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SUMMARY

Interactions between the genome and the nuclear pore complex (NPC) have been implicated in
multiple gene regulatory processes, but the underlying logic of these interactions remains poorly
defined. Here, we report high-resolution chromatin binding maps of two core components of the
NPC, Nup107 and Nup93, in Drosgphila cells. Our investigation uncovered differential binding of
these NPC subunits, where Nup107 preferentially targets active genes while Nup93 associates
primarily with Polycomb-silenced regions. Comparison to Lamin-associated domains (LADS)
revealed that NPC binding sites can be found within LADs, demonstrating a linear binding of the
genome along the nuclear envelope. Importantly, we identified a functional role of Nup93 in
silencing of Polycomb target genes and in spatial folding of Polycomb domains. Our findings lend
to a model where different nuclear pores bind different types of chromatin via interactions with
specific NPC sub-complexes, and a subset of Polycomb domains is stabilized by interactions with
Nup93.
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eTOC BLURB

In this study, Gozalo and Duke et al. analyze chromatin-binding profiles of nuclear pore
components Nup107 and Nup93, and discover that while Nup107 targets active genes, Nup93
targets Polycomb domains and promotes long-tange contacts of Polycomb sites. These findings
provide insight into how nuclear pore-genome interactions shape spatial genome architecture.

Graphical Abstract

Nuclear Pore - Genome Interactions

Nup107 Bound Chromatin Nup93 Bound Chromatin

Nup93 targets Polycomb domains

Nup107 targets active genes and contributes to long-range
contacts and silencing

INTRODUCTION

Spatial architecture in the nucleus is set up by interactions between the genome and protein
components of nuclear macro-complexes and scaffolds. The most prominent nuclear
scaffold is the Nuclear Envelope (NE), which consists of a double membrane interspersed by
a variety of trans-membrane and closely associated proteins (Schirmer and Gerace, 2005).
Chromatin re-organization and gene re-positioning during cellular differentiation involves
losing or gaining interactions between the genome and the NE, and such rearrangements can
influence gene expression programs (Wong et al., 2014). For instance, the nuclear lamina,
which is a filamentous protein network underlying the NE, has been extensively implicated
in setting up tissue-specific genome organization by sequestering genes destined for
silencing (Amendola and van Steensel, 2014; Poleshko et al., 2017). Genome-wide mapping
of Lamin-associated domains (LADSs), as well as related functional studies, have led to the
current view of the nuclear lamina as a compartment for stable gene repression (reviewed in
(van Steensel and Belmont, 2017)). Another major component of the NE is the Nuclear Pore
Complex (NPC), which consists of multiple copies of approximately 30 different proteins
termed Nucleoporins (Nups) and is responsible for selective nucleo-cytoplasmic transport
(Wente and Rout, 2010). In addition to transport-related functions, NPCs and individual
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Nups are also involved in genome organization and gene regulation through physical
interactions with the genome (Buchwalter et al., 2019; Raices and D’Angelo, 2017; Sood
and Brickner, 2014). Yet unlike the nuclear lamina, the functional relationship between
NPCs and genome regulation appears to be considerably more varied and remains less
understood.

Given the close proximity of nuclear pores to the underlying chromatin, it is not surprising
that multiple studies have now identified binding of Nups to subsets of genes and regulatory
elements in a number of species (Ptak and Wozniak, 2016; Talamas and Capelson, 2015).
Many of these studies have reported preferential association of particular Nups with actively
transcribing genes (Capelson et al., 2010; Casolari et al., 2005; Casolari et al., 2004; Ibarra
etal., 2016; Kalverda et al., 2010; Liang et al., 2013; Light et al., 2013; Pascual-Garcia et
al., 2017; Vaquerizas et al., 2010), or re-localization of genes to the NPCs during activation
(Ahmed et al., 2010; Luthra et al., 2007; Rohner et al., 2013; Schmid et al., 2006). These
findings have led to the predominant view of the NPC as a nuclear compartment for active
processes, functionally opposed to those of the nuclear lamina. However, at least in
metazoan systems, this view is confounded by the reported intranuclear presence of Nups
that have been classified as dynamic (Capelson et al., 2010; Kalverda et al., 2010;
Vaquerizas et al., 2010). The ~30 conserved Nups that comprise the NPC can be either
dynamic, meaning they are able to come on and off the NPC during interphase, or stable,
meaning they are core components of the NE-embedded NPC for the majority of the cell
cycle (Rabut et al., 2004b). Currently, many of the reported contacts between active genes
and Nups have been described for dynamic Nups, such as Nup98, Nup153, and Nup62, and
can frequently occur in the nucleoplasm (Franks et al., 2016; Kalverda et al., 2010; Liang
and Hetzer, 2011; Light et al., 2013). Consequently, it is unclear whether genomic binding to
actual NPCs is functionally distinct from intranuclear Nup binding.

Genomic binding to actual NPCs can be determined by mapping chromatin-binding patterns
of stable Nups, which are components of the outer-ring Nup107-Nup160 and the inner-ring
Nup93-Nup205 sub-complexes (D’Angelo and Hetzer, 2008; Kelley et al., 2015; von Appen
et al., 2015). Interestingly, previous studies that profiled chromatin binding of stable Nups
did not identify enrichment for transcribing loci and reported prevalence of repressive
chromatin (Brown et al., 2008; Casolari et al., 2004; Van de Vosse et al., 2013). Similarly,
DamlID profiling of Nup98, artificially tethered to the NPC and thus used as a marker for
actual NPC binding, showed no enrichment for active genes and instead, exhibited high
incidence of motifs for the architectural protein Su(Hw) in Drosophila cells (Kalverda and
Fornerod, 2010; Kalverda et al., 2010). These studies conflict with the simplified view of the
NPC as a scaffold for gene activation, and highlight the complexity of NPC-genome
interactions. It should be noted that the majority of the NPC genome-binding datasets,
mentioned above, were produced using either the DamID technique, which tends to generate
wide binding peaks, or the lower-resolution ChlP-chip approach, and thus may have given
an incomplete picture of the locations and functions of NPC-genome contacts.

One hypothesis, which can explain this dichotomy of both active and silent regions at the
NPC, is that individual stable Nups bind distinct regions of the genome and regulate distinct
chromatin-associated processes. We set out to explore this hypothesis by generating precise
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binding maps of stable Nups, using an optimized ChlIP-seq approach. Our ChlP-seq maps
revealed that Nup107, a core component of the outer ring sub-complex, and Nup93, a core
component of the inner ring sub-complex, bind highly non-overlapping regions of the
genome. Specifically, while Nup107 preferentially targets active promoters, as has been
reported for other Nups, Nup93 associates primarily with silenced regions bound by
Polycomb Group (PcG) proteins. PcG proteins are conserved regulators of epigenetically
maintained gene repression, which often bind the genome in long Polycomb (Pc) domains
(Cheutin and Cavalli, 2014). In agreement with its binding pattern, we found that Nup93
plays a functional role in the silencing and long-range interactions of Pc targets. Together,
our results emphasize the concept that different sub-complexes of the nuclear pore interact
with and influence distinct chromatin states, revealing a complex landscape of NE-genome
interactions.

1. Stable NPC components Nup107 and Nup93 bind distinct chromatin regions.

To determine genome-wide distribution of stable NPC subunits, we carried out ChIP-seq
analysis on Drosophila embryonic S2 culture cells, using antibodies to Nup93 and Nup107,
as well as to the Nup Elys. Nup93 and Nup107 are core components of the NPC inner and
outer ring sub-complexes, respectively (Figure 1A). Both of these Nups have been found to
exhibit long residence times at the NPC, as judged from previous protein turnover studies /n
vivo (Rabut et al., 2004a). Thus identified binding sites of these Nups would likely be
enriched for genomic binding of actual nuclear pores, as opposed to nucleoplasmic binding
of dynamic Nups. Although the residence time of Elys at the NPC has not been measured,
homologues of Elys in C.elegansand X. Laevishave been shown to recruit the Nup107 sub-
complex to chromatin during post-mitotic NPC formation (Aze et al., 2017; Franz et al.,
2007; Rasala et al., 2006).

We optimized the ChIP-seq approach to obtain highly reproducible chromatin binding
profiles of Nup93, Nup107, and Elys (Figures 1B, S1A). Most of the obtained binding peaks
were shared between biological replicates for a given Nup, and principal component analysis
(PCA) revealed high level of clustering between individual ChIP-seq replicates (Figure
S1A). The antibodies to Drosophila Nup93 and Elys were previously generated and
characterized for ChlP-seq application (Pascual-Garcia et al., 2017). For this study, we also
generated an antibody to Drosophila Nup107, and have validated this antibody using RNAI
and western blotting, immunofluorescent co-staining with a well-characterized NPC marker
antibody mAb414 (Davis and Blobel, 1987; Doucet et al., 2010), and ChIP-gPCR (Figure
S1B-D). Given that Nup107 is required for NPC hiogenesis, we were only able to deplete
Nup107 partially (Figure S1B), due to severe effects of further depletion on cell viability.
Consistently, we obtained a partial reduction in the amount of Nup107 ChIP-gPCR signal in
Nup107 RNAI conditions (Figure S1D). Together, these results support our use of the
generated Nup107 antibody.

The obtained binding profiles of Nup107 and Nup93 showed little overlap, suggesting that
these two core NPC components bind unique sites in the genome (Figure 1B-D). The
majority of Nup93 binding peaks (70%) did not overlap with mapped Nup107 peaks, and
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93% of Nup107 binding peaks showed no overlap with Nup93 peaks (Figure 1C-D). This is
in contrast to overlap of either Nup to Elys: Elys was found to co-localize with the majority
of Nup107 peaks (84%) and with the majority, though to a lesser extent, of Nup93 peaks
(63%) (Figure 1D). The overlap between all 3 pairs of Nups was found to be significant over
randomly shuffled control dataset (Figure 1D, Fisher’s exact test), but the derived odds ratios
were expectedly higher for Elys/Nup107 and Elys/Nup93 overlaps than for Nup93/Nup107
overlap. In agreement with the low level of overlap between Nup93 and Nup107, the
majority of Nup93-containing sites of Elys were found to be distinct from Nup107-
containing Elys sites (Figures 1C, first column, and S1E). ChiP-seq dataset of Elys also
contained a large fraction of binding sites that did not co-localize with either core Nup
(Figure 1C), likely representing intranuclear binding of Elys to chromatin.

