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Summary

Human genomics is identifying candidate genes for congenital heart disease (CHD), but
discovering the underlying mechanisms remains challenging. In a patient with CHD and
Heterotaxy (Htx), a disorder of left-right patterning, we previously identified a duplication in
Nup188. However, a mechanism to explain how a component of the nuclear pore complex (NPC)
could cause Htx/CHD was undefined. Here, we show that knockdown of Nup188 or its binding
partner Nup93 leads to a loss of cilia during embryonic development while leaving NPC function
largely intact. Multiple data, including the localization of endogenous Nup188/93 at cilia bases
supports their direct role at cilia. Super-resolution imaging of Nup188 shows two barrel-like
structures with dimensions and organization incompatible with a NPC-like ring, arguing against a
proposed “ciliary pore complex.” We suggest that the nanoscale organization and function of nups
are context-dependent in a way that is required for the structure of the heart.
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del Viso, Huang et al. show that Nup188 encases the cilium base in a supra-molecular organization
distinct from nuclear pore complexes. Depletion of inner ring nups, including Nup188, leads to
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cilia loss and aberrant heart patterning in the developing Xenopus embryo, possibly explaining
Heterotaxy in a patient with Nup188 duplication.
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Introduction

Nuclear pore complexes (NPCs) are massive ~100 MD protein assemblies that span the
inner and outer nuclear membranes of the nuclear envelope; there, they control the exchange
of molecules between the nucleus and cytoplasm. The archetypal 8-fold radially symmetric
NPC is built from ~30 individual proteins termed nucleoporins (nups) many of which are
found within stable subcomplexes (Figure 1H) (Alber et al., 2007; Amlacher et al., 2011;
Cronshaw et al., 2002; Rout et al., 2000). The Nup107-160 “Y” and Nup93 complexes are
thought to build concentric outer and inner rings, respectively, of the NPC scaffold (Alber et
al., 2007; Amlacher et al., 2011; Hurt and Beck, 2015; Kelley et al., 2015; Vollmer and
Antonin, 2014; von Appen et al., 2015). The scaffold provides anchor points for the Nup62
complex, and other unstructured nups rich in Phe-Gly (FG) amino acids that also help form
the cytoplasmic filaments and nuclear basket (Alber et al., 2007; Chug et al., 2015; Hurt and
Beck, 2015; Stuwe et al., 2015). Together, the ‘FG-nups’ establish a size-selective diffusion
barrier while also providing binding sites for rapidly shuttling nuclear transport receptors
bound to signal-bearing cargo (Schmidt and Gorlich, 2016).

While it is likely that most NPCs are biochemically and thus functionally identical, work in
multicellular eukaryotes supports the tissue-specific expression of certain nups raising the
possibility of biochemically distinct NPCs with cell-type tailored transport properties
(Kelley et al., 2015; Ori et al., 2013; Raices and D’Angelo, 2012; Reza et al., 2016).
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Moreover, changes to the relative levels of nups have been observed during cellular
differentiation suggesting critical roles for nups in determining cell fate (D’Angelo et al.,
2012; Gomez-Cavazos and Hetzer, 2015; Lupu et al., 2008; Smith et al., 2011). However, we
are lacking tools capable of assessing the biochemical composition of individual NPCs or
differentiating between the functions of nups at the NPC versus at other subcellular
locations. Therefore, identifying the underlying mechanisms of how nups might play cell
type or tissue specific roles remains a major challenge.

The concept that nups might have roles outside of nuclear transport was established by work
showing that the entire “Y’ complex localized to kinetochores during mitosis (Belgareh et
al., 2001; Loiodice et al., 2004), which contributes to mitotic progression (Mishra et al.,
2010; Orjalo et al., 2006). Consistent with an intimate link between nups and the mitotic
machinery, both Nup62 and Nup188 might also localize to centrosomes (Hashizume et al.,
2013; Itoh et al., 2013). There is also growing interest in direct roles for nups in regulating
gene expression within the nucleoplasm (Buchwalter et al., 2014; Capelson et al., 2010;
Jacinto et al., 2015; Kalverda et al., 2010; Liang et al., 2013; Light et al., 2013; Pascual-
Garcia et al., 2014). Intriguingly, nups were recently localized at the bases of cilia (Kee et
al., 2012). Indeed, many scaffold and FG-nups were localized to the cilium raising the
possibility that they would install a diffusion barrier with size-selective properties and
structure similar to the NPC. Additionally, the similarity of 1) some “ciliary localization
signals” to “nuclear localization signals”, 2) the involvement of the nuclear transport
receptor karyopherin/importin B2 in contributing to the localization of some proteins to the
cilium, and 3) the presence of Ran-GTP in the axoneme made the concept of a “ciliary pore
complex” analogous to the NPC extremely attractive (Dishinger et al., 2010; Kee et al.,
2012; Kee and Verhey, 2013; Takao et al., 2014). Other work, however, failed to reproduce
the localization of nups at the cilium base (Breslow et al., 2013). Moreover, the cilium base
diffusion barrier was unaffected by inhibitors of the NPC barrier suggesting that its
molecular composition does not include the FG-nups (Breslow et al., 2013). Therefore, the
“ciliary pore complex” model remains controversial. Nonetheless, there are sufficient studies
to support the concept that nups may be localized to different subcellular locations; whether
these nups might also port their structural and functional organization is a key question,
which needs to be addressed using nanoscale imaging approaches like super-resolution
microscopy. Such approaches would be able to address, for example, whether nups are
capable of forming NPC-like structures at the cilium base.

