) P < 0.001.
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Supplemental Fig. S4E) or up-regulation of lineage-specific
genes (Fig. 4H). These findings suggest that the observed
differentiation phenotype is unlikely to be the result of
global nuclear transport defects.
However, we did observe a modest reduction of NPC

number (∼17%) in Nup153-depleted cells (Fig. 4E). Since
NPCshave recently been shown to be involved in chroma-
tin organization and genome function (Pascual-Garcia and
Capelson 2014), we wanted to directly test whether NPC
numbers are critical for mESC pluripotency. To do this,
we depleted Nup107 (a major component of the large sub-
complexNup107/160,whose presence is required forNPC
assembly) (Fig. 4D; Supplemental Fig. S4C; Walther et al.
2003), which resulted in a 37% decrease in the total num-
ber of NPCs per nucleus (Fig. 4E; Supplemental Fig. S4D).
Similar to the depletion of Nup50, we did not observe an
induction of early differentiation in Nup107 knockdown
mESCs (Fig. 4G) or a significant up-regulation of ectoder-
mal lineage-specific genes upon deletion of Nup107 (Fig.
4I). Collectively, these data indicate that the Nup153-me-
diated repression of a subset of developmental genes in
mESCs occurs independently of nuclear transport.

Genome-wide mapping of Nup153-binding sites
in mESCs by DamID-seq (DNA adenine
methyltransferase identification [DamID] followed
by next-generation sequencing)

We next wanted to explore the possibility that Nup153, a
mobile Nup with an intranuclear presence, functions in
the regulation of transcriptional programs via physically
binding to genomic loci (Vaquerizas et al. 2010). To deter-
mine genome-wide binding of Nup153 inmESCs, we used
DamID-seq. The DamID technology is based on the abil-
ity of the Dam methylase to modify genomic regions
that are in molecular contact with Dam fused to a protein
of interest in vivo with adenine-6 methylation (m6A),
which is a modification not found in higher eukaryotes
(van Steensel and Henikoff 2000; Guelen et al. 2008). We
first established a stable mESC line expressing low levels
of a chimeric protein consisting of Dam fused to Nup153
(Dam-Nup153) under the heat-shock promoter (in the ab-
sence of heat shock). Immunostaining confirmed that this
fusion protein was correctly targeted to the NE (Supple-
mental Fig. S5A). We first validated the DamID-seqmeth-
od by generating two independent DamID profiles for the
core pluripotent factor Oct4 in mESCs and comparing
them with the Oct4 ChIP-seq (chromatin immunoprecip-
itation [ChIP] followed by next-generation sequencing)
profile (Supplemental Fig. S5B). Both stable mESC lines
expressing the Dam-Oct4 fusion protein generated re-
producible peaks when compared with the GFP-DamID
control (Supplemental Fig. S5B). Oct4 DamID-seq peaks
highly overlap with Oct4 ChIP-seq peaks, confirming
the feasibility of our strategy (Supplemental Fig. S5B,C).
Moreover, a motif analysis of Oct4 DamID-seq peaks us-
ing a de novo approach has identified the Oct4-binding
motif as the most enriched motif (P = 1 × 10−71), further
validating the overall reliability of the DamID-seq ap-
proach (Supplemental Fig. S5D).

Using thismethod,we identified a total of 3517Nup153
DamID peaks with high confidence (greater than twofold
enrichment over Dam-GFP control and FDR < 0.01). An
example of a gene locus bound byNup153 in two indepen-
dent biological replicates is shown in Supplemental Figure
S5E. Strikingly, Nup153 was enriched at the gene body
(48%; gene body being defined as +100 base pairs [bp]
from the TSS to +1 kb from the termination end site
[TES]) (Fig. 5A) and highly enriched around the TSSs of
these genes, consistent with a potential role of Nup153
in transcription regulation (Fig. 5B). In addition, ∼37% of
Nup153 peaks were present at intergenic regions (Fig.
5A), suggesting that Nup153 might also occupy enhancer
regions. GO term enrichment analysis of the 2133 genes
bound by Nup153 within +2 kb upstream of the TSS to
+1 kb downstream from the TES showed a significant en-
richment for genes involved in cell adhesion, regulation
of transcription, embryonic morphogenesis, and chordate
embryonic development (Supplemental Fig. 5G). Given
that Nup153 depletion in mESCs led to the up-regulation
of 1234 genes, we tested whether any of them were direct
targets ofNup153. Strikingly,we found that 201 genes had
a specific Nup153-binding site within −2 kb from the TSS
to +1 kb from the TES (Fisher’s exact test, P < 9.8 × 10−18)
(Fig. 5C). Moreover, it is almost twofold more likely to
find a gene bound by Nup153 if it is up-regulated after
Nup153 depletion than if it is not regulated (17% vs. 9%)
(Supplemental Fig. S5F), suggesting that Nup153-directed
repression is at least partially mediated by a cis-regulatory
mechanism. Interestingly, out of the 201 genes bound
by Nup153 and up-regulated after Nup153 depletion, 73
were also up-regulated in NeuP cells (36%), suggesting a
direct role for Nup153 in the transcriptional repression
of a subset of early lineage-specific genes inmESCs. Repre-
sentative examples ofNup153peaks at four differentiation
genes are shown in Figure 5D.Together, these data suggest
that Nup153 mediates the transcriptional silencing of a
subset of developmental genes by directly binding to their
TSSs in mESCs.
As a mobile NPC component, Nup153 can act both at

