@ PLOS|ONE

Check for
updates

G OPEN ACCESS

Citation: Blasius TL, Takao D, Verhey KJ (2019)
NPHP proteins are binding partners of
nucleoporins at the base of the primary cilium.
PLoS ONE 14(9): e0222924. https://doi.org/
10.1371/journal.pone.0222924

Editor: Hemant Khanna, University of
Massachusetts Medical School, UNITED STATES

Received: July 25,2019
Accepted: September 9, 2019
Published: September 25, 2019

Copyright: © 2019 Blasius et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the manuscript and its Supporting
Information files.

Funding: This work was funded by a grant from the
National Institutes of Health to KJV
(R0O1GM116204) and a Postdoctoral Fellowship for
Research Abroad from the Japan Society for the
Promotion of Science to DT. The work was
supported by Grant Number P30DK092926
(MCDTR) from the National Institute of Diabetes
and Digestive and Kidney Diseases. The funders
had no role in study design, data collection and

RESEARCH ARTICLE

NPHP proteins are binding partners of
nucleoporins at the base of the primary cilium

T. Lynne Blasius, Daisuke Takao®", Kristen J. Verhey® *

Department of Cell and Developmental Biology, University of Michigan Medical School, Ann Arbor, Michigan,
United States of America

a Current address: Graduate School of Medicine, The University of Tokyo, Hongo, Tokyo, Japan
* kjverhey @umich.edu

Abstract

Cilia are microtubule-based organelles that protrude from the surface of eukaryotic cells to
generate motility and to sense and respond to environmental cues. In order to carry out
these functions, the complement of proteins in the cilium must be specific for the organelle.
Regulation of protein entry into primary cilia has been shown to utilize mechanisms and
components of nuclear gating, including nucleoporins of the nuclear pore complex (NPC).
We show that nucleoporins also localize to the base of motile cilia on the surface of trachea
epithelial cells. How nucleoporins are anchored at the cilium base has been unclear as
transmembrane nucleoporins, which anchor nucleoporins at the nuclear envelope, have not
been found to localize at the cilium. Here we use the directed yeast two-hybrid assay to iden-
tify direct interactions between nucleoporins and nephronophthisis proteins (NPHPs) which
localize to the cilium base and contribute to cilium assembly and identity. We validate
NPHP-nucleoporin interactions in mammalian cells using the knocksideways assay and
demonstrate that the interactions occur at the base of the primary cilium using bimolecular
fluorescence complementation. We propose that NPHP proteins anchor nucleoporins at the
base of primary cilia to regulate protein entry into the organelle.

Introduction

Cilia are microtubule-based organelles that protrude from the surface of most mammalian
cells. Motile cilia function to move cells or the fluid around cells whereas primary cilia function
to sense extracellular cues during development and tissue homeostasis [1-3]. Defects in the
formation or function of cilia lead to numerous human diseases, termed ciliopathies [4,5],
which can manifest as multi-organ syndromes [e.g. nephronophthisis (NPHP), Meckel-Gru-
ber Syndrome (MKS), Joubert syndrome (JBTS)] with a variety of phenotypes including retinal
degeneration, obesity, skeletal abnormalities, cystic organs, and situs inversus.

Cilia require a unique protein complement for their function as motile and sensory organ-
elles. However, the cilium is not entirely enclosed by a membrane barrier but rather is open to
the cytoplasm at its base. The cilium base thus acts as a gate to regulate the entry of ciliary pro-
teins. This region is called the transition zone as this is the location where the triplet
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microtubules of the mother centriole transition to the doublet microtubules of the axoneme. A
number of proteins identified due to their mutation in human ciliopathies localize at or near
the transition zone and function in regulating the entry of ciliary proteins. Based on biochemi-
cal and genetic analyses [6-8], these proteins have been placed into four functional modules:
1) the Inversin (INVS) compartment containing NPHP2 (inversin), NPHP3, NPHP9 (NEKS),
and ANKS6 (NPHP16) proteins, 2) the NPHP1/4 complex containing NPHP1, NPHP4, and
NPHPS8 (RPGRIP1L) proteins, 3) the NPHP5/6 complex containing NPHP5 (IQCB1) and
NPHP6 (CEP290) proteins, and 4) the membrane-associated MKS complex containing MKS1,
B9D1, B9D2, Tectonicl, Tectonic2, TMEM231, TMEM216, TMEM67, and CCD2A (MKS6)
proteins.

Recent work has suggested that gated entry from the cytoplasm into the cilium utilizes simi-
lar molecules and mechanisms as gated entry into the nucleus [9-12]. First, a size-exclusion
barrier restricts the passive diffusion of proteins larger than ~40 kDa into the nuclear compart-
ment [13,14] and a similar size-exclusion barrier restricts protein entry into the cilium [15-
18]. Second, importins and the small G protein Ran provide the selectivity and directionality,
respectively, for facilitated entry of large proteins and protein complexes into the nucleus [19-
21] and have also been found to regulate the ciliary localization of kinesin motors, Hedgehog
signaling components, and membrane-associated proteins [22-28]. Third, nucleoporins com-
prise the pores in the nuclear envelope at which both the passive diffusion barrier and active
transport processes regulate nucleo-cytoplasmic shuttling [29,30] and also localize to the base
of primary and motile cilia and regulate entry into the cilium [16,17,31-34].

Each nuclear pore complex (NPC) is comprised of ~30 different nucleoporin (Nup) pro-
teins that assemble into defined subcomplexes [29,30]. Two subcomplexes, the outer ring com-
plex (or coat complex) and the inner ring complex (or adaptor complex), form concentric
rings embedded within the nuclear envelope (Fig 1). The ring complexes surround a central
channel which contains nucleoporins with intrinsically disordered regions rich in phenylala-
nine and glycine residues (FG Nups) that form the permeability barrier. Additional subcom-
plexes extend into the cytoplasm as ~50 nm long filaments or into the nucleoplasm as a
basket-shaped structure.

Only a subset of the nucleoporins have been localized to the base of the cilium, in particular
nucleoporins of the outer ring complex, the inner ring complex, and the central channel (Fig
1) [16,17,31-34]. However, none of the known transmembrane nucleoporins of the mamma-
lian NPC (i.e. Pom121, gp201, Ndc1) could be localized to the base of the cilium [17], suggest-
ing that different proteins anchor nucleoporins at the base of the cilium. Here we provide
several lines of evidence that NPHP proteins bind to nucleoporins and may thus provide a
scaffold for nucleoporin localization and function at the ciliary gating zone.

Results
Nucleoporins localize to the base of primary and motile cilia

A number of nucleoporins have been localized to the base of the primary cilium using immu-
nofluorescence including the central channel nucleoporin Nup62 (Fig 2A, [17]), the inner ring
nucleoporins Nup93, Nup98, and Nup188 [16,31,32], and the outer ring nucleoporin Nup85
[16]. Whether nucleoporins also localize to the base of motile cilia has received less attention.
We stained rat trachea epithelial cells with antibodies to various nucleoporins under condi-
tions known to be favorable for immunostaining nucleoporins within the dense environment
of the NPC. Antibodies to the central channel nucleoporin Nup62, the inner ring nucleoporin
Nup98, and the outer ring nucleoporins Nup96 and Nup133 showed strong staining of both
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Fig 1. Schematic of nuclear and ciliary gating complexes. (A) At the nuclear envelope (NE), nucleoporins in NPCs are organized into subcomplexes including outer
ring (OR, dark blue), inner ring (IR, medium blue), central channel (ch, light blue), cytoplasmic filaments (CF, dark green), nuclear basket (green), and transmembrane
(red). (B) At the base of the primary cilium, OR, IR and channel nucleoporins localize at the transition zone (TZ) with NPHP proteins (orange). Purple lines indicate

microtubules.

https://doi.org/10.1371/journal.pone.0222924.9001

the nuclear envelope and the cilium base in multi-ciliated epithelial cells (Fig 2B-2E). Thus,
nucleoporins likely function as ciliary gating components for both primary and motile cilia.

Interactions between NPHP and nucleoporin proteins in a directed two-
hybrid assay

A two-hybrid screen for proteins that interact with nephrocystin-4 (C. elegans homolog of
NPHP4) identified npp-8 (C. elegans homolog of the inner ring nucleoporin Nup155) as an
interacting protein (M. Barr, personal communication). We thus used a directed two-hybrid
assay to test for interactions between mammalian NPHP and nucleoporin proteins. Full-length
versions of mammalian components of the TZ modules (INVS, NPHP1/4, NPHP5/6, and
MKS complexes) and nucleoporin subcomplexes (outer ring, inner ring, central channel, and
cytoplasmic filaments) were fused in-frame to a DNA activating domain (AD) or a DNA bind-
ing domain (BD) and expressed in yeast of different mating types. Pairwise interactions were
tested by mating strains expressing BD-fusion and AD-fusion proteins. Analysis of
NPHP-NPHP and Nup-Nup pairwise matings identified known interactions (S1 Fig), con-
firming the validity of the assay. For example, our directed two-hybrid analysis identified pre-
viously noted interactions between NPHP1 and NPHP4 and between NPHP2 and NPHP8
[35-38] and also identified new self-interactions of NPHP2 and NPHP3 (S1A Fig). For Nup-
Nup interaction analysis, many of the BD-Nup fusion proteins were transcriptionally active
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Fig 2. Inner ring, outer ring, and central channel nucleoporins localize to the base of motile cilia. (A) RPE-1 cells were stained
with antibodies to the channel nucleoporin Nup62 (gray). (B-E) Epithelial cells isolated from rat trachea were stained with
antibodies against (b) the channel nucleoporin Nup62, (C) the inner ring nucleoporin Nup98, or the outer ring nucleoporins (D)
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Nup96 and (E) Nup133. All cells were counter stained with antibodies to acetylated o-tubulin (magenta) to mark the ciliary
axoneme and with DAPI (blue) to mark nuclei. Yellow arrows indicate the base of the cilia.

https://doi.org/10.1371/journal.pone.0222924.9002

and thus their interactions could not be assessed in this context (S1B Fig). For the remaining
nucleoporins, strong interactions were observed for the inner ring nucleoporin Nup155 with
components of both the inner and outer ring complexes. Strong interactions were also observed
for the outer ring nucleoporin Nup133 with components of both the inner and outer ring com-
plexes. These results are consistent with previous two-hybrid analysis of Nup-Nup interactions
as well as recent x-ray and cryo-electron microscopy structures of the mammalian NPC [39,40].