Consistently, ChIP-seq profiles of Nup107 and Nup93 exhibited apparent differences in
overall distribution of genomic elements (Figure S1F). All 3 analyzed Nups were found to
bind both heterochromatic and euchromatic regions, with 50-75% of called peaks mapping
to euchromatic chromosomal arms (Figure S1F). The most frequently observed category in
Nup107 and combined Nup107/Elys datasets were promoter/TSS elements, which is in line
with previously reported binding of Nups such as Nup98 (Liang et al., 2013; Pascual-Garcia
et al., 2014). On the other hand, the most frequently observed category among Nup93
binding peaks was intronic sequences (Figure S1F), suggesting that this Nup binds unique
genomic elements.

2. Nup93 binding sites display a unique correspondence to Polycomb-bound regions.

To determine what defines the difference in binding between the two stable NPC subunits,
we compared the binding of analyzed Nups to previously defined chromatin states (Filion et
al., 2010; Kharchenko et al., 2011). Prior computational classification of genome-wide
distributions of chromatin proteins and transcriptional activity yielded either 5 or 9 distinct
chromatin types or “colors” in the fly genome (Filion et al., 2010; Kharchenko et al., 2011).
The 5 chromatin color model, derived from analysis of DamID and ChIP profiles in Kc167
cells, divides the genome into the active Red or Yellow states, and into the repressed Blue
(enriched for PcG proteins), Green (enriched for HP1), and Black (enriched for Lamin and
histone H1) states (Filion et al., 2010). The 9 chromatin color model, obtained by a
combinatorial analysis of ChIP and GRO-seq profiles in S2 cells, yields similar chromatin
types, but with 4 different states of active chromatin, including active promoters/TSS sites
(state 1, Red), transcriptional elongation (state 2, Purple), and regulatory/enhancer elements
(state 3, Brown) (Kharchenko et al., 2010). The repressive chromatin states in this model
similarly include the PcG-enriched chromatin (state 6, Grey), HP1-enriched chromatin
(states 7 and 8, Blue) and a state, not strongly enriched for any mark (state 9, White).

The ChlIP-seq profiles of Nup107 and Nup93 were found to contain strikingly different
distributions of chromatin colors defined by either model (Figures 2A, S2A). Nup107 or
common Nup107-Elys peaks showed strong preference for the Yellow and the state 1/Red
active states, which is consistent with previously identified roles of Nups in active
transcription (Menon et al., 2005; Sood and Brickner, 2014). These states were significantly
enriched among Nup107 and Nup107/Elys peaks, relative to randomly shuffled regions
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(Figure S2A, p-values < 0.01). In contrast, Nup93 or common Nup93-Elys peaks displayed a
high and significant enrichment for the Polycomb state (Blue or state 6/Grey, Figures 2A
and S2A), revealing that this core Nup commonly binds to repressed targets of PcG proteins.
Interestingly, the second most abundant state observed for Nup93 and Nup93-Elys peaks
was state 3, which is characterized by enhancer marks H3K4Mel and H3K27acetyl (Figure
2A). This is in line with previous work that identified presence of Nup93 at super-enhancers
in human cells (Ibarra et al., 2016).

In agreement with its chromatin color enrichment, we observed a prominent co-localization
of Nup93 with genome-wide chromatin binding maps of Pc and H3K27Me3 ((Jung et al.,
2015) and mapped by modENCODE) (Figure 2B-C, S2B), while Nup107 appeared to have
an anti-correlation (Figures 2C, S2B). Many of the co-localizing Nup93-Pc sites
corresponded to genes of key developmental regulators, such as Wingless (Wg) and vestigial
(vg), and were generally enriched for GO terms of tissue-specific development (Figures 2B,
S2C). Furthermore, we detected binding of Nup93 at several locations, which correspond to
previously characterized Polycomb response elements (PRES), such as the well-studied
PREs of the engrailedand inv genes (Kassis and Brown, 2013) (Figure S2D). In Drosophila,
PREs are DNA elements that are required for PcG-mediated silencing and believed to be
responsible for the recruitment of the PRC1 complex (Americo et al., 2002; DeVido et al.,
2008; Kassis, 1994). Together, we conclude that stable NPC component Nup93 can target
binding sites of PcG proteins, suggesting that Nup93 may play a role in PcG-mediated
repression.

3. A fraction of previously defined LADs contain NPC binding sites.

The NE contains both nuclear lamina and NPCs, and cytological images show the close
physical proximity of the two protein structures along the NE (Talamas and Capelson,
2015), yet the relationship between genomic binding of NPCs and genomic binding of the
nuclear lamina has not been clearly described. In fact, it has been proposed that NPC
binding sites are not in close proximity to LADs along the genome, and that LADs do not
generally contain binding sites of NPCs (van Steensel and Belmont, 2017). Thus, to further
investigate the relationship between LADs and NPCs, we compared our generated binding
maps of Nup93 and Nup107 to previously published LAD datasets, obtained in a related
Kc167 (Kc) cell type (Filion et al., 2010; Pickersgill et al., 2006; van Bemmel et al., 2010).
Additionally, previously reported long residence times of Nup93 and Nup107 at the NPCs
(D’Angelo et al., 2009; Rabut et al., 2004a) do not exclude the possibility that non-
exchanging intranuclear pools of these proteins exist. Thus by comparing to LAD datasets
we aimed to obtain additional evidence for the NPC/nuclear periphery localization of the
detected chromatin binding of these Nups.

Comparison of our Nup ChIP-seq datasets to LADs revealed a high incidence of Nup
binding sites within previously mapped LADs. We found that 17-22% of Nup binding peaks
map within LADs, and additional 6-10% are found within 5 kb LAD boundaries (Figure
3A). Furthermore, as many as 79% of LADs appear to include binding sites of either
Nup107 or Nup93, and additional 8% of 2 kb LAD boundaries contain Nup binding sites
(Figure 3B). The partial overlap of LADs and Nups further supports the notion that at least a
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fraction of the Nup binding sites we obtained corresponds to NPC binding sites at the
nuclear periphery. It also indicates that currently identified LADs can contain NPC binding
sites. In further support of this idea, we noticed cases, where dips in the Lamin DamID
signal overlap with Nup binding peaks, when comparing to raw signal of published Lamin
DamlID datasets (van Bemmel et al., 2010) (Figures 3C). Genome-wide, we similarly
observed a partial correlation of Nup93 binding sites to lower Lamin signal within LADs,
particularly for the most robust Nup93 peaks (Figure S3C). Interestingly, such dips or
interruptions in Lamin DamID signal within mapped LADs have been previously reported in
mammalian cells, where they have been proposed to represent distinct chromatin
environments (Luperchio et al., 2018). It appears possible that some such interruptions can
correspond to NPC-bound chromatin, and thus represent functionally distinct compartments
of chromatin at the nuclear periphery. It should be noted however, that since the correlation
we observe between Nups and dips in Lamin signal is only partial, the notion that such dips
are biologically meaningful requires additional future examination.

Binding sites of Nup93 and Nup107, both within LADs and LAD boundaries, still showed
preferential abundance of PcG chromatin or active chromatin, respectively (Figures 3D,
S3A-B). This correspondence can also been seen at individual targets of Nup93 and
Nup107, such as the Sox/NVand the Putloci (Figure 3C). At the Putlocus, for example, a
Nup107/Elys binding site overlaps with a small pocket of Red/Yellow state chromatin within
a larger block of Black state chromatin (Figure 3C).

Although S2 and Kc cells are known to have quite similar expression and chromatin profiles,
differences between them also exist (Roy et al., 2010), and our Nup ChIP-seq experiments
were performed in S2 cells, as opposed to Kc cells. To corroborate our comparison between
Nup and LADs, we analyzed chromatin distribution of Lamin in S2 and Kc cells by ChIP-
seq, using antibody L7 to B-type Lamin DmO (Osouda et al., 2005). The obtained Lamin
ChiIP-seq profiles displayed similar levels of enrichment of reads over existing DamID-
derived LADs between Kc and S2 cells (Figure S3D), supporting the validity of our ChlP-
seq approach and the general similarity in Lamin distribution between Kc and S2 cells.
Furthermore, we observed a high level of correlation between S2 and Kc Lamin ChIP-seq
datasets, with correlation values of 0.88-0.92, as compared to the correlation values of 0.95—
0.98 between replicates in a given cell type (Figure S3E). At a number of loci, such as the
SoxN locus, we observed high correspondence in sequencing reads of Lamin ChIP-seq
between Kc and S2 cells (Figure S3F). The observed similarity in Lamin ChlP-seq between
S2 and Kc cells supports our general conclusions on the relationship between LADs and
Nup chromatin binding, but further work will be required to confirm this relationship in a
case-by-case manner.

Our comparison between LADs and Nup binding supports the notion that a considerable
fraction (at least 17%-22%) of the obtained Nup binding sites are localized at the nuclear
periphery, likely as part of the actual NPCs. To further validate this point, we carried out
immunofluorescence analysis of nuclear distribution of these Nups, as recognized by our
antibodies and as compared to the staining of the mAb414 antibody (Figure S3G). Visually,
we detected the overwhelming majority of the signal for either antibody to localize to the
nuclear periphery and co-localize with mAb414 antibody (Figure S3G-H). Signal
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correlation analysis between Nup107 or Nup93 with mAb414 (vs. DAPI and randomized
pixels as controls) yielded high Pearson correlation coefficients between each stable Nup
and mAb414, as opposed to controls (Figure S3K), indicative of much higher co-localization
of Nup107 or Nup93 with peripheral signal (mAb414) vs. intranuclear signal (DAPI).
Additionally, we assessed the fraction of each Nup antibody signal that overlaps with
mAb414 signal, using Mander’s overlap coefficient (described in STAR Methods), and
found the mean coefficients from analyzed images to be 0.94-0.98 (Figure S3J), indicative
of 94-98% of Nup107 and Nup93 signal co-localizing with mAb414 signal. This co-
localization was also consistent with quantification of the fraction of internal signal from
obtained line scans through nuclei in our images, which yielded internal signal fractions of
2.7-6.0% (Figures S3H, S3K). Although at present, we cannot completely rule out that a
small or a currently undetectable intranuclear pool of these Nups interacts with chromatin,
we can infer from the analysis presented above that a sizable fraction of the detected binding
peaks of Nup93 and Nupl107 represents genomic binding of NPCs.