the NPC and inside the nucleus at sites that are not
attached to the NE. Therefore, we wondered whether
Nup153-bound genes are preferentially localized at the
nuclear periphery. We examined the localization of 10
Nup153 targets whose expression was affected in
Nup153 knockdown cells by IF-FISH experiments. We
used lamin B2 (Lmnb2) staining as a marker for the NE,
quantified the distance of the FISH signals to the NE, and
only scored a distance of 0–0.5µmas“peripheral” localiza-
tion (Fig. 5E,F). Consistent with Nup153 being a mobile
Nup, we found six loci to be specifically localized at
NPCs and four with clear intranuclear localization (Fig.
5F). Interestingly, genes that were associated with the
NE changed to amore intranuclear position in the cells de-
pleted of Nup153 (Fig. 5E,F). This suggests that Nup153
plays a role in proper positioning of a subset of develop-
mental genes at the NPC. However, since nonperipheral
targets were also affected under Nup153 knockdown con-
ditions, it appears that gene position relative to the NE is
not a critical feature of Nup153-mediated gene silencing.
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Nup153 and PRC1 interact and co-occupy specific
genomic loci

Next, wewanted to determine the underlyingmechanism
of Nup153-mediated gene silencing in naïve mESCs.
Based on the signature ofNup153 target genes, we focused
on the PRC1, which is bound at and represses the activity

of key developmental genes in mESCs and at different
stages of differentiation (Boyer et al. 2006; Bracken et al.
2006; Ku et al. 2008). Furthermore, the loss of PRC1 re-
sults in derepression of lineage-specific genes, induces
early differentiation of mESCs, and thus partially pheno-
copies Nup153 depletion (Leeb and Wutz 2007; van der
Stoop et al. 2008; Endoh et al. 2008; Leeb et al. 2010).

Figure 5. DamID-seq analysis of Nup153-binding sites inmESCs. (A) Distribution of Nup153DamID-seq peaks relative to RefSeq genes.
(B) Global Nup153 gene occupancy profile. Nup153 DamID-seq peaks per megabase per gene for all annotated genes are shown along the
transcription units from20 kb upstream of theTSS to 20 kb downstream from theTES. (C ) Venn diagram showing the overlap between the
induced genes inNup153knockdownmESCs and the genes containing aNup153-binding sitewithin−2 kb from theTSS to +1 kb from the
TES.P-value for the overlapwas computedusing the Fisher’s exact test. (D) Examples ofNup153DamID-seq peaks around theTSSs of four
different differentiation genes (Nes, Tubb3, Nrp1, and Nefl) in mESCs. Two independent biological replicates for both Dam-Nup153 and
Dam-GFPwere sequenced and analyzed. For visualization, the biological replicates weremerged. A schematic illustration of the genomic
structure of the gene loci, its genomic location, and the associated GATC content is also shown. (E) Representative three-dimensional IF-
FISH images showing the localization of two “peripheral” Nup153 target genes (Neurod1 and Nefl) in control and Nup153-depleted
mESCs after 6 d of knockdown. FISH signals are shown in red, Nup153 staining is shown in green, Lmnb2 staining is shown in gray,
and Hoechst is shown in blue. Bars, 10 μm. (F ) Percentage of FISH signals from several Nup153 target genes localized at 0–0.5 μm
(blue), 0.5–2 μm (yellow), or 2–6 μm (red) from the NE (stained with Lmnb2) in control and Nup153-depleted mESCs after 6 d of knock-
down. The Oct4 nuclear localization is shown as an example of a “nonperipheral” localization.
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To test this, ChIP-seq was performed for Ring1b, the core
subunit of all PRC1 complexes, and chromobox 7 (Cbx7),
which is the predominant Cbx protein in mESCs that
mediates Cbx-containing PRC1 complexes to bind
H3K27me3 (Morey et al. 2012). Strikingly, ∼40% of the
Nup153 peaks overlapwith the PRC1 (presence of the cat-
alytic subunit Ring1b) (Fig. 6A). Notably, the vast majori-
ty of the overlap occurs exclusively between Nup153 and
Ring1b (30%) (Fig. 6A). The significant overlap between

Nup153 and Ring1b peaks suggests that Nup153 binds
several PRC1 genomic loci independently of H3K27me3,
since Cbx7 is not always required for the Ring1b recruit-
ment. Moreover, among the 2133 Nup153-bound genes,
1358 genes (64%) are co-occupied by Ring1b and/or
Cbx7, strongly suggesting that Nup153 and the PRC1
have a large number of common target genes in mESCs
(Fig. 6B). Importantly, the overlap between Nup153 and
Ring1b occurs primarily at the TSSs of several genes