To identify interactions between NPHP and nucleoporin proteins, matings were carried
out between strains expressing BD-NPHP and AD-Nup constructs (Fig 3A) as well as between
strains expressing BD-Nup and AD-NPHP constructs (Fig 3B). For the INVS module, positive
interactions were observed for several members of this complex with both the outer ring and
inner ring nucleoporin complexes. Specifically, NPHP2 displayed strong interactions with the
inner ring nucleoporins Nup205 and Nup155, the outer ring nucleoporins Nup160 and
Nup133, and the cytoplasmic filament nucleoporin Nup88 (Fig 3A and 3B). NPHP3 interacted
weakly with the inner ring nucleoporin Nup160 (Fig 3A), and NPHP9 interacted with the
inner ring nucleoporin Nup155 and weakly with the outer ring nucleoporins Nup133 and
Nup43 (Fig 3B). For the NPHP1/4 module, positive interactions with nucleoporins were
detected for two members of this complex. NPHP4 interacted weakly with the inner ring
nucleoporin Nup205 and the outer ring nucleoporin Nup133 (Fig 3A and 3B), consistent with
the identification of inner ring nucleoporins Nup205 and Nup93 in IP-mass spectrometry
analysis of NPHP4-interacting proteins from IMCD3 cells [37]. NPHP8 interacted with the
outer ring nucleoporins Nup160 and Nup85 (Fig 3A). For the NPHP5/6 complex, positive
interactions were observed for NPHP5 with the inner ring nucleoporin Nup155, the outer ring
nucleoporin Nup133, and the cytoplasmic filament protein Nup88 (Fig 3B). An interaction
between NPHP5 and inner ring nucleoporins is consistent with previous work that identified
Nup188 in IP-mass spec analysis from RPE cells [37].

Interactions between NPHP and nucleoporin proteins in the
knocksideways assay

To validate NPHP-nucleoporin interactions in a cellular context, we used the knocksideways
approach (Fig 4A [41,42]). A similar approach involving the recruitment of nucleoporins to
ectopic sites in mammalian cells has been utilized to analyze interactions within and between
subcomplexes without disruption of the endogenous NPC architecture or function [43,44].

For our analysis, NPHP proteins were tagged with mCherry (mCh) and targeted to the
mitochondrial surface by fusion with the mitochondrial targeting sequence of Omp25 (NPHP-
mCh-mito fusions). We chose to focus on the INVS module protein NPHP2, the NPHP1/4
module proteins NPHP1 and NPHP4, and the NPHP5/6 module protein NPHP5 based on a)
their interactions with nucleoporins in the two-hybrid assay (Fig 3) and b) their ability to local-
ize correctly to the mitochondrial surface as mCh-mito fusion proteins (Fig 4, S2 and S3 Figs).
Likewise, we chose to focus on the inner ring nucleoporins Nup93, Nup35, and Nup155 and
the outer ring nucleoporins Nup133, Nup107, and Nup37 based on a) their interactions with
several NPHP proteins in the two-hybrid assay (Fig 3) and b) their ability to be expressed in a
soluble form in mammalian cells (Fig 4, S2 and S3 Figs).

The NPHP-mCh-mito fusion proteins were co-expressed with EGFP-tagged nucleoporin
proteins in COS-7 cells. When expressed alone, the EGFP-Nup proteins localized to the
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Fig 3. Directed yeast two-hybrid assay reveals NUP-NPHP interactions. The indicated transition zone proteins (INV, NPHP1/4, NPHP5/6, MKS complexes)
and nucleoporin proteins were fused to a DNA binding domain (BD) or transcription activation domain (AD). Yeast of different mating types were mated pairwise
to test for protein-protein interactions. Transcriptional activation allowing growth of diploid yeast was observed after 3 days and scored as strong growth (dark

green), medium growth (medium green), or weak growth (yellow-green). Each pairwise mating was repeated at least three times. CF, cytoplasmic filament
nucleoporin. ch, central channel nucleoporin.

https://doi.org/10.1371/journal.pone.0222924.9003

nuclear envelope, as expected, but also displayed varying amounts of cytosolic, diffuse and/or
annulate lamellae localization. We reasoned that co-expression with the mCh-mito control
protein (Fig 4A left panel, S2 Fig) or with a non-interacting NPHP-mCh-mito protein (S3 Fig)
would not alter this localization pattern whereas co-expression with an interacting NPHP-
mCh-mito protein would redirect the EGFP-Nup protein to the mitochondrial surface (Fig 4A
right panel).

When targeted to the mitochondrial surface, the INVS module protein NPHP2-mCh-mito
was able to redistribute a portion of the inner ring nucleoporins Nup35 and Nup155 to the
mitochondrion (Fig 4B, 4C and 4H), consistent with the ability of NPHP?2 to interact with
Nup155 in the directed two-hybrid assay (Fig 3). NPHP2-mCh-mito was also able to recruit
the outer ring nucleoporin Nup133 to the mitochondrion (Fig 4D and 4H), consistent with the
interaction observed in the directed two-hybrid assay (Fig 3). However, NPHP2-mCh-mito
was not able to recruit the EGFP-tagged inner ring nucleoporin Nup93 nor the outer ring
nucleoporins Nup107 or Nup37 to the mitochondrial surface (Fig 4H).

In a similar manner, we found that when the NPHP5/6 module protein NPHP5 was local-
ized to the mitochondrial surface as a NPHP5-mCh-mito fusion protein, it was able to recruit
the inner ring nucleoporins Nup35 and Nup155 and the outer ring nucleoporin Nup133 to the
organelle (Fig 4E-4H) but was not able to recruit the inner ring nucleoporin Nup93 nor the
outer ring nucleoporins Nup107 or Nup37 to the mitochondrial surface (Fig 4H). For the
NPHP1/4 module, we found that NPHP1-mCh-mito was unable to recruit any of the tested
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Fig 4. Identification of NPHP-NUP interactions by the knocksideways assay. (A) Schematic of the knocksideways assay. NPHP proteins were tagged with mCherry
(mCh) and targeted to the mitochondrial surface by fusion to a mitochondrial targeting sequence (mito). The NPHP-mCh-mito bait was co-expressed with an EGFP-
tagged nucleoporin (GFP-Nup). An interaction between the NPHP and nucleoporin proteins recruits the GFP-Nup to the mCh-labeled mitochondrial surface. (B-D)
NPHP2-mCh-mito recruits the inner ring nucleoporins (B) GFP-Nup35 and (C) Nup155-EGFP3 and the outer ring nucleoporin (D) GFP-Nup133 to the mitochondrial
surface. (E-G) NPHP5-mCh-mito recruits the inner ring nucleoporins (E) GFP-Nup35 and (F) Nup155-EGFP3 and the outer ring nucleoporin (G) GFP-Nup133 to the
mitochondrial surface. Scale bars, 10 um. Yellow text indicates the number of cells positive (pos.) for a knocksideways interaction. (H) Summary of the results. +,
recruitment of GFP-Nup observed in >50% of cells; +/-, recruitment of GFP-Nup observed in 10-50% of cells; -, recruitment of GFP-Nup observed in <10% of cells.

https://doi.org/10.1371/journal.pone.0222924.9004

nucleoporins to the mitochondrion (Fig 4H, S3A-S3C Fig) whereas NPHP4-mCh-mito was
able to recruit the inner ring nucleoporin Nup155 and the outer ring nucleoporin Nup133 to
the mitochondrion in some cells (Fig 4H, S3E and S3F Fig).
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Localization of NPHP-nucleoporin interactions to the base of the cilium

To determine whether interactions between NPHP and nucleoporin proteins occur at the base
of the primary cilium, we utilized the bimolecular fluorescence complementation (BiFC) assay
[45]. In this assay, a yellow fluorescent protein (YFP) variant is split in half, yielding N-termi-
nal (YN) and C-terminal (YC) fragments that can be fused to proteins of interest. When
expressed alone, the YN and YC fragments display little to no self-association and are non-
fluorescent. However, when the YN and YC fragments are brought into close proximity via a
close spatial association of their fusion partners, the fragments assemble a YFP molecule and
display fluorescence. YFP fluorescence thus provides a readout of both a protein-protein inter-
action and the location of that interaction. A similar assay was used to verify Nup-Nup interac-
tions within the nuclear pore complex [40] and between nucleoporins and transiting proteins
at the base of the primary cilium [34].

For our analysis, the NPHP proteins were tagged with Cerulean (Cer) at their N-termini to
identify transfected cells and with YC at their C-termini to test for interactions with nucleo-
porin proteins. The nucleoporins were tagged at their N-termini with YN and with a myc tag
to verify fusion protein expression. Co-expression of NPHP-YC and YN-Nup proteins that do
not interact results in localization of both proteins to the base of the cilium but no YFP fluores-
cence (Fig 5A). In contrast, co-expression of NPHP-YC and YN-Nup proteins that localize in
close spatial proximity at the base of the cilium reconstitutes YFP fluorescence at this location
(Fig 5B).