4. Nup93 associates with high-occupancy Polycomb domains and with PRC1/2
components.

The robust co-localization of Nup93 with Pc peaks (Figure 2) suggests that a subset of PcG
domains is targeted by Nup93. Our findings are consistent with earlier studies, which
demonstrated an enrichment of repressive histone marks in the Nup93 ChlP-chip from HelLa
cells (Brown et al., 2008) and which revealed binding of Nup93 to PcG-repressed HoxA
genes in colorectal cancer cells (Labade et al., 2016). LADs have similarly been found to
exhibit a partial overlap with PcG domains (Peric-Hupkes et al., 2010), and the H3K27Me3
mark has been shown to be involved in targeting of LAD regions to the nuclear periphery
(Harr et al., 2015). Nonetheless, it remains unclear whether targeting to the nuclear lamina is
a component of PcG-mediated repression.

To investigate these relationships, we partitioned classified PcG domains into those that
overlap with Nup93, LADs, or neither (Figure 4A). According to this analysis,
approximately one third of PcG domains contain Nup93, either with or without nearby
LADs. Interestingly, we found that the Nup93-containing PcG domains contain much higher
levels of Pc ChlP-seq signal on average, relative to LAD-overlapping PcG domains or those
that overlap with neither (Figure 4A). Visual inspection similarly revealed a high level of
correlation between Nup93 binding peaks and the most pronounced Pc peaks (Figure 4B).
Some of the well-known targets of PcG silencing, such as Hox genes Abd-B and Anlp, were
found within the Pc/Nup93 peak category (Figure S4A). Furthermore, within LADs that also
contain Nup93, we still observed considerably higher amount of Pc signal overlapping with
Nup93 peaks than with the non-Nup93 portion of the LADs (Figure S4A). These
distributions suggest that Nup93 is a key component of the NE that interacts with Polycomb
chromatin. In support of this notion, we found that LADs that do not contain Nup93 within
or at borders show lower abundance of Polycomb chromatin state (Blue or Gray colors)
(Figure S4B).

Previously, a subset of PcG domains have been shown to overlap with a mark of poised or
active chromatin, H3K4 di-methylation (Kharchenko et al., 2010), which is also a histone
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modification associated with Nup binding (D’Urso and Brickner, 2017; Light et al., 2013).
Yet comparison between Nup93, Pc and H3K4 di-methylation profiles revealed that Nup93-
PcG domains are devoid of H3K4 di-methylation and contain the highest levels of Pc
(Figure 4C). This suggests that Nup93-containing PcG domains may be the most repressed
sub-category of PcG domains.

The above analysis prompted us to test whether we can detect a physical interaction between
Nup93 and components of Polycomb Repressive Complexes 1 and 2 (PRC1 and PRC?2) (Di
Croce and Helin, 2013). To this end, we performed a co-immunoprecipitation (co-IP)
analysis of Nup93 and select PcG proteins. We found that pulling down with anti-Nup93
antibody from S2 cell extracts can successfully co-1P Pc, but not Polyhomeotic (Ph), of the
PRC1 complex (Figure 4D). Furthermore, Ring1-and-YY1-binding protein (RYPB), which
has been shown to interact with the PRC1 complex in Drosophilaand in mammals (Bejarano
et al., 2005; Zhan et al., 2018), robustly co-1Ps with Nup93. Interestingly, Nup93 was also
identified as an interacting partner of Drosophila RYBP in a genome-wide yeast two-hybrid
screen (Giot et al., 2003). Additionally, we detected an interaction with Enhancer of Zeste
(E(2)), the catalytic subunit of the PRC2 complex responsible for H3K27 tri-methylation
(Figure 4D).

To determine whether interaction with PcG components is specific to Nup93, we utilized
more stringent biochemical conditions to disassociate Nup93 and Nup107 from each other,
and IP them independently (Figure 4E). In these conditions, where Nup93 and Nup107 do
not cross IP, Nup93 can still co-IP PcG proteins Pc and E(z), while Nup107 does not
(Figures 4, S4C). Together, these findings indicate that Nup93 can physically associate with
canonical PcG machinery and reinforce the observed differential chromatin binding of
Nup93 versus Nup107.

5. Nup93-bound Polycomb domains preferentially associate with the nuclear periphery.

The findings described above suggest that a subset of PcG domains is targeted to NPCs at
the nuclear periphery. To confirm this, we analyzed sub-nuclear localization of several PcG
regions, using Oligopaints DNA Fluorescent /n situ Hybridization (FISH) probes (Beliveau
etal., 2012; Rosin et al., 2018), which are designed to specific regions of the genome and
allow for an improved signal to noise ratio (Joyce, 2017). We designed Oligopaints probes to
4 regions along chromosome 3R, including the ssand /b/genes, and two sites in the
Bithorax Hox gene cluster - the Fab-7regulatory element and the Ubx gene (Figure 5A). All
of these locations exhibit high Pc binding, high Nup93 binding, and correspond to PcG
repressed chromatin (Bantignies et al., 2011).

All four loci were found to display a preferential association with the nuclear periphery
(Figure 5B-C), supporting the notion that these PcG domains are targeted to NPCs in a large
fraction of cells. To determine the distribution of these loci in nuclear space, we measured
the shortest distance between the probe signal and the nuclear periphery, defined by either
by DAPI (Figures 5B-E) or by immunofluorescence staining against Lamin (Figures 5F-G,
S5A-B), and classified the distance into 400 nm or 200 nm bins from the nuclear periphery,
for each cell. On average, the Nup93/PcG probes were present within 0.4 um of the nuclear
periphery in approximately 50% of cells, and farther than 0.8 um from the nuclear periphery
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in less than 20% of cells (Figure 5B-C). In contrast, the control probes, which contain no
Nup93 peaks, displayed much less bias towards the periphery and a more uniform
distribution in nuclear space (Figure 5D-E). Interestingly, none of the Nup93/PcG regions
were found to contain a previously mapped LAD, suggesting Lamin-independent
mechanisms of peripheral localization.

To determine whether the PcG machinery or Nup93 are required for the observed
localization bias towards the nuclear periphery, we depleted these factors by RNA. (all
primers described in Tables S1 and S2, Figure S5C) and measured probe-periphery distances
as described above. We found that partial co-depletion of PRC1 components Ph and Pc
resulted in a significant shift of the 4 loci away from the nuclear periphery (Figures 5F,
S5D). On the other hand, depletion of Nup93 did not result in significant nuclear re-
positioning of any of the probes from the nuclear periphery (Figures 5G, S5D). Drosophila
contains 2 homologues of mammalian Nup93, termed Nup93-1 and Nup93-2, which are
highly similar to each other in sequence. To deplete Nup93, we targeted both versions,
which led to a partial depletion of both proteins (Figure S5C), beyond which we experienced
problems with cell viability. Although we did not detect a significant change in nuclear
positioning of PcG sites in this level of knock down, these conditions did produce significant
changes in gene expression and in spatial interactions between Pc target genes, as discussed
further below. Additionally, no changes were observed in the localization of control probes
in these conditions of Nup93 depletion (Figure S5E). We concluded that targeting of PcG
domains to the nuclear periphery requires PRC1 components and likely involves interactions
with multiple NPC or NE components, beyond just Nup93.

6. Nup93 contributes to long-range interactions between Polycomb loci.

Polycomb binding sites and PcG domains are known to engage in long-range interactions in
nuclear space, and such interactions has been associated with efficient silencing of Pc targets
(Bantignies et al., 2011; Entrevan et al., 2016). Previous chromosome conformation captures
techniques have demonstrated interactions between nearby PRC1 binding sites, particularly
at PREs, and between more distally located PcG domains (Bantignies et al., 2011; Lanzuolo
et al., 2007). In particular, the Fab-7element of the Bithoraxlocus has been shown to
interact with nearby Pc binding sites at the Abd-B gene and with distant Pc sites, such as at
the ssgene.

Genomic binding to the NPC has been previously implicated in long-range interactions
between and within active genes in yeast and Drosgphila (Brickner et al., 2012; Pascual-
Garcia et al., 2017; Tan-Wong et al., 2009). Thus, we aimed to test whether long-range
interactions between Nup93-bound PcG sites may similarly depend on Nup93. Initially, we
analyzed existing interactions between Nup93-containing and non-Nup93-containing PcG
regions, using previously published Hi-C maps of S2 cells (Ramirez et al., 2015) (Figure 6A,
S6A). Strikingly, Nup93-containing PcG regions were found to exhibit considerably higher
interactions with other Nup93-containing PcG domains, than with PcG domains that do not
contain Nup93 (Figures 6A, S6A). Similarly, non-Nup93 containing PcG regions were found
to interact primarily with each other, and much less with Nup93-containing PcG regions
(Figure 6A). These comparisons indicated that Nup93-containing PcG domains
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preferentially cluster with each other, further suggesting that they represent a unique sub-
class of PcG chromatin domains and that nuclear targeting to Nup93 may facilitate long-
range interactions of this subclass. We did not detect significant levels of inter-chromosomal
Hi-C interactions for Nup93-containing PcG domains (Figure S6B), suggesting that
clustering between Nup93-containing PcG domains is restricted mainly to sites on the same
chromosome.