Figure 6. Nup153 andPRC1components associatewith and co-occupy theTSSsof several differentiation genes. (A) Pie chart showing the
percentageofNup153DamID-seqpeaksco-occupiedbyRing1band/orCbx7peaks. (B) VenndiagramshowingoverlapofNup153-,Ring1b-,
andCbx7-bound genes inmESCs. Bound genes are defined as having occupancypeaks between−2 kb fromtheTSS and+1 kb fromtheTES.
(C ) Ring1bChIP-seq read density per TSS atNup153-boundTSSs (blue) versus unboundTSSs (red). (D) Representative differentiation gene
(Nestin) containing a Nup153 DamID-seq peak and a Ring1b ChIP-seq peak at the TSS. For visualization, the biological replicates used to
generate theNup153 andGFPDamIDprofilesweremerged. A schematic illustration of the genomic structure of the gene loci, its genomic
location, and the associatedGATCcontent is also shown. (E) Ring1bChIP-seq,Cbx7ChIP-seq, andNup153DamID-seq profiles at theTSSs
of representative developmental genes. (F ) Anti-Flag immunoprecipitation of Flag.GFP, Flag.mCherry.Nup153, and Flag.GFP.Nup50 ec-
topically expressed in mESCs followed by Western blot using antibodies against Nup153, Ring1b, and Cbx7.
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(Fig. 6C). Consistently, Ring1b is significantly enriched
at the Nup153-bound TSSs compared with unbound
TSSs (Mann-Whitney test, P < 1 × 10−100) (Supplemental
Fig. S6A). Furthermore, the genomic distribution of the
Ring1b peaks shows a pattern similar to the one obtained
for the Nup153 DamID profile, with 47% of Ring1b peaks
being enriched at the gene body (Supplemental Fig. S6B).
GO term enrichment analysis of the genes that contain
a Ring1b peak within −2 kb from the TSS to +1 kb from
the TES showed a significant enrichment for genes in-
volved in regulation of transcription, embryonic morpho-
genesis, chordate embryonic development, and regulation
of cell proliferation, categories that were also enriched for
the genes bound by Nup153 (Supplemental Fig. S6C). Ex-
amples of representative developmental genes co-occu-
pied by Nup153 and Ring1b or Nup153, Ring1b, and
Cbx7 are shown in Figure 6, D and E, respectively.

To test whether Nup153 physically associates with
PRC1 complexes, we expressed a Flag- and mCherry-
tagged version of Nup153 in mESCs. The Flag-mCherry-
Nup153 protein was functional, as it properly localized
to the NPC and was able to immunoprecipitate Nup50,
a protein that requires Nup153 for proper nuclear pore lo-
calization (Fig. 6F; Supplemental Fig. S6D; Makise et al.
2012). Strikingly, we found that Flag-mCherry-Nup153
interacted with the PRC1 components Ring1b and Cbx7
(Fig. 6F). In contrast, Flag-GFP-Nup50 (despite its ability
to pull down Nup153) did not interact with Ring1b or
Cbx7, suggesting that the interaction between Nup153
and the PRC1 is specific (Fig. 6F). Next, we wanted to
test whether the interaction between PRC1 and Nup153
can be detected with endogenous proteins, which is typi-
cally more difficult to achieve. We performed coimmuno-
precipitation assays using nuclear extracts prepared from
control and Nup153-depleted mESCs using antibodies
specific for Nup153, Cbx7, Ring1b, and Nup50 (Sup-
plemental Fig. S6E,F). We found that Nup153, but not
Nup50, coimmunoprecipitated with Cbx7 and Ring1b
(Supplemental Fig. S6E,F), and Cbx7 was able to pull
down Nup153 but not Nup50 (Supplemental Fig. S6E).
The levels of pulled-down proteins was low, suggesting
that only a subset of the PRC1 complex interacts with
Nup153. Altogether, these data suggest that Nup153 and
the PRC1 can interact directly or indirectly and occupy
commongenomic loci inorder tomaintain thepluripotent
state of mESCs.

Nup153 is required for the recruitment of PRC1
complexes to specific differentiation genes

The factors involved in the recruitment of PRC1 com-
plexes to the TSSs of developmental genes are still poorly
defined (Simon and Kingston 2013). Because PRC1 com-
plexes do not contain inherent DNA-specific binding
activity, additional proteins might mediate their chroma-
tin recruitment. We therefore wanted to test whether the
presence of Nup153 is required for the recruitment of
PRC1 to target genes in mESCs. To do this, we generated
ChIP-seq profiles for Ring1b in control and Nup153-de-
pleted mESCs. Strikingly, genome-wide Ring1b occupan-