For nucleoporins, the inner ring and outer ring subcomplexes are stable entities and the
incorporation of an expressed, tagged subunit requires several days of protein expression and
subcomplex turnover [17,40]. In addition, in our hands, localization to the nuclear envelope
and cilium base is most reliable for expression of the smaller nucleoporin subunits. We thus
expressed YN-tagged versions of the inner ring nucleoporin Nup35 and the outer ring nucleo-
porin Nup43 for this assay. For NPHP proteins, we utilized YC-tagged versions of the INVS
module protein NPHP2, the NPHP1/4 module protein NPHP4, and the NPHP5/6 module
protein NPHP5.

When the INVS module protein NPHP2-YC was co-expressed with the inner ring nucleo-
porin YN-Nup35 in NIH 3T3 cells, both proteins localized to the base of the cilium and their
close proximity resulted in YFP fluorescence in 19/30 cells (BiFC signal, Fig 5C and 5E). These
results suggest that NPHP?2 is in close spatial proximity to the inner ring nucleoporin Nup35
at the base of the cilium. In 2 of the cells where BiFC was observed, the expressed NPHP2-YC
and YN-Nup35 proteins and the BiFC signal were observed at the TZ. However, in 17 of the
cells where BiFC was observed, the expressed NPHP2-YC and YN-Nup35 proteins and the
BiFC signal extended from the TZ into the cilium shaft, suggesting that the irreversible nature
of the BiFC interaction crosslinks the NPHP2 and Nup35 proteins and thereby alters their
turnover and/or their trafficking within the cilium. When NPHP2-YC was co-expressed with
the outer ring nucleoporin YN-Nup43, a BiFC signal could not be detected (0/17 cells) despite
their colocalization at the base of the cilium (Fig 5D and 5E).

For the NPHP1/4 module protein NPHP4-YC, co-expression with the inner ring nucleo-
porin YN-Nup35 resulted in a BiFC signal at the base of the cilium in 4/35 cells whereas co-
expression with the outer ring nucleoporin YN-Nup43 resulted in no BiFC signal (0/12 cells)
(Fig 5E, S4A Fig). For the NPHP5/6 module protein NPHP5-YC, BiFC with the inner ring
nucleoporin YN-Nup35 was observed in 8/24 cells and with the outer ring nucleoporin
YN-Nup43 in 3/20 cells (Fig 5E, S4B Fig). Taken together, these results support the hypothesis
that interactions between NPHP proteins and nucleoporins can serve to anchor nucleoporins
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Fig 5. BiFC analysis reveals close association of NPHP2 and Nup35 at the base of the cilium. (A-B) Schematic of the assay. NPHP proteins (orange) were tagged with
a C-terminal fragment of YFP (YC) and with Cerulean (Cer) to detect protein expression. Nucleoporin proteins (blue) were tagged with an N-terminal fragment of YFP
(YN) and with a Myc-tag to detect protein expression. (A) When co-expressed in NIH 3T3 cells, the NPHP-YC and YN-NUP proteins localize to the base of the cilium
but if they are not in close proximity, the YFP protein is not reconstituted (no BiFC). (B) If the NPHP-YC and YN-NUP proteins are in close proximity at the base of the
cilium, then YFP is reconstituted and BiFC fluorescence is observed (right panel). (C) Co-expression of Cer-NPHP2-YC with the inner ring nucleoporin YN-myc-
Nup35 results in a positive BiFC interaction. (D) Co-expression of Cer-NPHP2-YC with the outer ring nucleoporin YN-myc-Nup43 results in a positive BiFC
interaction. Scale bar, 5 um. Yellow text in the top right corners indicate the number of cells displaying positive BiFC interactions across two independent experiments.
Yellow arrows indicate the base of the primary cilium. (E) Summary of BiFC interactions observed for the indicated NPHP and nucleoporin proteins.

https://doi.org/10.1371/journal.pone.0222924.9005

at the base of the primary cilium to regulate trafficking between the cilioplasm and the
cytoplasm.

Discussion

Recent work has uncovered important roles for nucleoporins outside the NPC. In addition to
their proposed role in gated entry into the cilium, nucleoporins have been implicated in
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regulating, for example, chromatin organization and gene expression [46,47] and in various
aspects of spindle assembly, kinetochore organization, and cytokinesis during mitosis [48-51].
The complement of nucleoporins at each subcellular location, as well as their functions and
spatial organization, are only beginning to be discovered and it is thought that different cellu-
lar contexts may require different nucleoporin composition [52,53]. In particular, the trans-
membrane nucleoporins are the least conserved across evolution and their roles have been
difficult to decipher in part owing to apparent functional redundancy [30]. For example, dele-
tion of the three known integral membrane nucleoporins in Aspergillus nidulans in not lethal
[54] and alternative mechanisms for anchoring of outer and inner ring nucleoporins to the
nuclear envelope membrane have been proposed [55-57]. Our inability to detect transmem-
brane nucleoporins at the base of the primary cilium [17] led us to hypothesize that cilium-spe-
cific proteins could function to anchor inner and outer ring nucleoporins at the base of the
cilium. Here, we identify direct interactions of nucleoporins with NPHP proteins using a yeast
two-hybrid assay and verify these interactions and co-localizations in mammalian cells. Based
on these results, we hypothesize that NPHP proteins may play a functional role in the anchor-
ing of nucleoporins at the base of the cilium.

Nucleoporins of the outer and inner ring complexes interact with TZ
proteins

Using a directed two-hybrid assay, we identified numerous interactions between nucleoporins
of the inner and outer ring subcomplexes and NPHP proteins of the INVS, NPHP1/4, and
NPHP5/6 modules (summarized in Fig 6). We then confirmed multiple interactions between

NPHP2
=5 NPHP

a 0
T o
.
Ny o
§ m—— —: '0755 D;NUpQS -FG
a I -
—— Nup3s.
M Nup93 -FG
S
pa

Fig 6. Summary of NPHP-NUP interactions. Components of the inner ring nucleoporin (medium blue), outer ring
nucleoporin (dark blue), and NPHP (orange) complexes are indicated. Green lines indicate interactions detected in the
directed yeast two-hybrid assay (strong and medium only). Purple lines indicate interactions detected in the

knocksideways assays. The red line indicates the spatial proximity relationship observed in the BiFC assay. FG,
Phenylalanine-Glycine repeats. NT, not tested.

https://doi.org/10.1371/journal.pone.0222924.9006
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nucleoporins and NPHP proteins using the knocksideways and BiFC assays in mammalian
cells (summarized in Fig 6). While a negative result in any of these assays does not rule out an
interaction between two proteins, these positive results provide strong support for the hypoth-
esis that NPHP proteins interact with nucleoporins at the base of the cilium.

We identified direct interactions of the inner ring protein Nup155 with NPHP2 and
NPHP?9 of the INVS complex and NPHP5 of the NPHP5/6 complex. We also identified
direct interactions of the inner ring protein Nup205 with NPHP2 of the INVS complex.
These results are consistent with previous work where pull down/mass spec analysis identi-
fied the inner ring nucleoporins Nup188, Nup205, and Nup93 as co-precipitating with the
NPHP1/4 and the NPHP5/6 complexes [37]. In the NPC, Nup155 molecules form a scaf-
fold adjacent to the membrane of the nuclear envelope and can also bridge the inner ring
and outer ring complexes whereas Nup205 is localized closer to the central channel [29,30].
It seems plausible that a similar arrangement may occur at the base of the cilium with
Nupl55 close to the ciliary membrane and Nup205 located near the doublet microtubules.
Consistent with this hypothesis, Nup155 and other components of the inner ring subcom-
plex were identified as being in close proximity to tectonic and TMEM components of the
membrane-associated MKS complex using a BioID-based proximity labeling approach
[36].

We identified strong interactions of the outer ring protein Nup133 with NPHP2 of the
INVS complex and NPHP5 of the NPHP5/6 complex. We also identified direct interactions of
the outer ring protein Nup160 with NPHP2 of the INVS complex and NPHP8 of the NPHP1/4
complex. In the NPC, Nup133 and Nup160 are located adjacent to the membrane of the
nuclear envelope [29,30]. At the base of the cilium, it seems plausible that these outer ring
nucleoporins contact NPHP proteins close to the membrane of the primary cilium. Consistent
with this prediction, nucleoporins of the outer ring subcomplex were identified in proximity
mapping studies of BOD2 of the membrane-associated MKS complex [36].

NPHP proteins in the INVS, NPHP1/4, and NPHP5/6 modules contribute
to nucleoporin binding

Our directed two-hybrid analyses indicate that multiple NPHP proteins can make direct inter-
actions with nucleoporins of the outer and inner ring complexes. A functional role for recruit-
ing nucleoporins was confirmed for NPHP2 of the INVS module and NPHP5 of the NPHP5/6
module. Our previous work found that NPHP5 is accessible to transmembrane and signaling
proteins transiting the ciliary gating zone [34], and here we report that NPHP5 interacts with
nucleoporins known to localize proximal to the nuclear membrane in the NPC, suggesting
that NPHPS5 could form at least part of a nucleoporin anchoring complex at the outer regions
of the ciliary gating zone. Furthermore, fluorescence recovery after photobleaching (FRAP)
analysis demonstrated that NPHP5 displays little turnover at the base of the primary cilium
[34], again consistent with a structural role in anchoring gate components.