Cilia have emerged as key organelles with diverse roles including generating extracellular
fluid flow, mechanical force sensing, and compartmentalized cell signaling (Eggenschwiler
and Anderson, 2007; Ishikawa and Marshall, 2011; Pennekamp et al., 2015). Interestingly,
some ciliopathies (human diseases linked to cilia malfunction) lead to abnormal positioning
of organs across the left-right (LR) axis resulting in a disorder called heterotaxy (Htx),
which can lead to a severe form of congenital heart disease (CHD) (Basu and Brueckner,
2008; Bisgrove and Yost, 2006; Fliegauf et al., 2007; Sutherland and Ware, 2009). During
embryonic development, the midline heart tube loops to the right, establishing the cardiac
asymmetry that is essential for adult function. This LR asymmetry begins with signaling at
the LR Organizer (LRO), which is formed from mesendodermal cells near the end of
gastrulation (Basu and Brueckner, 2008; Pennekamp et al., 2015). Motile cilia in the LRO
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beat to generate leftward extracellular fluid flow sensed by immotile cilia, which leads to a
cascade of asymmetric gene expression and, ultimately, proper organ situs (Boskovski et al.,
2013; McGrath et al., 2003; Tabin and Vogan, 2003). Remarkably, we recently identified a
duplication of Nup188 in a patient with Htx and CHD (Fakhro et al., 2011). A major
motivation for this study is to integrate Nup188 into the LR patterning cascade to support the
disease relevance for Nup188 in Htx/CHD.

In the following, we demonstrate that depletion of Nup188 and its binding partner Nup93
leads to the loss of cilia in multiple cell types including mammalian cell lines and the LRO
of Xenopus. Our data are consistent with a model in which inner ring components of the
NPC, but not other nups, directly localize and function at the cilium base. Moreover, by
leveraging super-resolution approaches, we demonstrate that the nanoscale distribution of
Nup188 at the cilium base is distinct from NPCs supporting a previously undescribed
context-dependent organization and function of nucleoporins.

Inner ring nups are required for LR patterning

To explore the mechanism of how Nup188 could impact cardiac looping, we first tested
depletion of Nup188 in Xenopus. Xenopus is ideal for these studies as gene dosage can be
titrated to test both gain and loss of function; similar strategies are more difficult and
expensive to perform in murine models. Additionally, when compared to other aquatic
models, Xenogpus has cardiac structures including a septated atria and cardiac trabeculations
that are more closely related to humans reinforcing its utility for examining LR patterning
and cardiac looping (Blum et al., 2009; Warkman and Krieg, 2007). In fact, by injecting
morpholino oligos (MOs) or mRNA into one cell of the 2-cell embryo, embryos can be
identified in which only the left or right side is targeted (Figure 1A), making it a truly unique
tool for investigating LR patterning. With these advantages in mind, we tested whether
partial depletion of nup188using MOs caused cardiac looping defects similar to the Htx
disease phenotype. Remarkably, in ~25% of injected embryos (Figure 1B, left panel)
(Fakhro et al., 2011) we observed abnormal A- and L-loop cardiac morphologies (Figure
1C). Critically, we confirmed the specificity of our MOs by co-injecting human NUP188
MRNA, which rescued these laterality phenotypes (Figure 1B, left panel).

As Nup188 forms the inner ring complex of the NPC with Nup93, Nup205, Nup155 and
Nup53/35 (Figure 1H), we next evaluated whether the heart defects were specific to this nup
subcomplex. After depletion of representative components of the outer ring (Nup133), the
central transport channel (Nup62) or an additional inner ring nup, Nup93, only knockdown
of nyp93significantly altered cardiac looping in ~10% of embryos despite similar, or more
severe reductions (~50% to 75%) in nup levels for each nup tested (Figures 1B, left panel,
11, S1A). These results suggest that the heart looping defects occur after a specific disruption
of inner ring nup function, but not other essential nup subcomplexes.

To better understand the mechanism by which the inner ring nups affected heart
development, we examined the expression of two additional LR markers at different stages
of embryonic development: pitx2c and coco (dand5, cerl?). Pitx2is a homeodomain
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containing transcription factor that is expressed in the left lateral plate mesoderm and is
essential for laterality of the internal organs (Lin et al., 1999; Yoshioka et al., 1998). Coco,
an extracellular nodal antagonist, is upstream of pitx2c and is initially expressed
symmetrically across the LR axis but becomes asymmetric as the LR axis is specified (stage
19 in Xenopus) (Schweickert et al., 2010; Vonica and Brivanlou, 2007). In both nup188and
nup93 morphants, the pattern of pitx2c expression was abnormal (see Figure 1E for
phenotype key) in ~20% and ~10% of the embryos, respectively; the most prevalent
phenotype was an absence of detectable pitx2c expression (Figure 1D, left and middle
panels). In addition, depletion of Nup188 and Nup93 led to the loss of coco asymmetry (i.e.
its expression on the right and left sides of the embryo were indistinguishable (R=L)) in
significantly more morphants compared to control embryos (Figures 1F, left and middle
panels and 1G). Combined, these results indicate a global defect in LR patterning at the
earliest steps in the LR signaling cascade likely reflecting abnormal signaling at the LRO.

Specific nups are required for cilia

LR asymmetry is established by the beating of cilia in the LRO, which generates leftward
extracellular fluid flow sensed by immotile cilia (Basu and Brueckner, 2008; Boskovski et
al., 2013; Pennekamp et al., 2015). The equal bilateral coco staining and loss of pitx2c in
Nup93/188 knockdown embryos was suggestive of a disruption of this cilia motility or
signaling (Schweickert et al., 2010; Vick et al., 2009). In Xengpus, cilia motility is essential
only on the left side of the LRO (Vick et al., 2009). Strikingly, by specifically targeting the
left-side of the embryo (Figure 1A) ~70% of nuyp188 morphant embryos showed defects in
heart structure, compared to ~20% with a right-sided depletion (Figure 1B, right panel).
These more significant left-sided effects were mirrored by aberrant pitx2c and coco staining
and cumulatively pointed to cilia dysfunction in the LRO (Figures 1D and 1F, right panels).
We thus directly examined cilia in the LRO by immunostaining for acetylated tubulin
(AcTub). In the LROs depleted of Nup188, there was a significant ~28% reduction in the
density of cilia compared to uninjected controls (Figures 2A and 2B). Similarly, depleting
nupl188in half of the LRO reduces the number of cilia specifically in the targeted half
(Figure 2B). In the LROs of nyp93 morphants, we observed a more modest but still
significant ~12% reduction in cilia (Figures 2A and 2B). Finally, to test if this effect on cilia
could be generalized to human cells, we depleted Nup188 in retinal pigmented epithelial
(RPE) cells using small interfering RNASs (siRNA), which had significantly fewer cilia than
wild type cells (~20% less cilia; Figures S1B and S1C, see Figure 4F for degree of
knockdown).