To test whether Nup93 contributes to nuclear clustering of PcG regions, we undertook two
parallel approaches. First, we analyzed the previously described high-frequency contact
between the Fab-7and ssregions (Bantignies et al., 2011), both of which are bound by
Nup93 (Figures 5A, S6C), via imaging. Using Oligopaints probes described above (Figure
5A), we measured the center-to-center distance between ssand Fab-7probes in three-
dimensional scans of nuclei. As our positive control, we again utilized RNAI depletion of
PRC1 components, the integrity of which is required for long-range interactions of Pc
targets (Bantignies et al., 2011). In control conditions, we found the ss-Fab-7 distance to be
in the 0.2-1.0 um range in the majority (~80%) of the cell population, while only ~20% of
cells exhibited distances larger than 1 um (Figure 6B-D), which is consistent with previous
reports of the interaction between these two loci. Expectedly, co-depletion of Pc and Ph
resulted in a significant increase in the fraction of cells with separated Fab-7and ssloci
(Figure 6B, evidenced by the thicker “tail” in the violin plot, and 6C). Notably, we found
that depletion of Nup93 also resulted in a significant increase in the fraction of cells with
separated Fab-7and ss (Figure 6B-D). We observed no significant difference in ss-Fab-7
distance or in loss of peripheral targeting of these probes in Lamin depleted conditions
(Figures 6B-D, S6D). Additionally, no significant differences in these measurements were
identified in cells depleted for Nup107 (Figure S6E), suggesting again that regulation of PcG
domains is restricted to Nup93.

As a second approach, we carried out a local chromosome conformation capture (3C) assay.
We measured interaction frequencies between Fab-7and the nearby Pc binding peaks along
the Abad-B gene, similarly to what has been previously described (Lanzuolo et al., 2007), in
control vs. Nup93-depleted conditions (Figure 6E). In control conditions, we could detect
high interaction frequencies between Fab-7and 3 upstream Pc binding sites, as previously
reported (Lanzuolo et al., 2007) (Figure 6E). In Nup93-depleted cells, we observed a modest
but highly reproducible decrease in interaction frequencies (30-40%) at Fab-7-Pc interacting
sites (Figure 6E). Together, these findings implicate Nup93 in mediating or stabilizing long-
range interactions of PcG loci.

7. Depletion of Nup93 results in partial de-repression of Polycomb target genes.

The robust binding of Nup93 to high-occupancy PcG domains and the detected dependency
of Pc long-range interactions on Nup93 suggested that Nup93 is functionally involved in
regulation of PcG targets. To determine whether Nup93 is functionally required for the
repression of PcG silenced genes, we measured expression of multiple Pc targets, including
ss, Abd-B, Abd-A, and Antp, which are endogenous targets of PcG silencing in development
(Beuchle et al., 2001), by RT-qgPCR. RNAI against Ph in S2 cells led to considerable up-
regulation of these 4 genes, as expected (Figures 7A). Markedly, RNAi depletion of Nup93
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(Figure S7A) similarly resulted in significant up-regulation of all 4 of the targets (Figure
7A), providing evidence for the functional role of Nup93 binding. Importantly, genes not
bound by Nup93 did not show any de-repression in Nup93-depleted conditions (figure 7B).
We were also able to confirm the RT-gPCR results with the single molecule RNA FISH
approach. Using an RNA FISH probe against the Abd-B transcript, we observed an increase
in the RNA FISH signal in Ph/Pc and Nup93 depleted conditions, compared to low levels in
the control (Figure S7B-C). Furthermore, we did not observe any obvious change in levels
or nuclear localization of Ph or Pc in Nup93-depleted cells (Figure S7D), suggesting that the
effect of Nup93 depletion on PcG gene silencing does not stem from defects in nuclear
import of Ph or Pc.

To determine whether we can similarly detect this de-repressive effect in the developing
organism, we analyzed the expression of Abd-B in larval wing discs, where it is normally
silenced by PcG complexes (Beuchle et al., 2001). We depleted Nup93 or Nup107 in a large
part of the wing disc, using the Mub-GAL4 driver (Pascual-Garcia et al., 2014) and UAS-
driven RNAI lines. We found that Abad-B is significantly de-repressed in Nup93-depleted
wing discs, but not in Nup107-depleted wing discs, as measured by RT-gPCR (Figures 7C
and S7E). These findings further support our conclusion that the effect of Nup93 on PcG
repression is specific to Nup93, and not shared by Nup107.

Based on our combined results, we propose a model for the distribution of chromatin along
the NE compartment (Figure 7D). According to our findings, NPC binding via Nup107
targets a subset of active regions, which can be adjacent to the neighboring LADs. On the
other hand, NPC binding via Nup93 targets Polycomb domains, particularly those that are
most stably bound by Pc. The binding by Nup93 appears to contribute to PcG silencing and
to long-range clustering of PcG sites. Given that we were able to unambiguously resolve
binding sites of the two stable Nups, which are normally part of the core NPC structure, we
hypothesize that this Nup-specific binding occurs at different NPCs. Our data suggests that
this differential binding underlies the ability of NPC sub-complexes to carry out different
functions in genome regulation.

DISCUSSION

Our presented results provide high-resolution chromatin binding maps of stable NPC
components and offer a resource for future comparisons to a variety of genomic features.
Our maps and analysis contribute several insights into the nuclear organization field. First,
we found that representative members of the two core sub-complexes of the NPC, Nup107
and Nup93, bind to active and silenced regions, respectively. We believe this differential
binding helps explain the variability in previous conclusions on NPC-genome contacts, and
extends our understanding of how NPC-genome contacts shape three-dimensional genome
architecture. Our ChIP-seq maps of Nup107 are consistent with the predominant view of the
NPC as a place for targeting active genes, and suggest that this function is carried out
primarily through associations of the genome with the outer-ring NPC sub-complex.
Although currently, we cannot definitively prove that all identified binding peaks of Nup107
and Nup93 represent NPC binding, our comparison to LADs and immunofluorescence
localization analysis (Figures 3 and S3), as well DNA FISH analysis of select loci (Figure
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5), suggest that a large proportion of these binding peaks represent regions present at the
nuclear periphery, at actual NPCs.

Second, our findings describe a functional connection between Nup93, a conserved subunit
of the inner-ring NPC sub-complex, and Polycomb complexes, which are key regulators of
developmental gene silencing. Our ChlIP-seq map of Nup93 demonstrates preferential
targeting of Nup93 to a large subset of PcG domains, particularly those that exhibit the
highest level of Pc binding. Importantly, we found that lowering levels of Nup93 leads to de-
repression of Pc targets in both cultured cells and fly tissues. These findings suggest that a) a
core NPC subunit is involved in the epigenetic maintenance of silencing via its chromatin
binding role; and b) a subclass of particularly stable PcG chromatin domains are targeted to
the nuclear periphery, where they require Nup93 for optimal silencing. The function of the
Nup93 sub-complex in gene repression appears to be highly conserved, as strikingly, the S.
pombe homologue of Nup93 was found by Moazed and colleagues to be required for
silencing and nuclear clustering of heterochromatin (Iglesias et al, in press). Nup93 has also
been previously shown to be required for the repression of the HoxA gene cluster in
mammalian cells (Labade et al., 2016). This is in line with previous findings that another
subunit of this sub-complex, Nup155, associates with histone deacetylases in mammalian
cells and targets repressed heterochromatin in yeast (Kehat et al., 2011; Van de Vosse et al.,
2013). The role of Nup93 in PcG silencing is also potentially related to the previously
reported link of Nup153 to PcG-mediated repression in mouse ES cells (Jacinto et al., 2015).
In further support of this notion, several Nups have been previously identified in a genome-
wide imaging screen for factors that affect nuclear distribution of PcG proteins (Gonzalez et
al., 2014).

Thus, our proposed model (Figure 7D) envisions that certain nuclear pores may interact with
active chromatin via the Nup107 sub-complex, while other nuclear pores may associate with
silent chromatin via the Nup93 sub-complex. This model is based on our ability to ChlP-seq
distinct regions of the genome with different structural NPC components, and it is further
supported by biochemical interaction data (Figure 4E) and the specificity of the functional
effect of Nup93 (Figures 5, 6 and 7C). Our proposed model is consistent with previous
findings in yeast, which reported the binding of a component of the Nup93 sub-complex to
silent chromatin and the possible existence of this sub-complex as a type of an independent
nuclear pore-related complex, present at the nuclear periphery (Lapetina et al., 2017; Van de
Vosse et al., 2013). In this context, it remains to be determined whether some of the Nup93-
PcG interactions similarly occur as an independent complex or if they are normally part of
actual NPCs, and whether the observed functional effect of Nup93 on PcG silencing always
takes place at the NPC.

Interestingly, we found that the Nup93-targeted PcG domains tend to preferentially interact
with each other in nuclear space. It is intriguing that other Nups, such as Nup98 and Mlp1/2,
have been previously shown to facilitate long-range contacts of transcribing genes, such as
enhancer-promoter and 5°-3 loops (Pascual-Garcia et al., 2017; Tan-Wong et al., 2009). It
appears that stabilization of long-range contacts, either at active or silent genes, may be
generally promoted by NPC binding, but the nature of contacts depends on the particular
Nup involved. Based on our combined results, we hypothesize that Nup93 binding may
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promote stabilization of PcG domains that are destined to be highly repressed. This
stabilization may involve promoting long-range interactions between Pc sites, as well as
possibly helping sequester PcG domains into specific nuclear compartments, away from
gene activity. Our findings also suggest that in the case of PcG silencing, long-range
interactions are more functionally involved in gene repression than localization to the
nuclear periphery, since de-repression of PcG targets is consistently associated with loss of
long-range interactions.