cy at Nup153-bound sites was significantly reduced in
two independent Nup153-depleted mESCs (Fig. 7A). We
also performed ChIP-seq for Ring1b in NeuP cells and
found that Ring1b occupancy at Nup153 target sites is
strongly decreased (Fig. 7A). Importantly, Ring1b protein
levels did not change upon differentiation of mESCs into
NeuP cells (Supplemental Fig. S7E). Strikingly, Ring1b
occupancy was not significantly reduced after Nup153
depletion when all TSSs were analyzed (Supplemental
Fig. S7A). Furthermore, we did not observe a significant
decrease of Oct4 occupancy at Nup153-binding peaks in
Nup153-depleted mESCs (Supplemental Fig. S7B), sug-
gesting that Nup153 depletion seems to specifically im-
pair the recruitment of Ring1b to Nup153-bound genes.
The reduction in Ring1B recruitment in Nup153-depleted
mESCs at two representative developmental genes is
illustrated in Figure 7B. Importantly, the loss of recruit-
ment of PRC1 to the TSSs of developmental genes in
Nup153 knockdown mESCs resulted in their up-regula-
tion, suggesting that Nup153 binding is functionally rele-
vant (Fig. 7B). Among the 201 Nup153-bound genes that
increase expression after Nup153 depletion (Fig. 5D),
153 (76%)were also bound by Ring1b and/or Cbx7. In con-
trast, a non-Nup153 target, Gata6, did not show a signifi-
cant change in Ring1b binding after Nup153 knockdown
(Supplemental Fig. S7C). Consistent with a transport-
independent role of Nup153, we did not observe a signifi-
cant change in themRNA levels (Fig. 2D) or protein levels
(Fig. 7C) or a change in the subcellular localization of the
PRC1 components Ring1b, Cbx7, and RybP in Nup153-
depleted mESCs compared with control (Fig. 7D; Supple-
mental Fig. S7D). Altogether, these data indicate that
Nup153 plays a previously uncharacterized role in medi-
ating the recruitment of PRC1 complexes to the TSSs of
a subset of differentiation-associated genes to silence their
expression in mESCs.

Discussion

In addition to their well-established role in mediating
transport, Nups have emerged as potential regulators of
developmental gene regulation via direct binding to sever-
al developmental loci andassociationwith gene regulatory
machinery (Pascual-Garcia and Capelson 2014). However,
the molecular mechanism by which Nups mediate tran-
scription and how they control developmental processes,
especially in mammals, remained largely unexplored.
Here, we report a DamID-seq analysis for one of the com-
ponents of the NPC, the peripheral Nup Nup153, in
mESCs.We found thatNup153plays a role in the silencing
of developmentally regulated genes in mESCs.

In addition to the core gene regulatory circuitry com-
posed of Oct4, Sox2, Nanog, and other transcription fac-
tors, polycomb group (PcG) proteins play important roles
in repressing early lineage-specific genes in mESCs (Boyer
et al. 2006; Brackenet al. 2006;Ku et al. 2008) PcGproteins
operate in multicomponent complexes, the best-charac-
terized of which are termed PRC1 and PRC2. These com-
plexes catalyze defined histone tail modifications, with
PRC1-type complexes monoubiquitylating histone H2A
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(H2AK119ub1) and PRC2 methylating histone H3 Lys27
(H3K27me3) (Simon and Kingston 2013). Although the
function of the PRC1 and PRC2 complexes in repressing
developmental genes and maintaining the undifferentiat-
ed state of mESCs has been well documented, the mecha-
nisms by which they are recruited to target sites is not
well understood. In this study, we provide evidence that
Nup153 interacts with the PRC1 and is required for its
recruitment to early differentiation genes. Interestingly,
at several of these genomic sites, this recruitment seems
to be independent of PRC2 and H3K27me3, since Cbx7,
the predominant Cbx protein that helps recruit Cbx-con-
taining PRC1 subtypes to H3K27me3 (Morey et al. 2012),

is not present. Supporting our findings, it has been shown
that the PRC1 can be recruited to chromatin independent-
ly of PRC2 (Schoeftner et al. 2006; Tavares et al. 2012).
Moreover, examples of PRC1 targeting through interac-
tions with DNA-binding factors such as Runx1, Rest,
and, more recently, Kdm2b have emerged (Dietrich et al.
2012; Farcas et al. 2012; Yu et al. 2012; He et al. 2013;
Wu et al. 2013).
Together, our data are consistent with the existence

of PRC2-independent mechanisms and suggest that
Nup153 might participate in the recruitment of PRC1
complexes to developmental genes. Importantly, not all
PRC1 target sites are co-occupied by Nup153, suggesting

Figure 7. Nup153 Depletion impairs the recruitment of PRC1 to chromatin. (A) Genome-wide occupancy of Ring1b at all identified
Nup153 DamID-seq peaks in control mESCs, Nup153 knockdown mESCs, and NeuP cells. (B) Ring1b ChIP-seq, Nup153 DamID-seq,
and RNA-seq profiles at two representative differentiation genes in control mESCs, Nup153 knockdown mESCs, and NeuP cells are
shown. For visualization, the biological replicates used to generate the Nup153 and GFP DamID profiles were merged. The genomic lo-
cation of the gene loci and the associatedGATCcontent are also shown. TheY-axis in all Ring1bChIP-seq and RNA-seq profiles shown in
both gene loci represents the normalized number of reads. (C ) Western blot analysis for Nup153, Cbx7, and Ring1b in whole-cell extracts
from mESCs after 6 d of Nup153 depletion. Tubulin was used as the loading control. (D) Immunofluorescence for Ring1b in control and
Nup153 knockdown mESCs after 6 d of Nup153 depletion. Bars, 10 μm.
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thatNup153 is only required for a subset of genes and that
additional recruitment mechanisms are likely to exist to
achieve silencing of developmental genes. However, the
Cavalli group (Gonzalez et al. 2014), using a microscopy-
based genome-wide RNAi screen, has recently identified
Nup153 as a regulator of the nuclear organization of
PcG proteins in theDrosophila nucleus, further highlight-
ing the importance of Nup-mediated PRC1 function.