We next tested whether the loss of cilia in the LROs was observed in other ciliated tissues. In
Xenopus, the embryonic epidermis has an array of multiciliated cells (MCCs) whose cilia
beat to generate extracellular fluid flow similar to the mammalian tracheal epithelium or the
oviduct. Interestingly, in the course of our experiments, we noted that 7up93 morphants
failed to glide over the surface of petri dishes (Figures SID-S1F and Movie S1); this gliding
behavior is driven by the beating of cilia in the MCCs. When examining cilia in nyp93
morphants, we observed a near total loss of cilia in the MCCs of the epidermis that was
specific to the side that had received the MO injection (Figure 3A, 100% of embryos n=73).
Critically, this cilia loss was rescued by expressing human NUP93 in up93 morphants
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(Figure S1G). These results were again specific for the inner ring nups, as we observed a
modest reduction of epidermal cilia in np188 morphants (Figure 3A, 41% of embryos
n=70) but no appreciable loss of cilia after depletion of Nup62 or Nup133, despite the severe
malformations of Nup133-depleted embryos (Figures 3B and S1A). In comparison, we were
struck by the ‘normal’ overall morphology of the nup93/ nup188 morphants, suggesting that
depletion of the inner ring nups does not result in a global developmental defect that might
be expected with a disruption in NPC function. Rather, the partial depletion of Nup93/188
results in a reduction in cilia in multiple tissues suggesting cilia-specific effects.

NPC function is intact

We considered the possibilities that cilia loss was due to a change in cilia cell-type
specification and/or inhibition of nuclear transport. The former idea was tested by examining
the expression of foxj1, a critical regulator of motile ciliogenesis (Stubbs et al., 2008), which
remained unchanged between wildtype and nup93/nup188 morphants at stages relevant for
LRO cilia and MCCs (Figures S1H and S1I). To test the latter hypothesis, we first assessed
the localization of a classic nuclear localization signal “NLS”-GFP reporter. To do this, we
took advantage of the capacity in Xenopus to explant embryonic stem cells, “the animal
cap”, from blastula stage embryos either depleted for Nup93/188 (or not). The animal caps
are grown on fibronectin-coated dishes and differentiate into embryonic epidermis complete
with functional MCCs without any additional treatment (Werner and Mitchell, 2013).
Strikingly, while we observed the specific loss of cilia in nup93/nup188 morphant MCCs
(Figure S1J), little change was observed in the steady state distribution of NLS-GFP, which
accumulated ~10-fold over the cytoplasm in wildtype and morphant explants (Figures 3C
and 3E). These results support the conclusion that the level of Nup93/188 knockdown in the
explants has little impact on the karyopherin/importin a/p1 transport pathway, at least at
steady state, despite the clear effect on cilia (Figure S1J). Second, to rule out a reduction in
NPCs, we evaluated NPC density with the mAb414 antibody, which recognizes at least four
FG-nups (Davis and Blobel, 1986; Sukegawa and Blobel, 1993). We were unable to detect
significant differences in mAb414 staining between wildtype and nup morphants (Figures
3D and 3F).

We were concerned that the lack of any overt NPC defect in nuyp93/188 morphants might
reflect that our assays were not sensitive enough to pick up changes to nuclear transport. We
therefore depleted Nup133, a key component of the Y complex required for NPC assembly.
First, at knockdown levels less severe than Nup93/188 (Figure S1A), we observed that the
embryos were malformed suggesting a global defect in development upon NPC disruption
(Figure 3B). Consistent with this, both the nuclear accumulation of NLS-GFP and mAb414
staining were reduced (Figures 3C-3E). Remarkably, however, despite these obvious defects
in nuclear transport, the epidermal cilia were largely unaffected (Figure 3B). Thus, the
knockdown of Nup133 reinforces that Nup93 and Nup188 might have a specific role at cilia.

Nup188 overexpression mimics loss of function

Cognizant that our studies began with a Htx/CHD patient with a duplication of the NUP188
locus (Fakhro et al., 2011), we tested whether the overexpression of NUP188 also impacted
heart development in Xengpus. As shown in Figure S2A, the overexpression of either
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Xenopus or human NUP188 recapitulated a Htx-like (cardiac looping) phenotype in ~15%
of the embryos. We also detected a loss of cilia in the LRO (Figures S2B and S2C) and in
the MCCs of 35% of the embryos (Figure S2D). However, we did not detect an alteration in
the mAb414 staining of NPCs or in the nuclear transport of the NLS-GFP reporter using the
assays described above (Figures S2E-S2G). From these experiments, we conclude that
Nup188 overexpression can lead to a loss of cilia without affecting NPC function, similar to
the loss of function scenario. Cumulatively, our results point to a specific role for inner ring
nups in disrupting cilia but not NPC function, providing a plausible mechanism for disease
pathogenesis in the Htx/CHD patient.

Specific nups localize to cilia bases

Cumulatively, our data suggest that the cardiac looping phenotypes observed specifically
when inner ring nups are depleted reflects a direct function for these nups at cilia rather than
at NPCs. As there are conflicting reports on the localization of nups at the cilium base
(Breslow et al., 2013; Kee et al., 2012), we felt it was critical to re-examine this subject. We
began by testing the localization of endogenous Nup93 in the MCCs of the Xenopus
epidermis. We observed the accumulation of anti-Nup93 signal in puncta at the cell surface
that was specific for cells with cilia. This signal was adjacent to an anti-AcTub stain, which
labels the axoneme, and overlapped with gamma tubulin (anti-yTub) (Figure 4A). As
gamma tubulin is a major component of the basal bodies, this result is consistent with a
specific Nup93 localization at cilia bases (Figure 4A). This distribution was mirrored in
human RPE cells where we detected the anti-Nup93 signal below the cilium in virtually all
cells (Figures 4B and 4K). A similar immunolocalization was observed using antibodies
directed towards native Nup188 (Figures 4B and 4K). To provide an explanation for the
disparate reports on the localization of nups at the bases of cilia and to address the
propensity for antibodies to non-specifically stain centrosomes, we tested the specificity of
the Nup93 and Nup188 antibodies through the use of siRNAs. Critically, we observed a
specific reduction of Nup93/188-staining at NPCs and at the cilium base after treatment of
cells with Nup93- (Figures 4C-4F) or Nup188-targeted siRNAs (Figures 4G-4J), which was
not observed in cells transfected with the scrambled siRNA control (Mock), confirming the
specific localization of these two inner ring nups at the cilium base. Finally, we also detected
a pool of an overexpressed SNAP-tagged version of Nup188 at centrioles (Figure S3A) (Itoh
etal., 2013; Keppler et al., 2003), supporting that both endogenous and overexpressed
Nup188 share specific centriolar distributions.