Furthermore, our results suggest that some of the previously defined LADs are in fact
interrupted or flanked with NPC-associated chromatin. In this manner, it appears that at least
a fraction of mapped LADs may be complex, containing Nup-targeted sub-environments.
These conclusions are also supported by the recent refined analysis of mammalian LADs,
which revealed LAD interruptions that contain marks of active chromatin, termed
“Disruption in Peripheral signal” (DiPs) (Luperchio et al., 2018). If such DiPs are
biologically meaningful, our data would suggest that some such DiPs may be NPC-bound
areas of the genome, characterized by functions distinct from the surrounding LADs. An
intriguing conjecture is that positioning genes at NPCs within LADs may facilitate ready
switching of transcriptional states, such that genes can shift between adjacent active and
silent states, depending on incoming signals.

Finally, our analysis demonstrated wide spread genomic binding by a non-stable Nup Elys,
which is currently the only Nup with a known direct chromatin binding activity (Zierhut et
al., 2014). Interestingly, Nup107 is almost exclusively found at Elys binding sites. It is
tempting to speculate that Elys serves as a chromatin tethering Nup for the Nup107 sub-
complex components in the interphase genome, much like it has been demonstrated to do
postmitotically, during NPC assembly (Franz et al., 2007; Gillespie et al., 2007; Rasala et
al., 2006). The reproducibility of Elys-Nup107 binding patterns further invokes the
possibility that postmitotic targeting of the Elys/Nup107 sub-complex to chromatin occurs at
specific sites in the genome and as such, may participate in the correct re-establishment of
chromatin states and nuclear architecture after mitosis. On the other hand, Nup93 similarly
shares a large fraction of its binding sites with Elys, suggesting that Elys may carry a similar
function in targeting the inner ring sub-complex to chromatin. Presently it remains unclear
how this specificity of Nup93 vs. Nup107 genome targeting may be established. But
together, our findings support the model where different subunits of the NPC have evolved
unique functions in chromatin regulation. Individual Nups appear to be able to facilitate
either activating or repressive processes, and to assist nuclear organization of chromatin
domains and key proteins complexes.

STAR METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Dr. Maya Capelson (capelson@pennmedicine.upenn.edu). All
generated materials will be shared without restrictions.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—Drosophila S2 cells (DGRC 6) sex: male, and Kc-167 cells (DGRC 1) sex:
female, were obtained from the Drosophila Genome Resource Center. Cells were cultured at
25 °C in Schneider’s Media (DGRC) with 10% heat inactivated fetal bovine serum (GIBCO)
and antibiotics.

Fly Lines—Drosophila genetic stocks used in this study include Bloomington stocks 33908
(Nup93-1 RNAI), 25754 (Gal4-Nubbin) and Vienna Drosophila Resource Center stock
110759 (Nup107 RNAI).

METHOD DETAILS

Antibody Generation—To generate antibodies to Drosgphila Nup107 (CG6743), general
procedure was as described in Pascual-Garcia et al 2017. Briefly, dNup107 amino acids
518- 725 were cloned into a petG-41A vector, expressed in BL21 cells, induced with 0.1
mM IPTG at an OD of 0.6 and purified with a HIS tag using Ni-NTA agarose beads. The
first three elutions were pooled and dialyzed in PBS. The purified recombinant protein was
sent to the Pocono Rabbit Farm & Laboratory for production of Nup107 rabbit antisera.
Bleed 3 and Ex-Sang were validated by western blotting/Immunofluorescence and RNAI
against Nup107 in S2 cells (Figure S1C/D), and used for experimental procedures.

Additional antibodies against PcG proteins Ph, Pc and E(z), and Rybp were a generous gift
from Drs. Yuri Schwartz and Vincent Pirrotta, Richard Jones, and Ana Busturia,
respectively. Antibodies to Drosophilalamin, L7, ADL84.12 and ADL195, were gifted by
Dr. Paul Fisher, or obtained from Developmental Studies Hybridoma Bank. Antibody to H3
was purchased from Abcam (ab1791). Antibodies to dNup93 and dElys were described in
Pascual-Garcia et al 2017.

dsRNA generation and RNAIi conditions—To generate dsSRNA, T7 reactions were
performed with ChoiceTaq DNA polymerase (Invitrogen) using primers listed in Table S1.
dsRNA were generated with Megascript T7 kit (Applied Biosystems). RNAi knockdown
was accomplished by plating1.5x108 cells in 1 mL of serum free media per well of 6-well
plate and 6.35x10° cells in 5 mL of serum free media per 10 cm dish. Cells were treated
with 20ug/125ug (6 well and 10 cm plate respectively) of the appropriate dsSRNA incubated
for 2-4 hours before rescuing with media containing 20% heat inactivated fetal bovine
serum. Treatments were repeated either one or two additional times for all RNAI treatments
(a total of 4 days/96 hours or 6 days/144 hours). Control cells were treated with dsRNA for
gene white.

Co-Immunoprecipitations—S2 cells were harvested and washed twice in PBS. 4x107
cells were resuspended in 1100 ul of high-salt buffer (10 mM Tris-HCL, pH 7.4, 400 mM
NaCl, 1% Triton X-100, 2mM EGTA, 1 mM MgCI2, 1 mM DTT and COmplete EDTA-free
Tablet (1 per 10 mL)) (11836170001) and Pierce Universal Nuclease (1:500)(ThermoFisher
88700) for 45 min at 4°C. The sample was then sonicated 3 x 15 seconds on setting 2 of
Fisher Sonic Dismembrator Model 100 resting 10 seconds on ice between sonications. The
sample was spun down at 10,000 rcf, 10 min at 4 C and supernatant was removed. 300ul of
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lysate and 850 ul of no-salt buffer (10 mM Tris-HCI, pH 7.4, 2 mM EDTA, 1 mM DTT) was
added along with 8 ul of anti-Nup93 antibody or 2 ug of anti-Guinea Pig 1gG antibody was
added to the lysate mixture and incubated on a rotator at 4 C overnight. 35 ul of Dynabeads
(Life Technologies) were washed in blocking buffer (0.3% BSA PBS) three times and
blocked for 1 hour on a rotator at 4 C. Beads were washed in no salt buffer twice and added
to the antibody/lysate mixture and incubated on a rotator at 4 C for 3 hours. After
incubating, beads were washed 5 times in wash buffer (1:3 High Salt:No Salt) and eluted in
SDS-loading buffer. 5% inputs boiled in final concentration 1X SDS-loading buffer and IP
samples were loaded on 6 or 8% SDS-PAGE gels and transferred electrophoretically to
nitrocellulose membranes using a Bio-RAD Trans-Blot Turbo using the following program:
(0.1 amps/25 V/90 minutes). Membranes were blocked in 5% Milk PBST (1X PBS and
0.1% Tween) for 1 hour at RT before being incubated in primary antibodies diluted in 5%
BSA PBST overnight at 4°C. The primary antibodies and dilutions used a re: guinea pig
anti-Nup93 (1:1000), rabbit anti-Ph (1:1000), rabbit anti-Pc (1:1000), rabbit anti-RYBP
(1:1000), and rabbit anti-E(z) (1:1000). Membranes were washed 3 X 10 minutes in PBST
and then incubated with HRP secondary antibodies for 1 hr at room temperature.
Membranes were washed in PBST 3 X 10 minutes and imaged using ECL-Plus Western
blotting reagent (Amersham Biosciences). IPs done with more stringent conditions used the
same procedures with the following changes. The lysis buffer was replaced with buffer A
(20 mM Tris, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.5% Sarkosyl, 0.1% Na-
Deoxycholate). IPs were set up with 400 ul of lysate, 400 ul of dilution buffer (20 mM Tris,
100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1 % IGEPAL) and washes were done using
the dilution buffer. 5% inputs boiled in final concentration 1X SDS-loading buffer and IP
samples were run on either 8% SDS-PAGE or 4-20% SDS-PAGE precast gels (BioRAD
4561095). Samples blotted for Nup93, Nup107, Pc and Ez were transferred onto 0.45 um
nitrocellulose membranes while samples blotted for H3 were transferred onto 0.2 um
nitrocellulose membranes. Membranes were blocked, incubated with primary/secondary
antibodies, washed and imaged as described previously. The primary antibodies and
dilutions are as follows (guinea pig anti-Nup93 (1:1000),rabbit anti-Nup107 (1:1000), rabbit
anti-Pc (1:1000), rabbit anti-E(z) (1:1000), and mouse anti-H3 (1:1000)).