It is worth mentioning that at early stages of Nup153
knockdown, the pluripotency markers Oct4, Nanog, and
Klf4 are not affected, yet cells are clearly no longer pluri-
potent, as they induce a subset of ectodermal genes.
This suggests that in the absence of Nup153, ESCs are
pushed into an “intermediate” state that eventually leads
to loss of pluripotency and the full induction of differenti-
ation. Since Nup153 is directly involved in regulating the
expression of a subset of ectodermal lineage-specific genes
in mESCs, we conclude that decreased levels of Nup153
allow the expression of differentiation factors that will
eventually override pluripotency factors for establishing
cellular identity. It is important to mention that the AP
staining experiments are performed at least 25 d after
shRNA infection; at this time point, a vast majority of
the Nup153-depleted cells are not at this intermediate
state anymore and, as expected, do not express pluripo-
tency factors (data not shown). In fact, the morphology
of a significant number of Nup153-depleted cells in our
AP staining experiments is indicative of cells that are fully
differentiated.

Also, inDrosophila, Nup153 has been shown to bind to
large chromatin domains (extending 10–500 kb) to define
transcriptionally active regions in the genome (Vaquerizas
et al. 2010). This is in clear contrast to our findings in
ESCs where Nup153 occupies the TSSs of a subset of
developmental genes. This suggests that while the role
of Nup153 in gene regulation is evolutionarily conserved,
it might have developed species-specific functions. Alter-
natively, this discrepancy between the Drosophila and
mESC data may be a reflection of Nup153’s ability to
function in gene activation and gene repression during dif-
ferent developmental stages. Thus, it will be interesting to
determine whether Nup153 has similar function in poly-
comb-mediated gene silencing in flies or can play a role
in gene activation at later stages of mammalian develop-
ment. Supporting Nup153’s role as a nuclear platform
for gene activation in Drosophila, it has been reported
that Nup153 interacts with the dosage compensation
complex and is necessary for the twofold hyperactivation
of the male X chromosome (Mendjan et al. 2006). Based
on our results, it is attractive to speculate that Nup153
could play a not yet identified role in recruiting epigenetic
silencers, including PRC1 complexes, during X-chromo-
some inactivation in mammalian differentiated female
cells. Supporting our findings that associate a component
of the NPC with gene silencing in mESCs, a recent study
identified a novel role for the yeast Nup Nup170p in si-
lencing genomic regions that contain ribosomal proteins
and subtelomeric genes through its association with the
RSC chromatin remodeling complex and the silencing
factor Sir4p (Van de Vosse et al. 2013). Furthermore, a ge-

nome-wide study in human cells has revealed that several
binding sites of another component of the NPC, Nup93,
were associated with genomic regions enriched with re-
pressive histone modifications (Brown et al. 2008).

Despite the role of Nup153 in nuclear transport (Bastos
et al. 1996; Shah et al. 1998; Ullman et al. 1999; Dimaano
et al. 2001; Walther et al. 2001; Sabri et al. 2007), our find-
ings provide another example of the transport-indepen-
dent role of Nups in developmental gene regulation. We
found that the nuclear localization of several nuclear pro-
teins such as Oct4, Sox2, Ring1b, Rybp, and Cbx7 was not
significantly affected in Nup153 knockdown mESCs, ar-
guing against a global nuclear import defect. Moreover,
we did not observe a significant defect of the nuclear ex-
port of poly(A)+ RNAs upon Nup153 depletion. Similar
to our results, it has been reported that human cancer cells
with Nup153 deficiency can still carry out efficient global
nucleocytoplasmic transport, including nuclear import
of the glucocorticoid receptor, nuclear export of a Rev-
chimera protein, and nuclear export of poly(A)+ RNAs
(Mackay et al. 2009). These results suggest that Nup153
(and possibly other Nups, such as Nup98) might primarily
function as gene regulators and not as mediators of trans-
port, at least in specific cell types such as ESCs.

In organisms like yeast, Nup–chromatin interactions
are likely to be restricted to the NE (Van de Vosse et al.
2011).However, in higher eukaryotes, the abilityof several
Nups to populate thenucleoplasmallows these proteins to
interact with several genomic loci throughout the nucleo-
plasm (Rabut et al. 2004; Van de Vosse et al. 2011; Pascual-
Garcia and Capelson 2014). Strikingly, it has been shown
that several of these nucleoplasmic Nup–chromatin asso-
ciations occur at developmentally regulated genes, sug-
gesting that specific Nups could also behave as nuclear
platforms inside the nucleoplasm for setting developmen-
tal transcriptional programs (Capelson et al. 2010; Kal-
verda et al. 2010; Liang et al. 2013). Accordingly, our data
show that Nup153–genome interactions can occur both
at the NPC and away from the NE. Since Nup153 deple-
tion affects the transcriptional status of both peripheral
and nonperipheral target genes, our data do not support
the notion that localization at the NPC is critical for the
silencing of Nup153 target genes. However, future work
will be necessary to determine whether NPC-associated
genes are subject to a distinct set of regulatory modalities
when compared with intranuclear genes.