We next closely inspected the distribution of Nup93/188 in reference to established cilia and
centriole landmarks (Figure S3B). In most cells, the anti-Nup93 and anti-Nup188 signals
showed two distinct peaks of intensity at the cilium base that overlapped with both the
mother and daughter centrioles when stained by an anti-y Tub antibody (Figures S3C and
S3D). Consistent with this, the two peaks flanked an anti-rootletin antibody signal (rootletin
connects the two centrioles (Yang et al., 2002); Figures S3B-S3D) and only one peak
colocalized with an anti-ninein stain that specifically labels the mother centriole (Bouckson-
Castaing et al., 1996) (Figures S3B-S3D). Thus, Nup93 and Nup188 localize to the bases of
cilia, where they colocalize with centrioles.
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To assess whether cilium base staining could be observed for additional nups, we tested
several nup-specific antibodies, including mAb414, and those that recognize Nup62,
Nup358 and Tpr (Figure 1H). However, we observed (conservatively) colocalization of
cytosolic nup foci with cilium base markers in less than 10% of cells (Figures 4B and 4K),
even after increasing our exposure times to saturate the NPC-specific fluorescence. The lack
of mAb414 staining was somewhat surprising since Nup62, one of the nups recognized by
mAb414, directly interacts with Nup93 at the NPC (Chug et al., 2015; Grandi et al., 1995;
Sachdev et al., 2012; Stuwe et al., 2015) and might bind centrosomes during mitosis
(Hashizume et al., 2013). However, even when using antibodies specific for Nup62, we
failed to detect cilium base signal despite robust NPC fluorescence (Figures 4B and 4K).
Thus, several nups that contribute to forming the NPC diffusion barrier and facilitating
active nuclear transport are undetectable at the cilium base under our experimental
conditions.

Nanoscale spatial organization of nups at cilia

Traditional loss-of-function approaches for inhibiting nup function at different subcellular
locations are difficult to interpret because of potential off-target effects of inhibiting nuclear
transport. Thus, our approach for investigating the mechanism of nup function at cilia bases
was to directly test the hypothesis that nups form a “ciliary pore complex” structurally
analogous to the NPC, and thus be capable of organizing into ~100 nm diameter rings at
cilia bases (Kee et al., 2012). As such structures would not be visible by conventional light
microscopy, we took advantage of our super-resolution 2D-Fluorescence Photoactivation
Localization Microscopy (FPALM) super-resolution microscope, which generates images
with resolutions of ~30 nm in x,y (Huang et al., 2013). A super-resolution image of an RPE
cell stained with anti-Nup93 antibody shows a concentration of anti-Nup93 signal below the
cilium (Figure 5A; anti-AcTub staining shown in green). The anti-Nup93 localization “spots’
were distributed evenly with a density of ~36/um? (Figure 5B, right panels and Figure 5C),
whereas the localization clusters were less dense at the nuclear envelope (~12/pm?2; Figure
5B, left panels and Figure 5C), consistent with them being NPCs. There were no obvious
ring structures at the cilium base, but importantly this was not a limitation of the antibody
staining or resolution as we observed rings at the nuclear surface (Figure 5B, left panels).
Even when rings could not be conclusively discerned, the diameters of the nuclear envelope
clusters were on average ~125 nm, consistent with the dimensions of NPCs (Figure 5D). In
contrast, the average diameter of the localizations at cilia bases were ~50 nm (Figure 5D),
too small to form an analogous structure. Lastly, to ensure that the clusters of anti-Nup93
localizations represent labeling of multiple copies of Nup93, as opposed to the local
repetitive switching of individual fluorophore labeled antibodies, we provide a comparison
showing much higher localization numbers at clusters representing NPCs and those at the
cilium base compared to background labeling in the same dataset (Figures S4A-S4D).

We acquired similar data for the anti-Nup188 cilium base localizations (Figures 5E and 5F),
but a low labeling density of NPCs (likely due to differences in local epitope accessibility)
with our specific antibody precluded a direct comparison to anti-Nup188 stained NPCs.
Nonetheless, the overall density and distribution of Nup188 immunolocalizations at the
cilium base were similar to Nup93 (Figure 5D). Interestingly, in cases where we imaged
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down the basal body/centriole axis (lower centrioles in Figures 5E and 5F), the anti-Nup188
clusters encircled the anti-yTub or anti-AcTub signal in a ~400 nm diameter ring. Similar
results were found using STED microscopy (Figures 5G and 5H), which does not rely on the
stochastic blinking of fluorophores and serves to emphasize the specific clustered
distribution of the anti-Nup188 signal (see also Figure S4E for a comparison of fluorescence
intensities, which are 2-3 fold higher at cilium base). Taken together, the difference in
relative ‘size’ and density of the localizations at cilia bases compared to the nuclear envelope
support the conclusion that Nup93 and Nup188 are not organized as ~100 nm diameter rings
and thus do not contribute to the formation of one, or a series, of NPC-like “ciliary pore
complexes.” Interestingly, our data support that Nup188 is found in the pericentriolar
material (PCM) surrounding and encapsulating the centriole core.

Nup188 clusters form two barrels at the cilium base

To better understand the spatial organization of the nup clusters around the basal body/
centrioles, we took advantage of our recently developed Whole-cell 4Pi Single-Molecule
Switching Nanoscopy (W-4PiSMSN) microscope that offers an x-y and z-resolution of ~10-
20 nm over an ~1 pm optical section; it is thus ideal for imaging cellular structures at the
dimensions of the cilium base (Huang et al., 2016). In order to visualize the underlying
ultrastructure using W-4PiSMSN, we focused primarily on imaging Nup188 which provides
a dense labeling.