NPHP?2 is the major organizer of the INVS compartment is required for localization of
NPHP3, NPHP9 and ANKS6 to this compartment [38,58-61]. NPHP2 has also been shown to
co-immunoprecipitate with the NPHP1/4 module components NPHP1 and NPHP4 and is
required for the proper localization of NPHP1 at the TZ [35,62,63]. We found that NPHP2 is
capable of binding to a number of nucleoporins and thus may serve a more general scaffolding
role at the base of the primary cilium than previously considered. NPHP2 may be membrane-
associated [64,65], a finding that would place its close spatial proximity to the inner ring
nucleoporin Nup35 near the membrane of the primary cilium.
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The location of the INVS compartment with respect to the TZ, and its function in cilium
assembly and gating, have been difficult to define. In mammalian cells, expressed GFP-NPHP2
localized to entire primary cilium in primary mouse fibroblasts and the monocilium in the
mouse node [66] or at the basal body and along the length of motile cilia of mouse trachea epi-
thelial cells [67]. In zebrafish and C elegans, GFP-NPHP?2 localizes the proximal region of the
cilium [38,65,68]. However, the GFP-tagged version of NPHP2 may not reflect the localization
of the endogenous protein as the INVS compartment as marked by GFP-NPHP2 displays high
variability across cells in the length of its extension along the axoneme [37]. Antibody staining
for the endogenous NPHP2 protein has also produced variable results ranging from staining
of the entire cilium in MDCK cells [69] to staining of the proximal region of the axoneme in
polarized MDCK cells and mouse renal epithelial cells [58,61,62,64] to a spot that co-localizes
with but does not extend beyond TZ markers in mouse embryo and NIH-3T3 fibroblasts [63].
Thus, there may be cell type-specific differences in protein composition and localization of the
INVS compartment.

Nucleoporins in ciliary gating and ciliopathies

Nucleoporins of the outer ring, inner ring, cytoplasmic filament, and central channel subcom-
plexes have been localized to the base of the primary cilium at a location that corresponds to
the TZ [16,17,31-34]. Here, we show that inner ring and central channel nucleoporins also
localize as a single spot at the base of motile cilia in respiratory epithelial cells, suggesting a
conserved function in regulating entry into the ciliary compartment. Localization of nucleo-
porins to the base of the cilium has, however, been controversial as other groups have failed to
observe some of the same nucleoporins at the base of the primary cilium [15] and/or have
localized nucleoporins to barrel-shaped cylinders surrounding the mother and daughter cen-
trioles [31]. Differences in nucleoporin localization are likely due to differences in fixation and
staining methods between the studies. Indeed, a recent study demonstrated that immunoloca-
lization of a number of ciliary proteins is sensitive to the fixation and permeabilization meth-
ods utilized [70]. In our hands, immunolabeling of nucleoporins at the base of the cilium
requires similar fixation methods as used for immunolabeling nucleoporins in the NPC where
antibody access can be hindered by the density and biophysical properties of the NPC environ-
ment [71,72].

A role for nucleoporins in gating protein transit between the cytosol and cilium was first
suggested when microinjection of function-blocking reagents decreased ciliary entry of the
kinesin-2 motor KIF17 [17]. Later work used a crosslinking approach to block nucleoporin
function at the base of the cilium [33]. Recent work provided definitive proof that nucleo-
porins at the base of the cilium determine the size-exclusion barrier as depletion of the
inner ring nucleoporin Nup98 permitted the entry of proteins greater than 70 kDa into the
cilium [16]. A member of the outer ring complex, Nup85, was demonstrated to be required
for proper cilium localization of Nup98 [16]. Consistent with their role in determining cili-
ary protein content and function, mutations in nucleoporins have been found to correlate
with ciliopathies in human patients. In particular, a duplication of the inner ring compo-
nent Nup188 was found in a patient with heterotaxy in which altered left-right patterning of
the internal organs can lead to a severe form of congenital heart disease [73]. Further work
showed that depletion of the inner ring components Nup188 and Nup93 resulted in an
inability to generate primary cilia in cultured mammalian cells and motile cilia in the epi-
dermis of Xenopus embryos [73]. Ciliary functions of nucleoporins are thus an important
consideration when linking patient mutations in nucleoporins to the underlying biology of
the cell.
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Materials and methods
Plasmids

Bait and prey constructs for the directed yeast two-hybrid assay were made by subcloning
nucleoporin and NPHP genes into the pPGBKT7 and pACT2 vectors, respectively, using conve-
nient restriction enzyme sites or by amplification by PCR followed by subcloning using conve-
nient restriction sites. Nucleoporin sequences used for subcloning were obtained from the
following sources: EGFP-HsNup35, EGFP-HsNup37, EGFP-HsNup43, MmNup62-EGFP3,
HsNup93-EGFP3, and EGFP-HsNup98 (EUROSCAREF); HsNup155 (Mammalian Gene Col-
lection MGC:33787 IMAGE: 5295664), MmNup188 (MGC:106061 IMAGE: 4916413),
HsNup205 (MGC:168237 IMAGE:9020614), and HsNup88 (MGC:8530 IMAGE:2822595)
from Dharmacon; pSV2-Lacl-CFP-MmNup85 and EGFP-HsNup160 (gifts of Dr. Douglass
Forbes); EGFP-HsNup107 and EGFP-HsNup133 (gifts of Dr. Kyle Roux). NPHP sequences
used for subcloning were obtained from the following sources: pPENTR-HsNPHP3,
-MmNPHP5, and -HsNPHP8 (gifts of Dr. Peter Jackson); pPENTR-NPHP1, pENTR-NPHP2,
pENTR-NPHP4 (gifts of Dr. Friedhelm Hildebrandt); pGLAP5-B9D1 (gift of Dr. Jeremy
Reiter); pPEGFP-mCep290/NPHP6 (gift of Dr. Joseph Gleeson, Addgene plasmid #27379
RRID:Addgene_27379); pENTR-MKSI1 and pENTER-Nek8/NPHP9 (gifts of Drs. Tao Xu and
Jean-Francois Rual).

For the knock sideways assays, the sequence encoding amino acids 170-206 of rat Omp25
(GenBank: AF107295.1 [74]) was synthesized (Life Technologies) and subcloned into the
mCherry-Cl vector (Clontech). To generate NPHP2-mCherry-Omp25, NPHP4-mCherry
Omp25, and NPHP5-mCherry-Omp25, the coding sequences of NPHP2, NPHP4 or NPHP5
were inserted using convenient restriction enzyme sites.

For the bimolecular fluorescence complementation (BiFC) assays, we found that an N-ter-
minal fragment (aa 1-172) of the YFP variant mCitrine expressed with the C-terminal frag-
ment (aa 155-238) of the YFP variant Venus resulted in low self-assembly (and low
background fluorescence) but high BiFC fluorescence [34,75]. NPHP proteins were tagged
with the fluorescent protein Cerulean (Cer) to assess protein expression and localization and
with the YFP C-terminal (YC, C-terminal half of Venus) fragment. Cer-NPHP4-YC and Cer-
NPHP5-YC were described previously [34] and Cer-NPHP1-YC and Cer-NPHP2-YC were
constructed in a similar manner. Nucleoporin proteins were tagged with the YFP N-terminal
(YN, N-terminal half of mCtrine) fragment by synthesizing a DNA sequence encoding YN fol-
lowed by a flexible linker (aa sequence GGSG) and a myc tag (EQKLISEEDL) (Life Technolo-
gies) that was used to replace the EGFP sequence in the plasmids EGFP-HsNup35,
EGFP-HsNup37, and EGFP-HsNup43.

Directed yeast two-hybrid assay

Yeast two-hybrid bait and prey plasmids were transformed into yeast strains AH109 and Y187,
respectively, and protein-protein interactions were assessed by yeast mating. Briefly, yeast
strain AH109 expressing pGBKT7-Nup, pGBKT7-NPHP, or empty vector constructs was
mated to yeast strain Y187 expressing pACT2-Nup, pACT2-NPHP, or empty vector constructs
in 96 well plates. Diploid yeast were subsequently plated on double (-leu,-trp) and triple (-leu,-
trp,-his) dropout plates and screened for growth two days later. Successful mating was indi-
cated by growth on -leu,-trp drop out plates. Positive Nup-Nup, NPHP-NPHP, and Nup-
NPHP interactions were evidenced by growth on -leu,-trp,-his plates. Strong interactions gave
rise to yeast colonies within two days of plating while weaker interactions appeared after three
days.
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Cell culture

COS-7 cells (purchased from ATCC: CRL-1651) and NIH-3T3 cells (purchased from ATCC:
CRL-1658) were cultured in DMEM (Gibco) supplemented with 10% Fetal Clone III
(Hyclone) and 1% GlutaMAX (Gibco) and transiently transfected with Trans-IT LT1 (Mirus).
NIH-3T3 cells were transferred to serum-free medium immediately prior to transfection to
accumulate cells in G1 for visualization of the primary cilium.

Antibodies and microscopy

Antibodies were purchased against K40-acetylated o-tubulin (mouse monoclonal 6-11B-1,
Sigma T7451; 1:10,000), myc epitope tag (rabbit polyclonal Sigma C3956; 1:500), Nup62
(mouse monoclonal BD Biosciences 610497; 1:250), Nup96 (rabbit polyclonal NOVUS
NB100-93325; 1:250), and Nup133 (rabbit polyclonal Bethyl A302-385A; 1:750). Rabbit poly-
clonal antibodies against Nup98 were a gift from Dr. Richard Wozniak (1:2500). Secondary
antibodies were from Jackson ImmunoResearch (1:500).