In summary, the data presented in this study not only
reveal a critical function for Nup153 in mediating the un-
differentiated state of mESCs but also establish an unex-
pected nuclear transport-independent role of Nup153 in
gene silencing and thus introduce newmechanistic direc-
tions for elucidating the role of Nups during mammalian
development.

Materials and methods

Cell culture and differentiation

E14, 16.7, and D3 mESCs were cultured on irradiated mouse em-
bryonic fibroblasts in ES medium: knockout DMEM (Gibco),
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15% Gibco knockout serum replacement (Gibco), MEM nones-
sential amino acids (Gibco), and mLIF (ESGRO, EMD Millipore).
Themediumwas changed every day, and cells were split every 3–
4 d. StemTAG AP staining kit (Cell Biolabs) was used to identify
positive AP mESC colonies. To induce differentiation, mESCs
were grown in low-attachment plates (Corning Life Sciences)
with ES medium without mLIF to allow for EB formation. Dif-
ferentiation of EBs to NeuP cells was induced by the addition of
0.5 μg/mL mouse Noggin in N2 medium (DMEM/F12/glutamax
[Invitrogen]), 1% B27 supplement (Invitrogen), and 1% N2 sup-
plement (Invitrogen). NeuP cells were grown in N2 medium
plus 20 ng/mL FGF2 and 20 ng/mL EGF.

shRNA lentiviral and Nup153 overexpression vectors

shNup153 #2 (TRCN0000102396), shNup153 #4 (TRCN0000102
398), shNup107 (TRCN0000099711), and shNup50 (TRCN0
000102048) MISSION shRNA plasmid DNAs were obtained
from Sigma. The shCTRL (SHC002) nontarget control was also
purchased from Sigma. To generate a Nup153 expression vector,
full-length Nup153 was PCR-amplified and cloned into the BglII/
KpnI sites of the pmCherry-C1 vector. Mutations were targeted
to the 21-bp shNup153 #2 and shNup153 #4 sites, changing
the third nucleic acid of the codons in that region without alter-
ing the amino acid sequence. shRNA-resistant Flag.mCherry-
Nup153 and Flag.GFP were amplified by PCR and cloned into
the pLV-XEP expression vector using NotI/MluI sites under the
EF1α promoter.

shRNA production, infection, and selection

Viral particles were produced in 293T cells by cotransfection
with the plasmids pMDLg/pRRE, pRSV/REV, and pMD2.G and
concentrated by ultracentrifugation. Highly concentrated viral
stocks (1 × 1010 to 5 × 1010 TU/mL) were generated in the Viral
Vector Facility of the Salk Institute. Approximately 5 × 106

mESCs per 10-cm plate were infected with lentivirus at a multi-
plicity of infection (MOI) of 50. At 48 h after transduction, 2 μg/
mL puromycin was added to the ES medium to select transduced
mESCs. Stable knockdown mESCs were harvested for RNA,
Western blot, immunofluorescence, and ChIP-seq after at least
4 d of selection.

RNA extraction and qRT–PCR

RNA was extracted from mESCs and NeuP cells using Trizol
(Ambion) and column-purified using RNeasy kit (Qiagen). RNA
was subsequently reverse-transcribed using the QuantiTect re-
verse transcription kit (Qiagen), and cDNA was subjected to
qPCR using SYBR Green PCR master mix (Applied Biosystems).
Primer sequences are available in Supplemental Table S3.

Western blot and immunofluorescence

For protein extracts, mESCs were resuspended in RIPA lysis and
extraction buffer (25 mM Tris-HCl at pH 7.6, 150 mM NaCl,
1% NP-40, 1% sodium deoxycholate, 0.1% SDS), incubated for
30 min on ice, and passed five to 10 times through a 27-gauge sy-
ringe. Protein concentration was determined using the BCA re-
agent (Pierce) and normalized, and 4% β-mercaptoethanol and
0.01% bromophenol blue were added. For Western blot analysis,
40–80 μg of protein was resolved in SDS-PAGE gels and trans-
ferred to Immobilon-FL membranes (Millipore). Membranes
were blocked with PBS and 0.05% Tween (PBS-T) + 5% nonfat
milk for 1 h, washed, and incubated with primary antibody over-

night at 4°C. The secondary antibody was added after three wash-
es with PBS-T for 1 h at room temperature. Membranes were
visualized by enhanced chemiluminescence.
For immunofluorescence, mESCs were cultured on Matrigel-

coated coverslips for at least 24 h, fixed in 1× PBS and 4% PFA
for 10 min, permeabilized with 1× PBS and 0.5% Triton X-100
for 5 min on ice, and blocked in 1× PBS and 1% BSA for 15 min.
The coverslips were then incubated with primary antibody dilut-
ed in 1× PBS and 1% BSA overnight at 4°C in a humid chamber.
The nextmorning, the coverslipswerewashed in 1× PBS, incubat-
edwith secondaryantibody for 2h,washed in 1×PBS, stainedwith
Hoechst, and mounted in VectaShield (Vector Laboratories). The
imageswere acquired using aZeiss LSM710 confocalmicroscope.
Imageswere analyzed andprepared for presentation in Photoshop.