Strikingly, 3D super-resolution images of the anti-Nup188 signal revealed two discrete
structures, each composed of dozens of individual localization clusters that could not be
resolved by confocal microscopy (Figure 6A, confocal image in inset at lower
magnification; Movie S2). The number of localizations in these clusters far exceeded those
outside of the structure (i.e. background) confirming that these clusters do not represent the
repetitive blinking of individual antibodies but multiple copies of Nup188 (compare Figure
S5A left panel [cilia bases] to right panel [background] and see cumulative density plot in
Figure S5B). In addition, the reader is encouraged to manipulate the structures using the
Augment 3D visualization app (available in Apple App Store or Google Play), which
recognizes the QR code in Figure 6L. Interestingly, the two structures were of similar size
and shape but were offset to each other (Movie S2) in an arrangement consistent with the
basal body and daughter centriole, which are often found perpendicular to each other (Figure
S3B). As the structures resembled barrels, we fitted cylinders into each structure (Figures
6C, 6E (rotations), 6L, and Movie S2) where a 436 nm diameter cylinder best fit the data. In
Figures 6J and 6K, we have plotted the distance of single molecule localizations (including
outliers) both inside and outside of the barrel structures, which shows a tight peak at the
cylinder surface and a relatively empty center. Consistent with this, by sectioning along the
central axes of both cylinders, a clear opening is visible (Figures 6F—61) supporting the
concept that Nup188 would encircle and encapsulate the centrioles within a barrel-like
structure. Five additional structures with fitted cylinder models can be found in Movie S3
(see Figure S6 for corresponding histograms that support the cylinder models). Moreover,
we performed a statistical analysis on each of the structures using a bootstrapping method to
provide uncertainty values of the cylinder radii estimates, which ranged between 0.1 and 6.7
nm (Table S1).
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The distribution of Nup188 around the basal body/centrioles was analogous to components
of the PCM. To better understand if the distribution of Nup188 reflects an underlying
organization of the PCM, we calculated the nearest neighbor distances of all of the
localization clusters from all of our structures (n=17) in 3D (Figure 6B; Figure S5C also
shows dispersed cluster distances in background). This analysis revealed a striking
organization where the localization clusters showed a peak nearest neighbor distance of 160
nm suggesting that Nup188 either establishes or reflects a structural unit of the PCM and/or
centriole.

Discussion

This study provides one of only a handful of examples of the power of emerging super-
resolution approaches to reveal new insights into the organization of proteins at the
nanoscale (Huang et al., 2016; Xu et al., 2013). The data make a compelling case that a
specific subset of nups localize to cilia bases as previously undescribed components of the
PCM. Indeed, our data support that Nup188 is capable of organizing into barrel-like
structures with ~400 nm diameters that encase the basal body and daughter centriole. Thus,
this work marries well with the recent reconceptualization of the PCM (driven by super-
resolution studies (Fu and Glover, 2012; Lawo et al., 2012; Mennella et al., 2012; Sonnen et
al., 2012)) from a more traditional amorphous organization to one that has more discrete
“layers” (Mennella et al., 2014). Indeed, the super-resolution images of the Nup188 clusters
are remarkably similar to those of pericentrin (Mennella et al., 2012), which has been
suggested to have a 9-fold radial symmetry scaffolded by the centriole itself. While our data
do not definitively establish such a 9-fold radial symmetry for Nup188, we think that the
remarkably consistent ~160 nm distance between Nup188 clusters (Figure 6B) reflects
binding to an underlying architecture; the centriole is the most obvious candidate to template
this architecture and provides a likely hypothesis for future testing. Such a hypothesis must
also be informed by a comprehensive biochemical analysis of nups at the cilium base, which
is a necessity to precisely determine the stoichiometry and nearest neighbor interactions that
drive this unique nup organization between the nuclear and cilia compartments.

The different organization of nups at the cilium base versus NPCs suggests a context-
dependent function for nups distinct from their role in nuclear transport, but can we
functionally decouple these roles? Several lines of evidence support that the loss of cilia in
Xenopus tissues reflects a direct role for the inner ring nups at the cilium base, and not at
NPCs. First, we observe a distinct specificity in the capacity of the inner ring nups to affect
cilia (Figures 1B, 2A, 3A and 3B). What is most striking is that this functional specificity is
mirrored by the unique capacity of these nups, and not others, to localize to cilia bases
(Figures 4A, 4B and 4K). Second, as nuclear transport is essential in all cells, a disruption of
NPCs should lead to devastating consequences for the embryo. Indeed, depletion of the outer
ring Y-complex component Nup133 leads to severe embryonic malformations (due to NPC
disruption; Figures 3C-3E), yet remarkably, the cilia are only mildly affected (Figure 3B).
This suggests that nuclear transport and cilia are uncoupled under these conditions. Thirdly,
and consistent with these two processes being uncoupled, the knockdown of both Nup188
and Nup93 leads to a loss of cilia throughout the embryo, without affecting its gross
morphology (Figures 2A and 3A). This result is further reflected by the normal
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accumulation of NLS-GFP in the nucleus and no obvious changes to NPC density in
nup188/93 morphants (Figures 3C—3F). Taken in the aggregate, it appears unlikely that a
disruption of nuclear transport underlies the cilia-specific effects of depleting the inner ring
nups; we conclude instead that we have uncovered a new (and direct) role for these nups at
cilia.

The clear difference in the organization of nups at the cilium base versus the NPC support
that they function outside of the attractive “ciliary pore complex” model (Kee et al., 2012).
Consistent with this idea, the distribution of nups at the cilium base is far from the ciliary
transition zone where such a structure would also be presumed to gate the cilium (Figures 5
and S3). In addition, while one could argue that a nup-based diffusion barrier need not be
formed from ~100 nm diameter channels (for example, hydrogels of FG-nups generated
from recombinant proteins can recapitulate the barrier properties of the NPC (Frey and
Gorlich, 2007)), a pre-requisite would be the presence of the critical FG-nups that define the
NPC barrier, which we were unable to detect at the cilium base (Figures 4B and 4K).
Therefore, we suggest that the cilium base diffusion barrier is likely established by other
proteins that would also be consistent with studies indicating it has a larger pore size (7.9-9
nm) (Breslow et al., 2013; Lin et al., 2013) versus that of the NPC (~2.6-5 nm) (Keminer
and Peters, 1999; Mohr et al., 2009; Paine et al., 1975).