Whole Cell Lysate Westerns—Knockdowns were performed as described in “Cell
Culture and RNAI” and cells were harvested and washed twice in PBS. Cell pellets were
incubated with 120 ul of RIPA buffer (10 mM Tris-HCI, pH 8.0, 1 mM EDTA, 0.5 mM
EGTA, 1% Triton X-100, 0.1% Sodium Deoxycholate, 0.1% SDS, 1% IGEPAL, 140 mM
NaCl and COmplete EDTA-free Tablets(1 per 10 ml)) per 6-well of cells and incubated on
ice for 45 minutes. Samples were then spun down at 10,000 rcf, 10 min 4°C and the
supernatant was removed and quantified using the Pierce BCA Protein Assay Kit
(ThermoFisher 23225). 15 ug of protein of each sample was boiled in final conc. 1 X SDS-
loading buffer, resolved on 8% SDS-PAGE gels and transferred electrophoretically to
nitrocellulose membranes using a Bio-RAD Trans-Blot Turbo. Membranes were blocked,
incubated with primary/secondary antibodies, washed and imaged as described in Co-
Immunoprecipitations. The primary antibodies and dilutions are as follows (rabbit anti-
Nup107 (1:1000) and mouse anti-Tubulin (1:1000)).
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ChlP-seg—10 cm dishes of S2 cells at 85-95% confluency were crosslinked with 1%
methanol-free formaldehyde and quenched with 0.125 M final concentration Glycine. Cells
were then harvested and washed with PBS + 0.2mM PMSF. Cells were then treated with 1
mL of ChIP Buffer | (50 mM HEPES pH 7.6, 140 mM NaCl, 1 mM EDTA, 0.5 mM EGTA,
10% glycerol, 0.5% IGEPAL, 0.25% Triton X-100, and COmplete protease inhibitors
(11836170001), incubated on a rotator at 4 C for 10 minutes, and spun down at 400 rcf, 5
min 4°C. Pellets were resuspended in 1 mL of ChlIP Buffer Il (20 mM Tris pH 8.0, 200 mM
NaCl, ImM EDTA, pH 8.0, 0.5 mM EGTA, pH 8.0, and COmplete protease inhibitors),
incubated on a rotator at 4°C for 10 minutes, and spun down at 400 rcf, 5 min 4°C. Pellets
were resus pended in 1 mL ChIP Buffer 111 (20 mM Tris, 100 mM NaCl, 1 mM EDTA, 0.5
mM EGTA, 0.5% Sarkosyl, 0.1% Na-Deoxycholate (NaDOC) and COmplete protease
inhibitors) and sonicated in a S220 Covaris (15 minutes peak power 140, Duty Ratio 5,
Cycles 200). Samples were transferred into 1.5 mL Lo-bind tubes, 1% Triton X-100 final
volume was added and samples were spun down at max speed 10 min at 4°C. Supernatants
were were then quantified using a Bradford assay (BioRAD 5000006). IPs were set up with
500ug of protein, 15ul of Nup antibodies/3ug of IgGs and Dilution Buffer (20 mM Tris, 100
mM NaCl, 1 mM EDTA, 0.5 mM EGTA) in a 1:2 ratio of lysate:dilution buffer. IPs were
incubated on a rotator O/N at 4°C and 10% Input and verification samples were stored at
—80°C. 40ul of Dynabeads per IP were washed and then blocked in 0.3% BSA in PBS on a
rotator O/N at 4°C. Beads were then washed twice in Dilution Bu ffer and added to the IPs
and incubated on a rotator at 4°C for 3 hours. After incubation, bea ds were washed in 1 mL
of the following buffers: Low Salt Buffer (20 mM Tris-HCI pH 8, 150 mM NaCl, 2 mM
EDTA, 0.1% SDS, 1% TritonX-100), High Salt Buffer (20 mM Tris-HCI, pH 8, 500 mM
NacCl, 2 mM EDTA, 0.1% SDS, 1% TritonX- 100), LiCl Buffer (10 mM Tris-HCI pH 8, 250
mM LiCl, 1% IGEPAL, 1% NaDOC, 1 mM EDTA), and TE50 (10 mM Tris-HCI pH 8.0, 50
mM NaCl, 1 mM EDTA). The TE50 wash was repeated twice to ensure that all residual LiCl
Buffer was removed. Beads were resuspended in 300ul of Elution Buffer (100 mM
NaHCO3, 1% SDS) and eluted in a thermomixer at 65°C 600 rpm for 30 minutes. Samples
(IPs and Inputs) were de-crosslinked at 65°C. After de-crosslinking, equal volume TE (10
mM Tris-HCI pH 8.0, 1 mM EDTA) was added to samples and 0.2 mg/ml final
concentration RNAse A (Roche 10109169001) was added and incubated at 37°C followed
by the addition of 0.2 m g/ml final concentration Proteinase K (Fisher Scientific
BP1700-100) and incubation at 55°C. 1 X sample volume of Phenol/Chloroform/isoamyl
alcohol was added, samples were incubated at RT and then spun down at max speed. 1 X
sample volume of chloroform/isoamyl alcohol was added to the aqueous layer and samples
were incubated at RT and then spun down at max speed. 0.1X sample volume of sodium
acetate (pH 5.2, final concentration of 0.3 M), 1.5ul glycogen (stock 20 mg/ ml, Roche) and
2.5 X sample volume of cold 100% ethanol was added to the aqueous layer and samples
were mixed and incubated at —20°C. Samples were then spun down at max speed, 20
minutes 4°C, the DNA pellet was washed wi th 70% cold ethanol, and spun down at max
speed, 10 minutes 4°C. Pellets were then quick- spun and residual ethanol was pipetted off.
Pellets were then air-dried until all ethanol was removed. DNA pellets were then re-
suspended in TE buffer. Samples were then either processed for qPCR or sequencing.
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Library Preparation and Sequencing—L.ibraries were prepared using NEBNext Ultra
I1 DNA Library Prep Kit for Illumina (E7645L) and NEBNext Multiplex Oligos for Illumina
(E7335L and E7500L). Fragment sizes were verified with an Agilent Bioanalyzer High
Sensitivity Kit (5067-4627). Libraries were quantified using NEBNext Library Quant Kit
for Illumina (E7630L) and sequenced using an Illumina NextSeq 500 platform (75bp,
single-end)( Illumina FC-404-2005).

RNA Extraction and gPCR—For Drosophila larvae wing disc experiments, female
Nup93 RNAI line (33908) or Nup107 RNAI line (KK108047) were crossed to male Gal4-
Nubbin (25754), with Gal4-Nubbin cross as the control. Wing discs of progeny 3rd instar
larvae were dissected in 4°C PBS and collected in tubes on dry ice (discs from 25 animals
per replicate). Tissues were homogenized in TRIzol (15596026) and RNA was harvested
with PureLink RNA extraction kit (ThermoFisher Scientific 12183025). For cultured cells,
cells were harvested with 4°C PBS. Cells were treated with TRIzol and RNA was harvested
with PureLink RNA extraction kit (ThermoFisher Scientific 12183025). In cell and tissue
experiments cDNA was made using the QuantiTect Reverse Transcription Kit (205310).
Transcripts were quantified using POWER SYBR Green Master Mix (4367659) and a
QuantStudio 7 Flex Real-Time PCR Instrument (4485701). Expression of all targets was
normalized using primers to rp49. All primers are listed in Table S1.

Immunofluorescence in S2 cells—Cells were settled on coverslips then washed in
PBST (1X PBS with 0.1% Triton X-100) for 2 minutes on ice followed by fixation in
methanol cooled to —20°C for 10 minutes at RT. Coverslips were washed with PBS three
times for five minutes at RT, then blocked in 1% BSA in PBST for 30 minutes. Blocking
solution containing diluted primary antibodies was applied to coverslips, and incubated in a
humidified chamber overnight at 4°C. Coverslips were washed in PBST followed by
incubation with secondary antibodies diluted in blocking solution for 1 hour at room
temperature in a dark humid chamber, followed by 3 five minute washes in PBS. Slides were
washed in Hoescht DNA stain (1:10,000 in PBS) for 5 min, before mounting in Prolong
Gold (Invitrogen P36930). Primary antibody dilutions were as follows: rabbit anti-Nup107
(1:200), guinea pig anti- Nup93 (1:200), mouse anti-414 (1:300), rabbit anti-Pc and anti-Ph
(1:100). Secondary antibodies were goat anti-mouse 488 (1:800), goat anti-guinea pig 568
(1:800) and goat anti-rabbit 568 (1:800).

Immunofluorescence and DNA FISH—Methods were based on published protocol
(Nguyen and Joyce, 2019). For DNA FISH, Oligopaint probe libraries were designed using
the Oligoarray 2.1 software and the DM3 genome build, purchased from CustomArray.
Oligopaint FISH probes were designed to have 42 bases of homology and a density of 5-10
probes/kb. Coordinates for all paints can be found in Table S2.

For oligopaint probe generation, The oligo pool was PCR amplified in a 50 L reaction
(1.25 pL of 20 pM forward primer, 1.25 puL of 20 pM reverse primer, 1 uL of 100 pg/uL
oligo pool, 21.5 pL of ddH,0, and 25 pL of 2x Phusion Master Mix) (NEB) with the cycle
having an initial denaturation of 98 °C for 3 min, 30 cycles of 98 °C for 5 s and 72 °C for 15
s, then a final elongation step of 72 °C for 2 min. PCR samples wer e purified with
Nucleospin Gel and PCR clean-up kit (Clontech). Products were diluted to 20 ng/uL, then
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another PCR reaction was run according to the manufacturer’s recommended cycle, with
200 uL reaction (0.4 pL of 200 uM forward primer containing secondary binding sequence,
0.4 pL 200 of uM reverse primer containing T7 sequence, 4 uL of 10 mM dNTP mix, 1 uL
of 20 ng/uL oligo pool PCR product, PCR buffer, Tag polymerase, and ddH,0) using the
Choice Taqg Polymerase (Denville). Products were pooled, purified as previously described,
and eluted in 50 pL ddH,0. RNA was synthesized in a 20 pL reaction (7 pL of the PCR
product, 2 pL of each ribonucleotide, 2 uL of 10x T7 buffer, and 2 pL of T7 polymerase, 1
uL of RNAseOUT) using the HiScribe T7 kit (NEB) and incubated at 37 °C overnight. The
T7 reaction w as brought to room temperature and a reverse transcription reaction was
assembled (20 pL of T7 sample, 7.5 pL of 200 pM forward primer containing the secondary
sequence, 9.6 uL of a 100 mM dNTP mix, 30 uL 1x RT buffer, 2 uL of Maxima H Minus
enzyme, 1.5 pL RNaseOUT, and 79.4 pL of ddH,0 ) using the Maxima RT-H Kit (Thermo
Scientific) and incubated at 50 °C for 2 h. RNA was degraded by adding 4ul RNAase A
10ug/ul and incubated in a thermocycler (2h 37C, 30min 60C, 15 min 92C). The probe was
then purified by adding 308ul pL of oligo binding buffer and 616uL of 100% ethanol,
vortexing briefly, and purified with the Oligo Clean and Concentration kit (Zymo Research).
The probe was then eluted into 150 puL of ddH,0. The concentration of the probe was
measured on a spectrophotometer, and the concentration converted to pmol/uL by using the
formula: [concentration of probe in pmol/uL] = [concentration of probe in ng/uL] * 3.03 *
(1/number of nucleotides).