NPC counting

NPCs were stained with antibodies against Nup98 and Nup153
overnight at 4°C in a humid chamber, washed, and secondary-
stained for 1 h. Coverslips weremountedwith ProlongGold (Invi-
trogen) and allowed to cure for 24 h at room temperature. Nuclei
were then imaged with a Zeiss Elyra structured illumination
superresolutionmicroscope. After three-dimensional reconstruc-
tions, pore numberswere quantitated using the spot finder tool in
Imaris (Bitplane), and surface areas were quantitated using the
surfaces tool. Around 30 nuclei were quantitated from at least
two independent experiments.

Preparation of nuclear extracts for immunoprecipitation

Flag.GFP-, Flag.mCherry.Nup153-, and Flag.GFP.Nup50-express-
ing mESCS; control mESCs; or Nup153-depleted mESCs (2 × 108)
were harvested, washed with PBS, resuspended in buffer A (10
mM HEPES at pH 7.6, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM
DTT+ protease inhibitor cocktail [Roche]), and incubated for 10
min on ice. Nuclei were spun down at 13,000 rpm for 10 min
and resuspended in hypotonic buffer C (20 mM HEPES at pH
7.6, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM
EDTA, 0.5 mM DTT+ protease inhibitor cocktail [Roche]). The
nuclear extraction was performed for 30 min at 4°C with light
shaking. After centrifugation at 13,000 rpm for 15min, the nucle-
ar extracts (supernatant) were introduced into dialysis bags and
dialyzed in 1 L of dialysis buffer D (20 mM HEPES at pH 7.6,
25% glycerol, 100 mM KCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5
mM DTT+ 0.2 mM PMSF) for 2 h at 4°C. The insoluble fraction
was removed by centrifugation at 13,000 rpm for 15 min, and su-
pernatants were used for immunoprecipitation.

Immunoprecipitation

Flag.GFP, Flag.mCherry.Nup153, and Flag.GFP.Nup50 immuno-
precipitations were performed using an anti-Flag M2 affinity gel
(Sigma-Aldrich). Flag M2 beads were equilibrated in buffer C-
100∗ (20 mM HEPES at pH 7.6, 10% glycerol, 100 mM KCl, 1.5
mM MgCl2, 0.2 mM EDTA, 0.02% NP40, 0.5 mM DTT+ pro-
tease inhibitor cocktail [Roche]), blocked with 5%BSA for
1 h, and washed three times with buffer C-100∗. Approximately
800 µL of each nuclear extract at a concentration of 2 mg/mL
was incubated with 60 μL of Flag M2 beads for 4 h at 4°C in non-
stick microcentrifuge tubes. Immunoprecipitations were washed
with C-100∗ five times for 5 min at 4°C and eluted from beads
by incubation with SDS loading dye for 1 h at room temperature.
Ten percent input and 30%Flag.GFP, Flag.mCherry.Nup153, and
Flag.GFP.Nup50 immunoprecipitations were analyzed by SDS–
polyacrylamide gel electrophoresis.
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For the immunoprecipitation of native proteins, nuclear ex-
tracts were prepared from 2 × 108 control or Nup153 knockdown
mESCs. Ten micrograms of each specific antibody was added to
∼800 µL of each nuclear extract at a concentration of 2 mg/mL
and incubated overnight at 4°C. The next morning, we added 60
µL of preblocked Protein A Dynabeads (Life technologies) to the
nuclear extracts and incubated it on a rotator for 1 h at 4°C. Im-
munoprecipitations were washed with C-100∗ five times for 5
min at 4°C and eluted frombeads by incubationwith SDS loading
dye for 1 h at room temperature. Ten percent of input and 30% of
each immunoprecipitation and the appropriate control coimmu-
noprecipitations were analyzed by SDS–polyacrylamide gel
electrophoresis.

IF-RNA-FISH

mESCs were fixed, immunostained with mouse anti-Nup153
(1:1), fixed, permeablized on 1× PBS and 0.2% Trion X-100,
washed with 2× SSC, and incubated for 2 h at 37°C on a probe
mix (2× SSC, 10% formamide, 0.02% RNase-free BSA, 10% dex-
tran, 2 mM vanadyl-ribonucleoside complexes, 0.4 µg/µL carrier
RNA) containing the oligonucleotide polyT50 probe [Alexa 568;
T(50), Invitrogen]. After hybridization, the coverslips were
washed three times at 37°C with 2× SSC and 10% formamide,
stained with Hoechst, and mounted in VectaShield (Vector
Laboratories).