One could speculate many possible roles for the inner ring nups at the bases of cilia but we
favor a structural or scaffold model; that is, Nup188 and Nup93 generate a critical platform
on which other proteins assemble. One clear candidate is the mRNA export factor Glel,
which interacts with the inner ring nup, Nup155 (Rayala et al., 2004). Interestingly, Glel
was recently shown to localize to the cilium base in Zebrafish and in RPE cells (S. Wente,
personal communication); Glel contributes to inositol signaling, shown previously to be
required for cilia motility and LR patterning (Sarmah et al., 2005; Sarmah et al., 2007).
Thus, a hypothesis is the disruption of inner ring nups leads to the loss of Glel function at
cilia bases. Alternatively, as a component of PCM required for cilia, Nup188 might provide
a unique molecular signature that triggers basal body versus centrosome maturation. To
address these and other hypotheses will again require biochemical approaches capable of
defining the interactome of nups at cilia, a key goal for our future work as it will also open
the door to generate tools capable of more definitively decoupling the role of nups at NPCs
and cilia.

While a molecular mechanism for how nups impact cilia structure/function has yet to be
defined, a major motivation for these studies was a desire to elucidate a plausible mechanism
for NUP188 in Htx and CHD, which was far from obvious when we identified the NUP188
duplication in our patient (Fakhro et al., 2011). With established technologies to interrogate
the human genome, we are beginning to define large numbers of genetic lesions that may
cause CHD and congenital malformations more generally (Fakhro et al., 2011; Glessner et
al., 2014; Greenway et al., 2009; Zaidi et al., 2013). However, assigning disease causality
remains a challenge. In most cases, second alleles are unavailable with the limited cohorts
analyzed to date, and the diversity and novelty of the genes identified rarely provides a
parsimonious explanation of a pathogenic developmental mechanism that could support
disease relevance. Together, these factors confound the disease relevance for a specific
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candidate gene such as NUP188. As our results demonstrate that Nup188 is essential for
cilia, LR patterning, and normal cardiac looping, we have established a basis for assigning
NUP188 as a ciliopathy gene. More broadly, elucidating a plausible mechanism for disease
pathogenesis, i.e. a mechanism for Nup188 in causing Htx/CHD, is a powerful alternative
strategy for defining disease relevance especially in the many cases where only single alleles
are available (Fakhro et al., 2011; Glessner et al., 2014; Greenway et al., 2009; Zaidi et al.,
2013). In sum, this work provides a compelling case study for how patient driven gene
discovery can help uncover unanticipated mechanisms that impact our understanding of LR
axis patterning and heart development, and the subcellular organization of protein complexes
at the nanoscale.

Experimental procedures

See Supplemental Experimental procedures for more detailed methods.

Xenopus and mammalian cell culture

Xenopus were housed and cared for according to established protocols that were approved
by Yale IACUC. Using standard protocols, we injected MOs, fluorescent tracers, and/or
mRNAs into 1 or 2-cell Xenopus embryos and assayed gene expression by in situ
hybridization and cardiac looping by visual inspection (Boskovski et al., 2013; del Viso and
Khokha, 2012; Khokha et al., 2002). Animal caps were cultured in standard frog media on
fibronectin coated plates, while Human TERT RPE cells were cultured in DMEM/Ham’s
F12 media supplemented with 10% fetal bovine serum (FBS). For siRNA experiments, cells
were transfected with siRNAs using Lipofectamine RNAIMAX transfection Reagent (Life
Technologies) following the manufacturer’s instructions. Cells were incubated with sSiRNA
mix overnight in media without FBS. The next day cells were transferred to media
supplemented with 10% FBS for 36 h and then were starved in media without FBS for an
additional 48 h to grow cilia, before fixation.

Immunofluorescence and conventional microscopy

For both Xenopus and cell culture lines, cells were first briefly permeabilized by 0.1%
saponin followed by fixation in —20°C Methanol. Primary and secondary antibodies are
listed in Supplemental Experimental Procedures. Immunostained cells or embryos were
imaged on either a Zeiss Axiovert fitted with optical interference (Apotome) microscopy
(Figures 3A, 3B, S1G, and S2D), a Leica TCS SP8 confocal microscope (Figures 2A, 3C,
3D, 4A, 4B, S1J, S2B, S2E and S2F), or a Deltavision (Applied Precision/GE Healthcare)
with deconvolution (Figures 4C-4D and 4G-4H and Figure S3). Fluorescent images were
processed and analyzed with Fiji/lmageJ (Schindelin et al., 2012). To localize SNAP-
Nup188, HeL a cells were transfected with SNAP-Nup188 and then stained with the cell
permeable SNAP substrate Oregon Green (New England Biolabs; 1:500) following the
manufacturer’s instructions prior to fixation (Keppler et al., 2003).

Statistical Analysis

All experiments were performed a minimum of three times (except Figures S1H, S1I, S2C,
and S2D which were done twice) and numbers stated in graphs are the composite of multiple
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experiments. Statistical significance of cardiac looping, pitx2c and coco abnormalities, as
well as the nup93 rescue experiment and the cilia reduction in RPE cells upon Nup188
SiRNA, was tested using Chi-squared or Fisher’s Exact test. The significance of the amount
of cilia in LROs was evaluated using paired (for injections at 2-cell stage) or unpaired, two-
tailed student’s t- tests (Figures 2 and S2C) using GraphPad Prism version 6.00, GraphPad
Software, La Jolla California USA, www.graphpad.com. The statistical significance of the
intensity reduction after SiRNA depletion of NUP93 and NUP188 at the nuclei or base of
cilia in RPE cells was tested using the unpaired, two-tailed student’s t-tests (non-parametric)
using GraphPad (Figures 4E and 41). In all Figures, statistical significance was defined as
p<0.05.