For IF combined with DNA FISH, all washes and fixations in protocol were performed in
coplin jars. Cells at a concentration of 2x1076 cells/mL were settled on poly-L-lysine coated
slides for 30 min at room temperature in a covered container, then rinsed quickly with
1XPBS followed by fixation with 4% formaldehyde in PBST (1X PBS with 0.1% triton
X-100) for 10 min. Slides were washed in PBST 3 X 5 min and then blocked in 1% BSA in
PBST for 30 min. 60ul of blocking solution containing diluted primary antibodies was
applied on the area of the slide containing fixed cells, covered with a 22x22 mm coverslip,
and incubated in a humidified chamber overnight at 4°C. Slides were then washed in PBST
3 X 5 min at room temperature followed by incubation with 60 ul of secondary antibodies
diluted in blocking solution for 1 hour at room temperature in a dark humid chamber. In the
case of IF/FISH, slides were subjected to IF, followed by post-fixation with 4%
formaldehyde in PBST for 10 min before proceeding with FISH as described below. Primary
antibody dilutions were as follows: mouse anti-lamin ADL84-12 (1:100), mouse anti-lamin
ADL195 (1:100), rabbit anti-Pc (1:100), rabbit anti-Ph (1:100) and mouse mAb414 (1:300).
Secondary antibodies used were Alexa 488 goat anti-mouse (1:200) and Alexa 568 goat
anti-rabbit (1:200).

Immunofluorescence protocol was followed by 3 X 5 min washes in PBST at RT, then in
2xSSCT (0.3 m NaCl, 0.03 m sodium citrate, 0.1% Tween-20) at RT for 5 min, and in
2xSSCT/50% formamide at RT for 5 min. Slides were pre-denatured in 2xSSCT/50%
formamide at 92° in coplin jars for 2.5 min followe d by incubation in 2xSSCT/50%
formamide at 60° in coplin jars for 20 min. Slides were moved to an empty jar to dry for
approximately 10 min. Primary Oligopaint probes in hybridization buffer (10% dextran
sulfate/2xSSCT/50% formamide/4% polyvinylsulfonic acid (PVSA)) were then added to the
slides, covered with a coverslip, and sealed with rubber cement. Once rubber cement
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completely dried, slides were denatured on a heat block in a water bath set to 92°for 2.5 min,
after which slides were transferred to a humidified chamber and incubated overnight at 37°.
Approximately 16-18 hours later, coverslips were removed with a razor blade, and slides
were washed in 2xSSCT at 60°for 15 min, 2xSSCT at RT for 10 min, then 0.2xSSC at RT
for 5 min. All slides were washed with Hoescht DNA stain (1:10,000 in PBS), followed by
washes 3 X 5 min washes in PBS before mounting in Slowfade (Invitrogen).

Chromosome conformation capture (3C)—3C experiments were performed as
detailed in (Pascual-Garcia et al., 2017), with some variations. Briefly, 10 x106 S2 cells
were cross-linked using 2% formaldehyde for 10 min at room temperature and the reaction
was quenched with 0.125 M of glycine. Cells were lysed for 10 min on ice with Lysis buffer
(10 mM Tris-HCI pH 8.0, 1 mM MgCI2, 10 mM NacCl, 0.2% Igepal). Nuclei were re-
suspended in 1.2X restriction enzyme buffer and incubated at 37°C for 90 min with 5 pl of
20% SDS. We then added 50 pl of 12% Triton X-100/1X T4 Ligase buffer and incubated for
90 more min in the same conditions. Digestion was done in two steps, first using 300U of
Hind 111 for 3h at 37C and then adding 500U and incubating overnight. The reaction was
then stopped by adding 40 ul of 20% SDS and ligation of the fragmented DNA was done
with 2000U of T4 ligase and incubating overnight at 16°C. Cross-linking was reversed
incubating samples overnight at 65°C with 400 pg of freshly prepared Proteinase K and
DNA was purified after RNAse A treatment with phenol:chloroform extraction and ethanol
precipitation. The DNA pellet was dissolved in 150 pl of 10 mM Tris-HCI pH 7.5.

Concentrations of ligation products were adjusted to 25 ng/pl by comparing to a reference
sample of genomic DNA of known concentration. To measure interaction frequencies of 3C
products, six independent experiments were amplified by real time-gPCR. For each reaction
2 pl of the 3C template was used and measured relative to control template generated from
BAC DNA clone RP98-2018 (AbdB). All interactions were normalized to internal primers,
not spanning any Hindlll sites, at the rp49 locus (BAC#RP98-1517). Primers used are as
listed in (Lanzuolo et al., 2007).

S2 cells were fixed on coverslips using 4% Paraformaldehyde for 10 min and washed with
PBS 3 X 5 min at RT. Coverslips were incubated with 30uL hybridization buffer
(2XSSC;10% Formamide, 10% Dextran sulfate; salmon sperm DNA) and 0.3uL stock probe
solution at 37°for 18h, followed by three washes in wash buffer ( 2XSSC;10% dionized
Formamide) for 30 minutes per wash at 37°. Coverslips were then stain ed with Hoesht DNA
stain (1:10,000 in PBS) for 5 minutes and washed 3 X 5 min in PBS, followed by mounting
in Prolong Gold (Invitrogen).

QUANTIFICATION AND STATISTICAL ANALYSIS

ChlP-seq Comparison Between Datasets—Track and coordinate files of public
datasets were acquired for Pc ChlP-seq (GSE20804), Pc BioTAP (GSE66183), H3K27me3
ChiIP-seq (GSE20781), chromatin landscape described in 5-color states (GSE22069) and in
9-color states (PMC3109908). Pc domains were defined by expanding Pc ChIP-seq peaks
towards both ends until the 9-color chromatin state changes. Heatmap of ChlP-seq signal +/
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-5 kb centered around peaks were plotted using Deeptools (“computeMatrix reference-
point”). Similarly, heatmap of ChIP-seq signal stretching over plus +/-5kb around Pc
domains were plotted using Deeptools (“computeMatrix scale-regions™), with unsupervised
k-means clustering (k=2) that separated the Pc domains by whether it has Nup93 or not.
Track for Lamin DamID and coordinate file of LAD boundaries were acquired (GSE20311).
Nup ChIP-seq peaks were assigned as in LADs, in LAD boundaries (outside of LADs but
within 5kb of LAD boundaries) or outside LADs. Heatmap of ChIP-seq signal +/-5 kb and
+/- 20 kb centered around Nup93 peaks and sorted by Lamin ChIP-seq and Nup93 peak size
(respectively) using Deeptools (“computeMatrix reference-point --center”). Heatmap of
Lamin DamID signal +/-100 kb centered around peaks were plotted using Deeptools
(“computeMatrix reference-regions --scale”). Nup peaks in each category were assigned
with chromatin colors based on the majority color of the peak region. Nup chromatin color
enrichment significance was calculated by comparing to 100 random shuffles of the
corresponding Nup peaks (Figure S2A). Statistical parameters are reported in the figure
legends.

ChlP-seq Data Preprocessing—Sequencing reads were aligned to genome assembly
dm3 using Bowtie2 (version 2.2.9) with default parameters and “--local” to allow soft
clipping of ends. Alignments were further processed by SAMtools (version 0.1.19) to
remove low quality alignments (“-q 10”), PCR duplicates (“rmdup -s™) and mitochondrial
reads. Reads that passed filter were used to call peaks with MACS2 (v2.1.0, “--qvalue 0.05
--mfold 2 50 --broad”). Peaks that overlapped between biological replicates were retained
for each antibody. Final peak coordinates of each Nup are shown in Tables S3-S5. For
visualization, each individual library was normalized to 10 million reads per library and then
the track for each library was generated by subtracting its corresponding 1gG control
(Nup93, Nup107, Elys ChIPs) or input control (L7 Lamin ChlPs) using BEDtools
(“genomecov”) and Deeptools (“bigwigCompare —ratio=subtract --binSize=10"). An
average track for each antibody was also generated from biological replicates using UCSC
command line tools (“bigWigMerge”). Peaks were annotated with genomic regions and
nearby genes using HOMER (“annotatePeaks”). Overlap between different Nups were
defined as peaks that overlap by at least 1bp. Heatmap of ChlP-seq signal +/- 1.5kb
centered around peaks were plotted using Deeptools (“computeMatrix reference-point™).
Statistical parameters are reported in the figure legends.

HI-C Analysis—Hi-C preprocessed data (GSE58821) was acquired in 25kb-bin resolution
as provided in the original study. We labeled each bin based on whether it contains Nup93+
or Nup93- Pc domains, and the Hi-C interaction signal within or between different types of
bins were summarized as boxplots. Statistical parameters are reported in the figure legends.

S2 Cell Immunofluorescence Analysis—Colocalization analysis of
immunofluorescence images was conducted using the Mander’s overlap coefficient and
Pearson’s correlation coefficient methods (Dunn et al., 2011). Cells from
Immunofluorescence images included three channels, DAPI for DNA stain, 414, and
Nup107 or Nup93. To select pixels from these images for calculations, cells were manually
isolated through masking of 414 signal to ensure that background from the surrounding
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image was excluded. Values reported were generated using the ImageJ plugin JACoP (Bolte
and Cordelieres, 2006), which automatically calculated threshold and intensity values for
pixels in each channel followed by pixel to pixel comparison of the indicated channels. Line
graphs of fluorescence intensities for 414 and Nup107 or Nup93 were generated in two
channel images of single cells using ImageJ “Plot Profile” function across the diameter
through the center of each cell. Fraction of total intensity values were then calculated by
dividing each data point along the line graph by the total fluorescence intensity. The lowest
point of 414 Intensity curves on either side of the nucleus were used to define internal
signal. Total signal of Nup107 or Nup93 within this region was summed to calculate internal
signal values. These values were divided by total signal to determine the percent internal
signal for each cell. Statistical parameters are reported in the figure legends.

FISH quantification and data analysis—For DNA and RNA FISH, Images were
acquired using a Leica wide-field fluorescence microscope, with 1.4 NA 60x objective.
Images were processed using Leica software LAS-X 3.3 for deconvolution and exported as
TIF files. FOR DNA FISH, Analysis conducted using plugin TANGO (Tools for Analysis of
Nuclear Genome Organization) in ImageJ (Ollion et al., 2013). Nuclei were identified using
“simple segmenter” algorithm and probes were segmented using hysteresis segmenter”
algorithm. Nuclear edge was defined using either Lamin immunofluorescent staining or
DAPI staining.