The trachea was dissected from adult rats and epithelial cells were dissociated with a tooth-
pick, spun onto coverslips, and immediately fixed with 3.7% formaldehyde in PBS for 10 min-
utes and quenched with 50 mM NH4CI/PBS for 5 min. The cells were blocked, washed, and
incubated with antibodies in IF buffer (0.1% Triton X-100, 0.02% SDS, 10 mg/ml BSA in PBS)
and mounted using Prolong Gold (Invitrogen). Confocal imaging was performed on Leica
SP5X and Olympus Fluoview 500 confocal microscopes with a 60 x 1.40 numerical aperture
(N.A.) objective. All experimental procedures were approved by the University of Michigan
Committee on the Use and Care of Animals (#PRO00008901) and performed in accordance
with the recommendations in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health.

COS-7 cells were transfected with NPHP-mCherry-Mito and EGFP-NUP plasmids and
fixed 24 hours post-transfection with 3.7% formaldehyde in PBS, quenched with 50 mM
NH,CI/PBS, then mounted using Prolong Gold (Invitrogen) and imaged. NIH-3T3 cells were
transfected with Cer-NPHP-YC and YN-myc-Nup plasmids and then fixed 48 hours post-
transfection with 3.7% formaldehyde/PBS, quenched with 50 mM NH,CI/PBS, and then
blocked, washed, and incubated with antibodies in IF buffer. All antibody incubations were for
1 hour, followed by three washes of IF buffer. Fluorescence images were obtained using an
inverted epifluorescence microscope (Nikon TE2000-E) with 60x oil immersion objective (N.
A. 1.4) and a Photometrics Cool Snap HQ camera.

Supporting information

S1 Fig. Directed yeast two-hybrid analysis of NPHP-NPHP and NUP-NUP interactions.
Yeast of different mating types expressing proteins fused to a DNA binding domain (BD) or
transcription activation domain (AD) were mated pairwise. Transcriptional activation allow-
ing growth of diploid yeast was observed after 3 days. (A) NPHP-NPHP interaction analysis.
(B) NUP-NUP interaction analysis.

(EPS)

S2 Fig. Control mCh-mito construct for knocksideways assay. The mCh-mito construct
localizes to the mitochondrial surface but fails to recruit the inner ring nucleoporins (A)
GFP-Nup35 and (B) Nup155-EGFP3 or the outer ring nucleoporin (C) GFP-Nup133 to the
mitochondrial surface.

(EPS)
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S3 Fig. Analysis of NPHP1 and NPHP4 in the knocksideways assay. (A-C) NPHP1-mCh-
mito localizes to the mitochondrial surface but fails to recruit the inner ring nucleoporins (A)
GFP-Nup35 and (C) Nup155-EGFP3 or the outer ring nucleoporin (C) GFP-Nup133 to the
mitochondrial surface. (D-F) NPHP4-mCh-mito localizes to the mitochondrial surface but
fails to recruit the inner ring nucleoporin (D) GFP-Nup35 and the outer ring nucleoporin (F)
GFP-Nup133 but does recruit the inner ring nucleoporin (E) Nup155-GFP to the mitochon-
drial surface. Scale bars, 10 um. Yellow text indicates the number of cells positive (pos.) or neg-
ative (neg.) for a knocksideways interaction.

(EPS)

$4 Fig. BiFC analysis of NPHP4 and NPHP5 with nucleoporins. (A) Co-expression of Cer-
NPHP4-YC with the inner ring nucleoporin YN-myc-Nup35 results in a positive BiFC interac-
tion in 4/30 cells. (B) Co-expression of Cer-NPHP5-YC with the inner ring nucleoporin YN-
myc-Nup35 results in a positive BiFC interaction in 8/24 cells. Scale bar, 5 um. Yellow text in
the top right corners indicate the number of cells scoring negative or positive for a BiFC inter-
action across two independent experiments. Yellow arrows indicate the base of the primary cil-
ium.

(EPS)

Acknowledgments

We gratefully acknowledge Drs. Simon Warburton-Pitt and Maureen Barr for sharing of
unpublished data and discussion of ideas and Drs. Martin Hetzer, Rick Wozniak, and Doug-
lass Forbes for antibodies and advice.

Author Contributions

Conceptualization: T. Lynne Blasius, Daisuke Takao, Kristen J. Verhey.
Funding acquisition: Kristen J. Verhey.

Investigation: T. Lynne Blasius, Daisuke Takao.

Project administration: Kristen J. Verhey.

Resources: Daisuke Takao, Kristen J. Verhey.

Writing - original draft: T. Lynne Blasius, Kristen J. Verhey.

Writing - review & editing: T. Lynne Blasius, Daisuke Takao, Kristen J. Verhey.

References

1. Anvarian Z, Mykytyn K, Mukhopadhyay S, Pedersen LB, Christensen ST (2019) Cellular signalling by
primary cilia in development, organ function and disease. Nat Rev Nephrol 15: 199-219. hitps://doi.
org/10.1038/s41581-019-0116-9 PMID: 30733609

2. Elliott KH, Brugmann SA (2019) Sending mixed signals: Cilia-dependent signaling during development
and disease. Dev Biol 447: 28—-41. https://doi.org/10.1016/j.ydbio.2018.03.007 PMID: 29548942

3. Mitchison HM, Valente EM (2017) Motile and non-motile cilia in human pathology: from function to phe-
notypes. J Pathol 241: 294-309. https://doi.org/10.1002/path.4843 PMID: 27859258

4. Braun DA, Hildebrandt F (2017) Ciliopathies. Cold Spring Harb Perspect Biol 9:a028191. https://doi.
org/10.1101/cshperspect.a028191 PMID: 27793968

5. Reiter JF, Leroux MR (2017) Genes and molecular pathways underpinning ciliopathies. Nat Rev Mol
Cell Biol 18: 533-547. https://doi.org/10.1038/nrm.2017.60 PMID: 28698599

PLOS ONE | https://doi.org/10.1371/journal.pone.0222924  September 25, 2019 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222924.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222924.s004
https://doi.org/10.1038/s41581-019-0116-9
https://doi.org/10.1038/s41581-019-0116-9
http://www.ncbi.nlm.nih.gov/pubmed/30733609
https://doi.org/10.1016/j.ydbio.2018.03.007
http://www.ncbi.nlm.nih.gov/pubmed/29548942
https://doi.org/10.1002/path.4843
http://www.ncbi.nlm.nih.gov/pubmed/27859258
https://doi.org/10.1101/cshperspect.a028191
https://doi.org/10.1101/cshperspect.a028191
http://www.ncbi.nlm.nih.gov/pubmed/27793968
https://doi.org/10.1038/nrm.2017.60
http://www.ncbi.nlm.nih.gov/pubmed/28698599
https://doi.org/10.1371/journal.pone.0222924

@ PLOS|ONE

NPHP and nucleoporin interactions at the primary cilium

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Garcia-Gonzalo FR, Reiter JF (2017) Open Sesame: How Transition Fibers and the Transition Zone
Control Ciliary Composition. Cold Spring Harb Perspect Biol 9: a028134. https://doi.org/10.1101/
cshperspect.a028134 PMID: 27770015

Jensen VL, Leroux MR (2017) Gates for soluble and membrane proteins, and two trafficking systems
(IFT and LIFT), establish a dynamic ciliary signaling compartment. Curr Opin Cell Biol 47: 83-91.
https://doi.org/10.1016/j.ceb.2017.03.012 PMID: 28432921

Goncalves J, Pelletier L (2017) The Ciliary Transition Zone: Finding the Pieces and Assembling the
Gate. Mol Cells 40: 243—-253. https://doi.org/10.14348/molcells.2017.0054 PMID: 28401750

Lu L, Madugula V (2018) Mechanisms of ciliary targeting: entering importins and Rabs. Cell Mol Life Sci
75: 597-606. https://doi.org/10.1007/s00018-017-2629-3 PMID: 28852774

Johnson CA, Malicki JJ (2019) The Nuclear Arsenal of Cilia. Dev Cell 49: 161-170. https://doi.org/10.
1016/j.devcel.2019.03.009 PMID: 31014478

McClure-Begley TD, Klymkowsky MW (2017) Nuclear roles for cilia-associated proteins. Cilia 6: 8.
https://doi.org/10.1186/s13630-017-0052-x PMID: 28560031

Floch AG, Palancade B, Doye V (2014) Fifty years of nuclear pores and nucleocytoplasmic transport
studies: multiple tools revealing complex rules. Methods Cell Biol 122: 1-40. https://doi.org/10.1016/
B978-0-12-417160-2.00001-1 PMID: 24857723

Gorlich D, Kutay U (1999) Transport between the cell nucleus and the cytoplasm. Annu Rev Cell Dev
Biol 15: 607-660. https://doi.org/10.1146/annurev.cellbio.15.1.607 PMID: 10611974

Schmidt HB, Gorlich D (2016) Transport Selectivity of Nuclear Pores, Phase Separation, and Membra-
neless Organelles. Trends Biochem Sci 41: 46—61. https://doi.org/10.1016/j.tibs.2015.11.001 PMID:
26705895

Breslow DK, Koslover EF, Seydel F, Spakowitz AJ, Nachury MV (2013) An in vitro assay for entry into
cilia reveals unique properties of the soluble diffusion barrier. J Cell Biol 203: 129-147. https://doi.org/
10.1083/jcb.201212024 PMID: 24100294

Endicott SJ, Brueckner M (2018) NUP98 Sets the Size-Exclusion Diffusion Limit through the Ciliary
Base. Curr Biol 28: 1643—1650. https://doi.org/10.1016/j.cub.2018.04.014 PMID: 29731308