Stem cell subcutaneous injection for teratoma formation

mESC suspension (0.2 mL) containing 5 × 107 cells was injected
subcutaneously into the dorsal surface (neck) of an 8- to 10-wk-
old NSG mouse from The Jackson Laboratory. The procedure
was performed under isoflorane anesthesia. A 1-cm2 area of the
mouse’s back was shaved, swabbed with Nolvasan (chlorhexi-
dine) solution, and then wiped with alcohol, and the cell suspen-
sion was injected using a 21-gauge needle attached to Hamilton
syringe.

Immunohistochemistry (IHC) and IF on teratoma sections

For IF, 5 μm of paraffin-embedded teratoma sections were pre-
treated with a proteinase K solution prior to incubation with rab-
bit anti-GFAP (1:1000; Dako). After washing, primary antibody
was detected using donkey anti-rabbit-Cy3 (1:250; Jackson
ImmunoResearch), washed, stained with Hoechst, and mounted
in VectaShield (Vector Laboratories). The images were acquired
on the Zeiss LSM 710 confocal microscope. For IHC, 5 μm of
paraffin-embedded teratoma sections were pretreated with pro-
teinase K, stained with rabbit anti-Tuj1 1:200 (BioLegend),
washed, and detected using a donkey anti-rabbit-HRP. DAB
(3,3′diaminobenzidine) was used for visualization. Nuclei were
counterstained with hematoxylin (blue).

IF-FISH

FISH probes were DIG-labeled using the DIG-Nick translation
mix for in situ probes (Roche).mESCswere fixed, immunostained
with mouse anti-Nup153 (1:1) and rabbit anti-LmnB2 (1:500),
fixed, permeabilized in 0.1 M HCl and 0.7% TX-100, denatured
in 50% formamide and 2× SSC for 30 min at 80°C, hybridized
to DIG-labeled FISH probes overnight at 42°C, stained with
anti-DIG antibody (Roche), stained with Hoechst, and mounted
in VectaShield (Vector Laboratories). Three-dimensional image
stacks were recorded with a Zeiss LSM710 scanning scope using
a 63× objective, 512 × 512 resolution, 2× averaging, and an
optimal interval (0.31 μm) between stacks in the Z-direction.

All BACs used in this study were purchased from the BACPAC
Resource Center (BPRC) at the Children’s Hospital Oakland
Research Institute (CHORI) and include RP23-361N4 (Neurod1),
RP23-469N2 (Nefl), RP23-129E12 (Nrp1), RP23-225O1 (Tubb3),
RP23-84H23 (Ncam1), RP23-97J15 (Nlgn1), RP24-189C19
(Etv4), RP23-265D18 (En2), RP23-141A13 (Nes). RP23-281P3
(Pax6), and RP24-245P6 (Oct4/pou5f1)

Antibodies

The primary antibodies used included mouse anti-Nup153, asci-
tes fluid (gift from B. Burke), rabbit anti-Nup153 (raised against
hNup153-GST, amino acids 1300–1399), rabbit anti-Parp (9542,
Cell Signaling), mouse anti-Oct-3/4 (sc-5279, SantaCruz Biotech-
nology), goat anti-Oct-3/4 (sc-8628, Santa Cruz Biotechnology),
mouse anti-α-tubulin (T5168, Sigma-Aldrich), mouse anti-Flag
(F1804, Sigma-Aldrich), rabbit anti-Nup107 (raised against
mNup107-His, amino acids 600–926), rabbit anti-Tuj1 (neuron-
specific class III β-Tubulin; PRB-435P, BioLegend), mouse anti-
Gapdh (GTX627408, Genetex), rabbit anti-Blbp (Fabp7; ab32423,
Abcam), rat anti-Nestin (556309, BD pharmigen), mouse anti-
Gata4 (sc-25310, Santa Cruz Biotechnology), rabbit anti-GFAP
(Z0334, Dako), goat anti-Foxa2 (AF2400, R&D Systems), mouse
anti-α-Sma (A5228, Sigma), rabbit anti-Nup98 (2292, Cell Signal-
ing), rabbit anti-Sox2 (2748, Cell Signaling), mouse anti-V5
(46-0705, Life Technologies), mouse anti-Ring1b (39663, Active
Motif), rabbit anti-Ring1b (5694S, Cell Signaling), rabbit anti-
Rybp (ab5976,Abcam), rabbit anti-Cbx7 (ab21873, Abcam), rabbit
anti-Nup50 (ab151567, Abcam), rabbit anti-Suz12 (ab12073,
Abcam), rabbit anti-Lmnb2 (ARP46356; Aviva Systems Biology),
rabbit anti-Mel-18 (sc-10744, Santa Cruz Biotechnology), and rab-
bit anti-Foxo1 (2880S, Cell Signaling).

RNA-seq, ChIP-seq, and DamID-seq

For RNA-seq, ChIP-seq, and DamID-seq, see the Supplemental
Material.

Accession numbers

The Gene Expression Omnibus accession number for the ChIP-
seq, RNA-seq, and DamID-seq data reported in this study is
GSE64008.
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