Super-resolution imaging

Immunolabeled samples were imaged on either a custom built 2D FPALM setup as
described previously (Huang et al., 2013; Lin et al., 2015) or a custom built W-4PiSMSN
microscope (Huang et al., 2016). For STED based imaging, we performed fixation and
immunolabeling but used secondary antibodies conjugated to ATTO647N or ATTO594 dyes.
These samples were imaged on a Leica TCS SP8 Gated STED 3x microscope.

Conventional fluorescence image analysis

All fluorescent micrographs were processed and analyzed using Fiji/ImageJ software
(Schindelin et al., 2012). In some cases (images presented in Figures 4C, 4D, 4G, 4H, S3B
and S3C), images were first deconvolved using the iterative algorithm in softWoRx (version
5.5; Applied Precision). All quantification in Fiji, however, was performed using
unprocessed images. To determine relative intensities, we selected a region of interest at the
nuclear surface or the base of cilia and measured the mean intensity which in some cases
(Figures 4E and 41) was then normalized to the mean intensity of the background for each
individual image. In Figure S3B and S3C, line profiles were generated using the “plot
profile” function. To count cilia in LROs, we used the “count particles” function. To evaluate
NPC density (Figures 3D and 3F), images were made binary and a Gaussian blur filter was
applied. To count NPCs, the “find maxima” function was employed. NPC density was
assessed by dividing the maxima count over the area in which it was determined. Further
quantification, data plotting and statistical analyses was performed in GraphPad Prism
version 6.00, GraphPad Software, La Jolla California USA, www.graphpad.com.

Super-Resolution image analysis

For 2D FPALM image analysis, we measured the density of the Nup93/Nup188 localizations
at both the nuclear envelope and bases of cilia using Fiji/lmageJ software by manually
thresholding and using the “find maxima” tool. Diameters of clusters were measured using
the line profile tool in Fiji/ImageJ software. For cluster intensity measurements in STED
(Figure S4E), intensity values are average counts per pixel in the selected square regions
(white boxes). For 3D image analysis (W-4PiSMSN), we first de-noised the data and then
defined clusters as a group of single-molecule localizations if the number of localizations
within the group was above 20. Subsequently, the centers of the clusters were determined by
calculating their centroids, and the nearest neighbor distance of a cluster center was
calculated based on its minimum Euclidian distance to other centers within a Nup188
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structure. To model cylinders in the data, the cylinder’s central axis and diameter were
determined by regression. To determine the uncertainty of the cylinder radius estimates, we
implemented a bootstrapping method.

3D Visualization with Augmented Reality of Nup188

To visualize and manipulate a 3D image of Nup188, the QR code in Figure 6L can be
scanned with the “Augment 3D” visualization platform, which is available for your
smartphone or tablet from the App store (iPhone/iPad) or Google Play (Android). 1)
Download and launch the “Augment” app. 2) Scan the QR code (Figure 6L). Launch
Augment and select Scan. Point your camera at the QR code which will be scanned and the
image loaded. Select 3D view in the menu at the bottom of the screen and manipulate the
image by dragging with your figure or zoom in and out by pinching or spreading motions
with two fingers. NOTE: no personal information is required or stored by the Augment 3D

app.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Cilia loss is a likely cause of Heterotaxy in a patient with a Nup188
duplication
. Disruption of inner ring nups leads to defects in heart structure
. Inner ring nups localize to the cilium base and are required for cilia
. 3D nanoscopy reveals nups encasing centrioles in evenly spaced
assemblies
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Figure 1. Depletion of inner ring nups alters LR patterning
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(A) 1- (left) and 2-cell (right) injection schematic (not to scale) showing a salmon colored
dye as a tracer. When injections are done in one cell at 2-cell stage, embryos are selected
where either the left or the right side of the embryo is targeted, as shown in the diagram of
dissected LRO (stage 16) or in a later stage 27 embryo. Small red lines in LRO represent

cilia.

(B) Percentage of embryos with abnormal cardiac looping (see Figure 1C for key to score
cardiac looping) after MO injection at 1-cell stage (left) or 2-cell stage (right). nup188
morphant heart looping defects are rescued by human NUP188 expression (left). n=total
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number of embryos from 3 independent experiments. Chi-square/Fisher’s Exact Test, ***
p<0.0005, ** p<0.005. UC — uninjected controls.

(C) Examples of cardiac looping phenotypes of WT and abnormal Xernopus hearts at stage
45 viewed ventrally with anterior to the top. D-Loop: normal outflow track (OT) loops right
(short dashed line), L-Loop: abnormal OT loops left, A-Loop: abnormal OT is unlooped. V,
ventricle is indicated by long dashed line.

(D) Percentage of embryos with abnormal pitx2c (see Figure 1E for key to score pitx2c
staining) after MO injection at 1-cell stage (left, middle) or 2-cell stage (right). n=total
number of embryos from 3 independent experiments. Chi-square/Fisher’s Exact Test, ***
p<0.0005, * p<0.05.

(E) Example key of pitx2c expression showing lateral views of embryos (stages 28-31) with
dorsal at top. Arrowheads point to pitxZc in the lateral plate mesoderm.

(F) Percentage of embryos with abnormal coco expression (see Figure 1G for key for coco
scoring) after MO injection at 1-cell stage (left, middle) or 2-cell stage (right). L, R are left
and right side of LRO, respectively. n=total number of embryos from 3 independent
experiments. Chi-square/Fisher’s Exact Test, *** p<0.0005, ** p<0.005.

(G) Example key of coco expression patterns in the LRO at stages 19-20. Ventral views with
anterior to the top.

(H) Nuclear pore complex (NPC) schematic. Nups referred to in this study are in bold.

(1) Nup188 and Nup93 protein levels determined by Western Blot. Numbers are relative
protein levels normalized to Gapdh with triangle reflecting dose of MO. Boxed lane
indicates dose used for all experiments.

See also Figures S1 and S2.
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Figure 2. nup188 and nup93 depletion decreases cilia in the LRO
(A) LROs from embryos treated with the indicated MOs (or UC) stained with anti-acetylated

a-tubulin (a-AcTub, green) to detect primary cilia, Phalloidin (red) marks the cell borders.
p.a,l,r: posterior, anterior, left, right, respectively. Right panels show a magnification of a
representative region of the LRO.