Kee HL, Dishinger JF, Blasius TL, Liu CJ, Margolis B, Verhey KJ. (2012) A size-exclusion permeability
barrier and nucleoporins characterize a ciliary pore complex that regulates transport into cilia. Nat Cell
Biol 14:431-437. https://doi.org/10.1038/ncb2450 PMID: 22388888

Lin YC, Niewiadomski P, Lin B, Nakamura H, Phua SC, Jiao J, et al. (2013) Chemically inducible diffu-
sion trap at cilia reveals molecular sieve-like barrier. Nat Chem Biol 9: 437—443. https://doi.org/10.
1038/nchembio.1252 PMID: 23666116

Christie M, Chang CW, Rona G, Smith KM, Stewart AG, Takeda AA, et al. (2016) Structural Biology
and Regulation of Protein Import into the Nucleus. J Mol Biol 428: 2060—2090. https://doi.org/10.1016/j.
jmb.2015.10.023 PMID: 26523678

Matsuura Y (2016) Mechanistic Insights from Structural Analyses of Ran-GTPase-Driven Nuclear
Export of Proteins and RNAs. J Mol Biol 428: 2025-2039. https://doi.org/10.1016/j.jmb.2015.09.025
PMID: 26519791

Baade |, Kehlenbach RH (2018) The cargo spectrum of nuclear transport receptors. Curr Opin Cell Biol
58: 1-7. https://doi.org/10.1016/j.ceb.2018.11.004 PMID: 30530239

Dishinger JF, Kee HL, Jenkins PM, Fan S, Hurd TW, Hammond JW, et al. (2010) Ciliary entry of the
kinesin-2 motor KIF17 is regulated by importin-beta2 and RanGTP. Nat Cell Biol 12: 703-710. https:/
doi.org/10.1038/ncb2073 PMID: 20526328

Fan S, Whiteman EL, Hurd TW, Mclntyre JC, Dishinger JF, Liu CJ, et al. (2011) Induction of Ran GTP
drives ciliogenesis. Mol Biol Cell 22: 4539-4548. https://doi.org/10.1091/mbc.E11-03-0267 PMID:
21998203

Funabashi T, Katoh Y, Michisaka S, Terada M, Sugawa M, Nakayama K. (2017) Ciliary entry of KIF17
is dependent on its binding to the IFT-B complex via IFT46-IFT56 as well as on its nuclear localization
signal. Mol Biol Cell 28: 624—633. https://doi.org/10.1091/mbc.E16-09-0648 PMID: 28077622

HanY, Xiong Y, Shi X, Wu J, Zhao Y, Jiang J. (2017) Regulation of Gli ciliary localization and Hedgehog
signaling by the PY-NLS/karyopherin-beta2 nuclear import system. PLoS Biol 15: €2002063. https://
doi.org/10.1371/journal.pbio.2002063 PMID: 28777795

Hurd TW, Fan S, Margolis BL (2011) Localization of retinitis pigmentosa 2 to cilia is regulated by Impor-
tin beta2. J Cell Sci 124: 718-726. https://doi.org/10.1242/jcs.070839 PMID: 21285245

Madugula V, Lu L (2016) A ternary complex comprising transportin1, Rab8 and the ciliary targeting sig-
nal directs proteins to ciliary membranes. J Cell Sci 129: 3922-3934. https://doi.org/10.1242/jcs.
194019 PMID: 27633000

PLOS ONE | https://doi.org/10.1371/journal.pone.0222924  September 25, 2019 16/19


https://doi.org/10.1101/cshperspect.a028134
https://doi.org/10.1101/cshperspect.a028134
http://www.ncbi.nlm.nih.gov/pubmed/27770015
https://doi.org/10.1016/j.ceb.2017.03.012
http://www.ncbi.nlm.nih.gov/pubmed/28432921
https://doi.org/10.14348/molcells.2017.0054
http://www.ncbi.nlm.nih.gov/pubmed/28401750
https://doi.org/10.1007/s00018-017-2629-3
http://www.ncbi.nlm.nih.gov/pubmed/28852774
https://doi.org/10.1016/j.devcel.2019.03.009
https://doi.org/10.1016/j.devcel.2019.03.009
http://www.ncbi.nlm.nih.gov/pubmed/31014478
https://doi.org/10.1186/s13630-017-0052-x
http://www.ncbi.nlm.nih.gov/pubmed/28560031
https://doi.org/10.1016/B978-0-12-417160-2.00001-1
https://doi.org/10.1016/B978-0-12-417160-2.00001-1
http://www.ncbi.nlm.nih.gov/pubmed/24857723
https://doi.org/10.1146/annurev.cellbio.15.1.607
http://www.ncbi.nlm.nih.gov/pubmed/10611974
https://doi.org/10.1016/j.tibs.2015.11.001
http://www.ncbi.nlm.nih.gov/pubmed/26705895
https://doi.org/10.1083/jcb.201212024
https://doi.org/10.1083/jcb.201212024
http://www.ncbi.nlm.nih.gov/pubmed/24100294
https://doi.org/10.1016/j.cub.2018.04.014
http://www.ncbi.nlm.nih.gov/pubmed/29731308
https://doi.org/10.1038/ncb2450
http://www.ncbi.nlm.nih.gov/pubmed/22388888
https://doi.org/10.1038/nchembio.1252
https://doi.org/10.1038/nchembio.1252
http://www.ncbi.nlm.nih.gov/pubmed/23666116
https://doi.org/10.1016/j.jmb.2015.10.023
https://doi.org/10.1016/j.jmb.2015.10.023
http://www.ncbi.nlm.nih.gov/pubmed/26523678
https://doi.org/10.1016/j.jmb.2015.09.025
http://www.ncbi.nlm.nih.gov/pubmed/26519791
https://doi.org/10.1016/j.ceb.2018.11.004
http://www.ncbi.nlm.nih.gov/pubmed/30530239
https://doi.org/10.1038/ncb2073
https://doi.org/10.1038/ncb2073
http://www.ncbi.nlm.nih.gov/pubmed/20526328
https://doi.org/10.1091/mbc.E11-03-0267
http://www.ncbi.nlm.nih.gov/pubmed/21998203
https://doi.org/10.1091/mbc.E16-09-0648
http://www.ncbi.nlm.nih.gov/pubmed/28077622
https://doi.org/10.1371/journal.pbio.2002063
https://doi.org/10.1371/journal.pbio.2002063
http://www.ncbi.nlm.nih.gov/pubmed/28777795
https://doi.org/10.1242/jcs.070839
http://www.ncbi.nlm.nih.gov/pubmed/21285245
https://doi.org/10.1242/jcs.194019
https://doi.org/10.1242/jcs.194019
http://www.ncbi.nlm.nih.gov/pubmed/27633000
https://doi.org/10.1371/journal.pone.0222924

@ PLOS|ONE

NPHP and nucleoporin interactions at the primary cilium

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

Torrado B, Grana M, Badano JL, Irigoin F (2016) Ciliary Entry of the Hedgehog Transcriptional Activator
Gli2 Is Mediated by the Nuclear Import Machinery but Differs from Nuclear Transport in Being Imp-
alpha/betal-Independent. PLoS One 11: e0162033. https://doi.org/10.1371/journal.pone.0162033
PMID: 27579771

Hampoelz B, Andres-Pons A, Kastritis P, Beck M (2019) Structure and Assembly of the Nuclear Pore
Complex. Annu Rev Biophys 48: 515-536. hitps://doi.org/10.1146/annurev-biophys-052118-115308
PMID: 30943044

Lin DH, Hoelz A (2019) The Structure of the Nuclear Pore Complex (An Update). Annu Rev Biochem.

Del Viso F, Huang F, Myers J, Chalfant M, Zhang Y, Reza N, et al. (2016) Congenital Heart Disease
Genetics Uncovers Context-Dependent Organization and Function of Nucleoporins at Cilia. Dev Cell
38: 478-492. https://doi.org/10.1016/j.devcel.2016.08.002 PMID: 27593162

Endicott SJ, Basu B, Khokha M, Brueckner M (2015) The NIMA-like kinase Nek2 is a key switch balanc-
ing cilia biogenesis and resorption in the development of left-right asymmetry. Development 142:
4068-4079. https://doi.org/10.1242/dev.126953 PMID: 26493400

Takao D, Dishinger JF, Kee HL, Pinskey JM, Allen BL, Verhey KJ. (2014) An assay for clogging the cili-
ary pore complex distinguishes mechanisms of cytosolic and membrane protein entry. Curr Biol 24:
2288-2294. https://doi.org/10.1016/j.cub.2014.08.012 PMID: 25264252

Takao D, Wang L, Boss A, Verhey KJ (2017) Protein Interaction Analysis Provides a Map of the Spatial
and Temporal Organization of the Ciliary Gating Zone. Curr Biol 27: 2296-2306. https://doi.org/10.
1016/j.cub.2017.06.044 PMID: 28736169

Mollet G, Silbermann F, Delous M, Salomon R, Antignac C, Saunier S. (2005) Characterization of the
nephrocystin/nephrocystin-4 complex and subcellular localization of nephrocystin-4 to primary cilia and
centrosomes. Hum Mol Genet 14: 645-656. https://doi.org/10.1093/hmg/ddio61 PMID: 15661758

Gupta GD, Coyaud E, Goncalves J, Mojarad BA, Liu Y, Wu Q, et al. (2015) A Dynamic Protein Interac-
tion Landscape of the Human Centrosome-Cilium Interface. Cell 163: 1484—1499. https://doi.org/10.
1016/j.cell.2015.10.065 PMID: 26638075