Quantification and Statistical Analysis—R packages Diffbind and stats (version
3.6.1) were used for statistical analysis of differential peak and genomic dataset overlap. All
other statistical tests were performed using GraphPad Prism software with tests described in
figure legends. Sample sizes, replicates and statistical dispersion are described in figure
legends. For FISH quantification, significance was calculated with a two-sided
nonparametric t test (Mann Whitney test) performed on the distributions of distances within
each replicate relative to control replicates. In the case of periphery distance comparison, the
null hypothesis was that the cell population will not move away from the periphery.
Statistical parameters are reported in the figure legends. For RNA FISH, RNA “dots” were
counted blind and analyzed in GraphPad Prism. 3C and wing disc gene expression
significance was calculated via two-sided parametric t tests. S2 cell expression significance
was calculated via a one-sided parametric t test with the hypothesis being that knockdown
would lead to an increase in gene expression.

DATA AND CODE AVAILABILITY

The GEO accession for all sequencing data is GSE136117, which is a superset that contains
two subsets - GSE135610 subset for ChlP-seq of Nups and GSE136115 subset for ChlP-seq
of Lamin.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
—Nup107 and Nup93 target active genes and Polycomb domains, respectively
— A fraction of LADs contain genomic binding sites of the nuclear pore
— Nup93 contributes to long-range interactions between Polycomb sites

— Nup93 binds and contributes to silencing of high-occupancy Polycomb domains
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Figure 1. Stable nuclear pore components bind distinct chromatin regions.
(A) Nuclear pore diagram. NPC components selected for this study from the inner ring

(blue) and the outer ring (red) sub-complexes are highlighted in white. (B) Representative
~200 Kb genome browser (GB) shapshot of two biological replicates of Elys, Nup93 and

Nup107 ChIP-seq experiments in S2 cells. (C) Enrichment heatmaps of ChlP-seq identified

peaks of Elys, Nup93 and Nup107, sorted by peak intensity (rpm/bp) of the indicated Nup
and aligned by their distance from the peak center along the genome (Kb). (D) Venn
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diagrams of ChIP-seq peaks that exhibit shared occupancy between different Nups. Odds
ratios and p values calculated using Fisher’s exact test. See also Figure S1.
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Figure 2. Nup93 is selectively targeted to Polycomb domains.
(A) Stacked bar graphs of ChIP-Seq binding sites for the indicated Nups to different types of

chromatin colors, representing distinct chromatin states according to previous classifications
of 5 or 9 states (described in text) as well as the distribution of these colors in the whole
genome. (B) Representative GB snapshots of the vestigiallocus (100 Kb, left) and the
Wingless locus (100KDb, right) with Nup93, Elys, Nup107, Pc, and H3K27me3 ChlP-seq, Pc
BioTAP tracks, and Chromatin colors (5 state model). Note the close overlap of Nup93 with
Pc binding sites. (C) Enrichment heatmaps of ChIP-seq peaks, sorted by peak intensity
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(rpm/bp) of Nup93 (left) and Nup107 (right) compared with ChIP-seq and BioTAP
identified binding sites of Pc and aligned by their distance from the peak center along the
genome (Kb). See also Figure S2.
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Figure 3. Binding sites of stable Nups can occur within previously identified LADs.
(A) Percent Nup93 and Nup107/Elys Chip-seq peaks within LAD interiors, LAD boundaries

(+/- 5 Kb from LAD ends), and non-LAD regions, using previously defined LAD datasets
(described in text). (B) Percent of previously defined LADs and LAD boundaries (+/- 2 Kb
from LAD ends) which include ChlP-seq peaks of Nup93, Nup107, both, or neither. (C)
Representative GB snapshots of LADs (described in text) and chromatin colors, which
contain Nup93 binding (Soxn locus — 270 Kb, top) or Nup107/Elys binding (Stumps locus —
130 Kb/put locus, bottom). (D) Distribution of chromatin colors (5 colors — left, 9 colors -
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right) that correspond to Nup binding sites found within LADs (in LAD interiors only). See
also Figure S3.
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Figure 4. Nup93 interacts with high-occupancy Polycomb domains and select PRC components.
(A) Percent Pc binding domains (defined by published Pc ChlP-seq and chromatin color

models), which either contain Nup93 ChlP-seq peaks (blue), or LADs but no Nup93 ChlP-
seq peaks (grey), or contain neither (purple) (left). Averaged Pc ChIP-seq signal intensities
among these three groups are plotted on the right. P-values were calculated using two-tailed
nonparametric t test. (B) Representative GB shapshot (360 Kb) with Nup93, Elys, Nup107,
Pc, and H3K27me3 ChIP-seq and chromatin colors at Nup93-containing Pc domains (right)

or Pc without Nup93 domains (left). (C) Enrichment heat maps of ChiP-seq peaks of Pc,
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relative to Nup93 and H3K4Me2, classified into two main clusters - Nup93-containing (top)
and non-Nup93-containing (bottom), sorted by Pc peak intensity (rpm/bp) and aligned by
their distance from the peak along the genome (Kb). Note the relative absence of H3K4Me2
signal in Nup93-containing Pc cluster. (D) Western blot analysis of Nup93 Co-1Ps from
protein extracts of S2 cells against components of PRC1 and PRC2. (E) Western blot
analysis of Nup93 and Nup107 Co-1Ps on S2 cell protein extracts against Nups, components
of PRC1, PRC2 and H3 histones. See also Figure S4.
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Figure 5. Nup93-bound Polycomb domains are enriched at the nuclear periphery.
(A) Genome browser snapshot of Oligopaint FISH probes designed to span the ss, Ubx,

Fab-7and /b/loci, local distribution of Nup93, Pc, and H3K27Me3 ChlP-seq, and chromatin
colors. (B) Distributions of probe to nuclear periphery distances of Pc/Nup93 targets (DAPI
staining used to define periphery). Distributions are plotted as fractions of the cell
population within assigned bins. 4 biological replicates, > 200 cells per condition. (C)
Representative image of Fab-7 (red) and ss (cyan) Oligopaint FISH probes in Kc cells with
DNA stain (DAPI, blue). Scale bar 5um. (D) Distributions of probe to nuclear periphery
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distances of Non-Nup93 targets (DAPI staining used to define periphery). Distributions are
plotted as fractions of the cell population within assigned bins. 4 biological replicates, > 200
cells per condition. (E) Representative image of activel (red) and null5 (cyan) Oligopaint
FISH probes in Kc cells with DNA stain (DAPI, blue). Scale bar 5um. (F) and (G)
Distributions of probe to periphery distances of cells treated with control (dsW) and Pc/Ph
(dsPcPh) RNA. (F), or Nup93 (dsNup93) RNAI (G). Nuclear periphery is defined by Lamin
immunostaining. Distributions are plotted as fractions of the cell population within assigned
bins. Bars represent mean + SEM. 3—4 biological replicates, > 200 cells per condition. P
values are from two-tailed unpaired non-parametric t test. See also Figure S5.
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Figure 6. Nup93 contributes to long-range interactions between distant Polycomb sites.
(A) Average genome-wide Hi-C interactions between Pc domains that contain Nup93 ChlP-

seq peaks (Nup93+), Pc domains that do not (Nup93-) and regions that do not contain Pc
(Neither). Average Hi-C interactions between the whole genome and these categories are
plotted for comparison (right). Hi-C signal obtained from existing Hi-C datasets (described
in text). Note preferential interactions of Nup93+/Pc regions with each other. P-values
calculated using two-tailed nonparametric t test. (B) Violin plot of distributions of measured
distances between centers of Fab-7and ssprobes in Kc cells, treated with RNAI as
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indicated. Horizontal lines depict median (dashed) and quartiles. > 200 cells per condition,
2-4 biological replicates. P values are from a two-tailed unpaired non-parametric t test. (C)
Fraction of cell population with Fab-7-ss probe interaction distance greater than 1um, in
cells treated as described in (B). (D) Representative images of cells treated as described in
(B). Cells are co-labeled with Oligopaint FISH probes for Fab-7(red) and ss(cyan), IF
against Lamin (green), and stained DNA (DAPI, blue). Scale bar 5um. (E) 3C crosslinking
frequencies between Fab7and genomic regions along the Abd-B locus in S2 cells, treated as
described. The relative interaction frequencies are plotted against genomic coordinates and
aligned with chromatin binding maps of Nup93 and Pc. Black tick marks indicate Hind 11
restriction sites, vertical dotted lines correspond to the fragments investigated, hollow
triangles indicate the primers tested. The primer of the anchor point is represented by a black
triangle and the grey bar marks the position of the fixed Hind 111 fragment. Bars represent
mean + SEM from 6 independent experiments. P values are from a two-sided t test. See also
Figure S6.
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Figure 7. Nup93 contributes to repression of Polycomb targets.
(A-B) Normalized RT-gPCR expression analysis of S2 cells treated with RNAI as indicated.

gPCR is shown against Nup93 bound Pc targets (A) and Pc-bound genes not bound by
Nup93 (B). GB snapshots of each analyzed gene, with Pc and Nup93 ChlIP-seq tracks, are
shown to the right. For (A) and (B), Bars represent mean + SEM. 5 biological replicates. P
values are from an unpaired one-sided t test. (C) RT-gPCR analysis of Abd-B expression in
wing imaginal discs of wandering 3" instar larvae either expressing control genotype (Aub-
gal4) or UAS-RNAI against Nup93 or Nup107, driven by Nub-Gal4. Bars represent mean +
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SEM (3 biological replicates, 25+ animals each). P values are from a two-tailed t test. (D)
Proposed model of interactions between the fly genome and stable sub-complexes of the
NPC, where Nup107 recruits active regions, and Nup93 recruits Pc domains and contributes
to their 3D interactions and stable silencing. See also Figure S7.
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