(B) Box plots of cilia number per LRO area (um?2) of embryos derived from injections at the
1 or 2-cell stage. Box depicts 25th to 75th percentiles with median marked by horizontal line
in box. Whiskers indicate data range from smallest to largest values. n=total number of
embryos from 3 independent experiments, T-test, *** p<0.0005, ** p<0.005.
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Figure 3. Depletion of Nup93/188 affects cilia but not NPCs
(A) Fluorescence images of lateral views, with dorsal at the top, of both sides (uninjected

and injected) of a single embryo with the cilia of the multiciliated cells (MCCs) labeled with
a-AcTub (green). Nuclei stained with Hoechst (blue). Insets (top right) are a magnification
of a cluster of MCCs, scale bar: 20 um. The disruption of cilia was found in 100% (n=73) of
nup93 morphants and in 41% (n=70) of nuyp188 morphants.

(B) Fluorescence images of Xenopus embryos injected with nuyp62 (n=30) or nup133 (n=33)
MOs at the 1-cell stage labeled with anti-AcTub (green). Lateral views of embryos, with
dorsal to the top (top panels) and higher magnification of the MCCs at bottom. Nuclei

Dev Cell. Author manuscript; available in PMC 2017 September 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

del Viso et al.

Page 24

stained with Hoechst (blue). Level of nup depletion in these morphants is shown in Figure
S1A.

(C) Embryos were co-injected with mRNA encoding NLS-GFP and nup93, nup188 or
nup133MOs. Animal caps were dissected and allowed to develop MCCs before imaging the
distribution of NLS-GFP. Cilia in these explants are shown in Figure S1J.

(D) Staining of NPCs with the mAb414 antibody in animal caps of UC and embryos injected
with the indicated MOs.

(E) Graph shows the mean nuclear/cytoplasm (N:C) fluorescence ratios of NLS-GFP with
SD. n=total number of nuclei from 3 independent experiments. T-test, *** p<0.0005

(F) Graph shows the mean and SD of the NPC density in animal caps of UCs and embryos
injected with the indicated MOs. n= number of nuclei from 3 independent experiments. See
also Figures S1 and S2.
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Figure 4. Nup188 and Nup93 specifically localize to the bases of cilia
(A) Immunofluorescence images of Xengpus epidermal MCCs stained with anti-Nup93

(green) and either anti-AcTub (red, top) or anti-yTub (red, bottom) antibodies with merge.
(B) Immunofluorescence images of human RPE cells stained with the indicated anti-nup
antibodies (left) with anti-AcTub, anti-yTub or anti-Cep290 (middle) and merge (right). See
Figure S3B for location of cilia-specific epitopes.

(C) Anti-Nup93 antibodies are specific. Fluorescence image (merge of green and red
channels) of representative scrambled (mock) siRNA-treated RPE cell stained with anti-
Nup93 (green) and anti-AcTub (red) antibodies. Right panels are higher magnification of
cilium base showing just the anti-Nup93 signal (green; top) and merge of anti-Nup93 and
anti-AcTub (red) images (bottom). Arrowhead points to cilium base. N denotes the nucleus.
(D) Identical to (C) except cells are treated with siRNAs specific to NUP93 (N93).

(E) Plot of normalized fluorescence intensity in arbitrary units (a.u.) of anti-Nup93 signal at
cilium base and NPCs of individual cells treated with scrambled (mock) or specific NUP93
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(N93) siRNAs. Mean +/- SD indicated. n=total number of cells/cilia from 3 independent
experiments, T-test, *** p<0.0005.

(F) Western blot of Nup93 levels after siRNA transfection; numbers are quantification of
protein levels relative to Gapdh.

(G-J) Anti-Nup188 antibodies are specific. Panel layout identical to (C—F) except for cells
are treated with scrambled (mock) or siRNAs specific to NUP188 (N188).

(K) Plot of percentage of cells in which the anti-nup signal colocalizes with a cilium base
marker. Mean and SD are shown. n=total number of cells from 3 independent experiments.
See also Figures S1 and S3.
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Figure 5. Nups do not form NPC-like rings at cilia bases
(A) 2D FPALM super-resolution image of a cell co-stained with anti-Nup93 (red; AF647)

and anti-AcTub antibodies (green; Cy3B).

(B) Higher magnification views of the nuclear surface (left panels) and the cilium base (right
panels) of two different cells stained with anti-Nup93 (AF647).

(C) Box plot where the density of localization clusters at the nuclear envelope and cilia
bases are directly compared. The box depicts the 25th to 75th percentiles with the median
marked as horizontal line in box. The whiskers mark the data range from the smallest to the
largest value. “+” indicates the mean of the distribution (h=number of cells). T-test, **
p<0.005.

(D) Plot of the diameter (mean +/— SD) of localization clusters at the nuclear envelope and
cilia bases. n=number of localization clusters from 3 independent experiments. T-test, ***
p<0.0005.

(E) 2D FPALM images of anti-Nup188 (red; AF647) and anti--y Tub antibodies (green;
Cy3B) with merge on right.

(F) As in (E) except with anti-AcTub co-stain.

(G) STED images of a cell co-stained with anti-Nup188 (red; ATTO647N) and anti-yTub
antibodies (green; ATTO594) with merge on right.

(H) As in (G) except with anti-AcTub co-stain.

See also Figure S4.
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Figure 6. Nup188 forms two barrel-like structures that encase the centrioles
(A) Diffraction-limited (inset) and 3D W-4PiSMSN super-resolution image of anti-Nup188

signal at the cilium base. Heat map coloration reflects depth in z as depicted by scale.
Individual structures are circled. See also Movie S2.

(B) Nearest neighbor distances from all localization clusters in all structures imaged were
calculated and plotted.

(C-E) Rotated views of image in (A) where two cylinders (blue and red) have been fitted
into both structures denoted by “1” and “2”. See also Movie S2.

(F-G) and (H-I) Planar sections of each structure cut across the cylinder axis (central
point). Dotted lines represent cylinders.

(J-K) Distribution of the distances of individual localizations from W-4PiSMSN data inside
(negative values) and outside (positive values) the modeled cylinder surface of Struct 1 and
2.

(L) QR code to load Nup188 W-4PiSMSN structure into the 3D visualization application
Augment™. See Experimental Procedures for instructions.
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See also Figures S5 and S6.
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