Sang L, Miller JJ, Corbit KC, Giles RH, Brauer MJ, Otto EA, et al. (2011) Mapping the NPHP-JBTS-
MKS protein network reveals ciliopathy disease genes and pathways. Cell 145: 513-528. https://doi.
org/10.1016/j.cell.2011.04.019 PMID: 21565611

Fukui H, Shiba D, Asakawa K, Kawakami K, Yokoyama T (2012) The ciliary protein Nek8/Nphp9 acts
downstream of Inv/Nphp2 during pronephros morphogenesis and left-right establishment in zebrafish.
FEBS Lett 586: 2273-2279. https://doi.org/10.1016/j.febslet.2012.05.064 PMID: 22687244

Lin DH, Stuwe T, Schilbach S, Rundlet EJ, Perriches T, Mobbs G, et al. (2016) Architecture of the sym-
metric core of the nuclear pore. Science 352: aaf1015. https://doi.org/10.1126/science.aaf1015 PMID:
27081075

Apelt L, Knockenhauer KE, Leksa NC, Benlasfer N, Schwartz TU, Stelzl U. (2016) Systematic Protein-
Protein Interaction Analysis Reveals Intersubcomplex Contacts in the Nuclear Pore Complex. Mol Cell
Proteomics 15: 2594—2606. https://doi.org/10.1074/mcp.M115.054627 PMID: 27194810

Robinson MS, Sahlender DA, Foster SD (2010) Rapid inactivation of proteins by rapamycin-induced
rerouting to mitochondria. Dev Cell 18: 324-331. https://doi.org/10.1016/j.devcel.2009.12.015 PMID:
20159602

Robinson MS, Hirst J (2013) Rapid inactivation of proteins by knocksideways. Curr Protoc Cell Biol 61:
11-17.

Stavru F, Nautrup-Pedersen G, Cordes VC, Gorlich D (2006) Nuclear pore complex assembly and
maintenance in POM121- and gp210-deficient cells. J Cell Biol 173: 477-483. https://doi.org/10.1083/
jcb.200601002 PMID: 16702234

Schwartz M, Travesa A, Martell SW, Forbes DJ (2015) Analysis of the initiation of nuclear pore assem-
bly by ectopically targeting nucleoporins to chromatin. Nucleus 6: 40-54. https://doi.org/10.1080/
19491034.2015.1004260 PMID: 25602437

Kerppola TK (2008) Bimolecular fluorescence complementation (BiFC) analysis as a probe of protein
interactions in living cells. Annu Rev Biophys 37: 465-487. https://doi.org/10.1146/annurev.biophys.
37.032807.125842 PMID: 18573091

Pascual-Garcia P, Capelson M (2019) Nuclear pores in genome architecture and enhancer function.
Curr Opin Cell Biol 58: 126—138. https://doi.org/10.1016/j.ceb.2019.04.001 PMID: 31063899

Raices M, D’Angelo MA (2017) Nuclear pore complexes and regulation of gene expression. Curr Opin
Cell Biol 46: 26-32. https://doi.org/10.1016/j.ceb.2016.12.006 PMID: 28088069

Chatel G, Fahrenkrog B (2011) Nucleoporins: leaving the nuclear pore complex for a successful mitosis.
Cell Signal 23: 1555—-1562. https://doi.org/10.1016/j.cellsig.2011.05.023 PMID: 21683138

PLOS ONE | https://doi.org/10.1371/journal.pone.0222924  September 25, 2019 17/19


https://doi.org/10.1371/journal.pone.0162033
http://www.ncbi.nlm.nih.gov/pubmed/27579771
https://doi.org/10.1146/annurev-biophys-052118-115308
http://www.ncbi.nlm.nih.gov/pubmed/30943044
https://doi.org/10.1016/j.devcel.2016.08.002
http://www.ncbi.nlm.nih.gov/pubmed/27593162
https://doi.org/10.1242/dev.126953
http://www.ncbi.nlm.nih.gov/pubmed/26493400
https://doi.org/10.1016/j.cub.2014.08.012
http://www.ncbi.nlm.nih.gov/pubmed/25264252
https://doi.org/10.1016/j.cub.2017.06.044
https://doi.org/10.1016/j.cub.2017.06.044
http://www.ncbi.nlm.nih.gov/pubmed/28736169
https://doi.org/10.1093/hmg/ddi061
http://www.ncbi.nlm.nih.gov/pubmed/15661758
https://doi.org/10.1016/j.cell.2015.10.065
https://doi.org/10.1016/j.cell.2015.10.065
http://www.ncbi.nlm.nih.gov/pubmed/26638075
https://doi.org/10.1016/j.cell.2011.04.019
https://doi.org/10.1016/j.cell.2011.04.019
http://www.ncbi.nlm.nih.gov/pubmed/21565611
https://doi.org/10.1016/j.febslet.2012.05.064
http://www.ncbi.nlm.nih.gov/pubmed/22687244
https://doi.org/10.1126/science.aaf1015
http://www.ncbi.nlm.nih.gov/pubmed/27081075
https://doi.org/10.1074/mcp.M115.054627
http://www.ncbi.nlm.nih.gov/pubmed/27194810
https://doi.org/10.1016/j.devcel.2009.12.015
http://www.ncbi.nlm.nih.gov/pubmed/20159602
https://doi.org/10.1083/jcb.200601002
https://doi.org/10.1083/jcb.200601002
http://www.ncbi.nlm.nih.gov/pubmed/16702234
https://doi.org/10.1080/19491034.2015.1004260
https://doi.org/10.1080/19491034.2015.1004260
http://www.ncbi.nlm.nih.gov/pubmed/25602437
https://doi.org/10.1146/annurev.biophys.37.032807.125842
https://doi.org/10.1146/annurev.biophys.37.032807.125842
http://www.ncbi.nlm.nih.gov/pubmed/18573091
https://doi.org/10.1016/j.ceb.2019.04.001
http://www.ncbi.nlm.nih.gov/pubmed/31063899
https://doi.org/10.1016/j.ceb.2016.12.006
http://www.ncbi.nlm.nih.gov/pubmed/28088069
https://doi.org/10.1016/j.cellsig.2011.05.023
http://www.ncbi.nlm.nih.gov/pubmed/21683138
https://doi.org/10.1371/journal.pone.0222924

@ PLOS|ONE

NPHP and nucleoporin interactions at the primary cilium

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Nakano H, Wang W, Hashizume C, Funasaka T, Sato H, Wong RW. (2011) Unexpected role of nucleo-
porins in coordination of cell cycle progression. Cell Cycle 10: 425—433. https://doi.org/10.4161/cc.10.
3.14721 PMID: 21270521

Mossaid |, Fahrenkrog B (2015) Complex Commingling: Nucleoporins and the Spindle Assembly
Checkpoint. Cells 4: 706-725. https://doi.org/10.3390/cells4040706 PMID: 26540075

BorlidoJ, D’Angelo MA (2014) Nup62: a novel regulator of centrosome integrity and function. Cell Cycle
13: 14. https://doi.org/10.4161/cc.27299 PMID: 24270860

Ori A, Banterle N, Iskar M, Andres-Pons A, Escher C, Khanh Bui H, et al. (2013) Cell type-specific
nuclear pores: a case in point for context-dependent stoichiometry of molecular machines. Mol Syst Biol
9: 648. hitps://doi.org/10.1038/msb.2013.4 PMID: 23511206

Hayama R, Rout MP, Fernandez-Martinez J (2017) The nuclear pore complex core scaffold and perme-
ability barrier: variations of a common theme. Curr Opin Cell Biol 46: 110-118. https://doi.org/10.1016/
j.ceb.2017.05.003 PMID: 28624666

Liu HL, De Souza CP, Osmani AH, Osmani SA (2009) The three fungal transmembrane nuclear pore
complex proteins of Aspergillus nidulans are dispensable in the presence of an intact An-Nup84-120
complex. Mol Biol Cell 20: 616-630. https://doi.org/10.1091/mbc.E08-06-0628 PMID: 19019988

Kim SJ, Fernandez-Martinez J, Sampathkumar P, Martel A, Matsui T, Tsuruta H, et al. (2014) Integra-
tive structure-function mapping of the nucleoporin Nup133 suggests a conserved mechanism for mem-
brane anchoring of the nuclear pore complex. Mol Cell Proteomics 13: 2911-2926. https://doi.org/10.
1074/mcp.M114.040915 PMID: 25139911

Vollmer B, Schooley A, Sachdev R, Eisenhardt N, Schneider AM, Sieverding C, et al. (2012) Dimeriza-
tion and direct membrane interaction of Nup53 contribute to nuclear pore complex assembly. EMBO J
31:4072—-4084. https://doi.org/10.1038/emboj.2012.256 PMID: 22960634

Drin G, Casella JF, Gautier R, Boehmer T, Schwartz TU, Antonny B. (2007) A general amphipathic
alpha-helical motif for sensing membrane curvature. Nat Struct Mol Biol 14: 138—146. hitps://doi.org/
10.1038/nsmb1194 PMID: 17220896

Shiba D, Manning DK, Koga H, Beier DR, Yokoyama T (2010) Inv acts as a molecular anchor for Nphp3
and Neka in the proximal segment of primary cilia. Cytoskeleton 67: 112—119. https://doi.org/10.1002/
cm.20428 PMID: 20169535

Hoff S, Halbritter J, Epting D, Frank V, Nguyen TM, van Reeuwijk J, et al. (2013) ANKS6 is a central
component of a nephronophthisis module linking NEK8 to INVS and NPHP3. Nat Genet 45: 951-956.
https://doi.org/10.1038/ng.2681 PMID: 23793029

Czarnecki PG, Gabriel GC, Manning DK, Sergeev M, Lemke K, Klena NT, et al. (2015) ANKS6 is the
critical activator of NEK8 kinase in embryonic situs determination and organ patterning. Nat Commun
6: 6023. https://doi.org/10.1038/ncomms7023 PMID: 25599650

Nakajima 'Y, Kiyonari H, Mukumoto Y, Yokoyama T (2018) The Inv compartment of renal cilia is an intra-
ciliary signal-activating center to phosphorylate ANKS6. Kidney Int 93: 1108—1117. https://doi.org/10.
1016/j.kint.2017.11.016 PMID: 29395339

Otto EA, Schermer B, Obara T, O'Toole JF, Hiller KS, Mueller AM, et al. (2003) Mutations in INVS
encoding inversin cause nephronophthisis type 2, linking renal cystic disease to the function of primary
cilia and left-right axis determination. Nat Genet 34: 413-420. https://doi.org/10.1038/ng1217 PMID:
12872123

Wiegering A, Dildrop R, Kalfhues L, Spychala A, Kuschel S, Lier JM, et al. (2018) Cell type-specific reg-
ulation of ciliary transition zone assembly in vertebrates. EMBO J 37: €97791. https://doi.org/10.15252/
embj.201797791 PMID: 29650680

Shiba D, Yamaoka Y, Hagiwara H, Takamatsu T, Hamada H, Yokoyama T. (2009) Localization of Inv in
a distinctive intraciliary compartment requires the C-terminal ninein-homolog-containing region. J Cell
Sci 122: 44-54. https://doi.org/10.1242/jcs.037408 PMID: 19050042

Warburton-Pitt SR, Jauregui AR, Li C, Wang J, Leroux MR, Barr MM. (2012) Ciliogenesis in Caenorhab-
ditis elegans requires genetic interactions between ciliary middle segment localized NPHP-2 (inversin)
and transition zone-associated proteins. J Cell Sci 125: 2592—-26083. https://doi.org/10.1242/jcs.095539
PMID: 22393243

Watanabe D, Saijoh Y, Nonaka S, Sasaki G, [kawa Y, Yokoyama T, et al. (2003) The left-right determi-
nant Inversin is a component of node monocilia and other 9+0 cilia. Development 130: 1725—-1734.
https://doi.org/10.1242/dev.00407 PMID: 12642479

Tsuji T, Matsuo K, Nakahari T, Marunaka Y, Yokoyama T (2016) Structural basis of the Inv compart-
ment and ciliary abnormalities in Inv/nphp2 mutant mice. Cytoskeleton 73: 45-56. https://doi.org/10.
1002/cm.21264 PMID: 26615802

PLOS ONE | https://doi.org/10.1371/journal.pone.0222924  September 25, 2019 18/19


https://doi.org/10.4161/cc.10.3.14721
https://doi.org/10.4161/cc.10.3.14721
http://www.ncbi.nlm.nih.gov/pubmed/21270521
https://doi.org/10.3390/cells4040706
http://www.ncbi.nlm.nih.gov/pubmed/26540075
https://doi.org/10.4161/cc.27299
http://www.ncbi.nlm.nih.gov/pubmed/24270860
https://doi.org/10.1038/msb.2013.4
http://www.ncbi.nlm.nih.gov/pubmed/23511206
https://doi.org/10.1016/j.ceb.2017.05.003
https://doi.org/10.1016/j.ceb.2017.05.003
http://www.ncbi.nlm.nih.gov/pubmed/28624666
https://doi.org/10.1091/mbc.E08-06-0628
http://www.ncbi.nlm.nih.gov/pubmed/19019988
https://doi.org/10.1074/mcp.M114.040915
https://doi.org/10.1074/mcp.M114.040915
http://www.ncbi.nlm.nih.gov/pubmed/25139911
https://doi.org/10.1038/emboj.2012.256
http://www.ncbi.nlm.nih.gov/pubmed/22960634
https://doi.org/10.1038/nsmb1194
https://doi.org/10.1038/nsmb1194
http://www.ncbi.nlm.nih.gov/pubmed/17220896
https://doi.org/10.1002/cm.20428
https://doi.org/10.1002/cm.20428
http://www.ncbi.nlm.nih.gov/pubmed/20169535
https://doi.org/10.1038/ng.2681
http://www.ncbi.nlm.nih.gov/pubmed/23793029
https://doi.org/10.1038/ncomms7023
http://www.ncbi.nlm.nih.gov/pubmed/25599650
https://doi.org/10.1016/j.kint.2017.11.016
https://doi.org/10.1016/j.kint.2017.11.016
http://www.ncbi.nlm.nih.gov/pubmed/29395339
https://doi.org/10.1038/ng1217
http://www.ncbi.nlm.nih.gov/pubmed/12872123
https://doi.org/10.15252/embj.201797791
https://doi.org/10.15252/embj.201797791
http://www.ncbi.nlm.nih.gov/pubmed/29650680
https://doi.org/10.1242/jcs.037408
http://www.ncbi.nlm.nih.gov/pubmed/19050042
https://doi.org/10.1242/jcs.095539
http://www.ncbi.nlm.nih.gov/pubmed/22393243
https://doi.org/10.1242/dev.00407
http://www.ncbi.nlm.nih.gov/pubmed/12642479
https://doi.org/10.1002/cm.21264
https://doi.org/10.1002/cm.21264
http://www.ncbi.nlm.nih.gov/pubmed/26615802
https://doi.org/10.1371/journal.pone.0222924

@ PLOS|ONE

NPHP and nucleoporin interactions at the primary cilium

68.

69.

70.

71.

72.

73.

74.

75.

Warburton-Pitt SR, Silva M, Nguyen KC, Hall DH, Barr MM (2014) The nphp-2 and arl-13 genetic mod-
ules interact to regulate ciliogenesis and ciliary microtubule patterning in C. elegans. PLoS Genet 10:
€1004866. https://doi.org/10.1371/journal.pgen.1004866 PMID: 25501555

Morgan D, Eley L, Sayer J, Strachan T, Yates LM, Craighead AS, et al. (2002) Expression analyses and
interaction with the anaphase promoting complex protein Apc2 suggest a role for inversin in primary
cilia and involvement in the cell cycle. Hum Mol Genet 11: 3345-3350. https://doi.org/10.1093/hmg/11.
26.3345 PMID: 12471060

Hua K, Ferland RJ (2017) Fixation methods can differentially affect ciliary protein immunolabeling. Cilia
6: 5. https://doi.org/10.1186/s13630-017-0045-9 PMID: 28352462

Mansfeld J, Guttinger S, Hawryluk-Gara LA, Pante N, Mall M, Galy V, et al. (2006) The conserved trans-
membrane nucleoporin NDC1 is required for nuclear pore complex assembly in vertebrate cells. Mol
Cell 22: 93-103. https://doi.org/10.1016/j.molcel.2006.02.015 PMID: 16600873

D’Angelo MA, Gomez-Cavazos JS, Mei A, Lackner DH, Hetzer MW (2012) A change in nuclear pore
complex composition regulates cell differentiation. Dev Cell 22: 446—-458. https://doi.org/10.1016/].
devcel.2011.11.021 PMID: 22264802

Fakhro KA, Choi M, Ware SM, Belmont JW, Towbin JA, Lifton RP, et al. (2011) Rare copy number vari-
ations in congenital heart disease patients identify unique genes in left-right patterning. Proc Natl Acad
Sci U S A 108: 2915-2920. https://doi.org/10.1073/pnas.1019645108 PMID: 21282601

Horie C, Suzuki H, Sakaguchi M, Mihara K (2002) Characterization of signal that directs C-tail-anchored
proteins to mammalian mitochondrial outer membrane. Mol Biol Cell 13: 1615-1625. https://doi.org/10.
1091/mbc.01-12-0570 PMID: 12006657

Saka Y, Hagemann Al, Piepenburg O, Smith JC (2007) Nuclear accumulation of Smad complexes
occurs only after the midblastula transition in Xenopus. Development 134: 4209—-4218. https://doi.org/
10.1242/dev.010645 PMID: 17959720

PLOS ONE | https://doi.org/10.1371/journal.pone.0222924  September 25, 2019 19/19


https://doi.org/10.1371/journal.pgen.1004866
http://www.ncbi.nlm.nih.gov/pubmed/25501555
https://doi.org/10.1093/hmg/11.26.3345
https://doi.org/10.1093/hmg/11.26.3345
http://www.ncbi.nlm.nih.gov/pubmed/12471060
https://doi.org/10.1186/s13630-017-0045-9
http://www.ncbi.nlm.nih.gov/pubmed/28352462
https://doi.org/10.1016/j.molcel.2006.02.015
http://www.ncbi.nlm.nih.gov/pubmed/16600873
https://doi.org/10.1016/j.devcel.2011.11.021
https://doi.org/10.1016/j.devcel.2011.11.021
http://www.ncbi.nlm.nih.gov/pubmed/22264802
https://doi.org/10.1073/pnas.1019645108
http://www.ncbi.nlm.nih.gov/pubmed/21282601
https://doi.org/10.1091/mbc.01-12-0570
https://doi.org/10.1091/mbc.01-12-0570
http://www.ncbi.nlm.nih.gov/pubmed/12006657
https://doi.org/10.1242/dev.010645
https://doi.org/10.1242/dev.010645
http://www.ncbi.nlm.nih.gov/pubmed/17959720
https://doi.org/10.1371/journal.pone.0222924

