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Abstract The nuclear pore complex (NPC) mediates nucleocytoplasmic transport through the
nuclear envelope. How the NPC assembles into this double membrane boundary has remained
enigmatic. Here, we captured temporally staged assembly intermediates by correlating live cell
imaging with high-resolution electron tomography and super-resolution microscopy. Intermediates
were dome-shaped evaginations of the inner nuclear membrane (INM), that grew in diameter and
depth until they fused with the flat outer nuclear membrane. Live and super-resolved fluorescence
microscopy revealed the molecular maturation of the intermediates, which initially contained the
nuclear and cytoplasmic ring component Nup107, and only later the cytoplasmic filament
component Nup358. EM particle averaging showed that the evagination base was surrounded by
an 8-fold rotationally symmetric ring structure from the beginning and that a growing mushroom-
shaped density was continuously associated with the deforming membrane. Quantitative structural
analysis revealed that interphase NPC assembly proceeds by an asymmetric inside-out extrusion of
the INM.

DOI: 10.7554/eLife.19071.001

Introduction

The nuclear pore complex (NPC) is the largest non-polymeric protein complex in eukaryotic cells,
embedded in a double membrane called the nuclear envelope (NE), and mediates all macromolecu-
lar transport across the NE. The NPC has an octameric structure and is composed of multiple copies
of over 30 different proteins termed nucleoporins (Nups) (Grossman et al., 2012; Schwartz, 2013,
Strambio-De-Castillia et al., 2010). In metazoan cells NPCs are assembled in two cell-cycle stages,
during nuclear assembly post anaphase and during nuclear growth in interphase. Both assembly
pathways have distinct properties and are usually referred to as postmitotic and interphase NPC
assembly (Schooley et al., 2012; Wandke and Kutay, 2013). In postmitotic assembly, the double
nuclear membrane and the NPC channel assemble concomitantly onto chromatin, and postmitotic
formation of import competent nuclei with sealed nuclear membranes and functional NPCs is com-
pleted very rapidly within 15 min after anaphase onset (Dultz et al., 2008; Haraguchi et al., 2000;
Lu et al., 2011; Otsuka et al., 2014).

By contrast, interphase NPC assembly occurs only after the NE is fully sealed in late anaphase.
This second assembly mechanism proceeds throughout telo- and interphase resulting in a doubling
of the number of NPCs for the next division. In the context of the closed nucleus, NPCs must be
formed by an insertion into the NE that fuses the outer and inner nuclear membranes (ONM and
INM). Interphase assembly is much slower compared to postmitotic assembly and shows differences
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elLife digest The nucleus is the compartment within our cells that contains most of our genetic
material. It is separated from the rest of the cell by a boundary called the nuclear envelope, which
consists of two layers of membrane. All transport in and out of the nucleus has to pass through
channels in the envelope, formed by large protein assemblies called the nuclear pore complexes.
Each nuclear pore complex is composed of multiple copies of over 30 different proteins termed
nucleoporins and there are several hundred proteins per pore.

Before a cell divides in two, the nucleus has to grow and new nuclear pore complexes must be
assembled into the double membrane barrier of the nuclear envelope. The assembly process would
require the two nuclear membranes to fuse. However, exactly how nuclear pore complexes are
assembled has been controversially debated for over 15 years, because no one has directly
observed any of the intermediate stages during the assembly process.

Now, Otsuka et al. have captured images of the different steps involved in assembling a nuclear
pore complex in a human cell. This was achieved by observing living human cells in which the
nucleus was growing and then studying them using advanced techniques such as high-resolution
three-dimensional electron tomography and super-resolution microscopy. Otsuka et al. saw dome-
shaped bumps or protrusions in the inner nuclear membrane that grew wider and deeper until they
fused with the flat outer nuclear membrane. A ring of proteins surrounded the base of these
protrusions from the beginning, and the membrane was deformed by a mushroom-shaped
collection of proteins. Analysis of the molecules involved in these stages showed that assembly
intermediates initially contained nucleoporins that face into the nucleus, and only later were
nucleoporins that face into the rest of the cell added to the complex.

The discovery that nuclear pore complexes assemble via an inside-out mechanism in human cells
provides a new conceptual framework to interpret existing genetic and biochemical data. The
findings also provide a new approach to explore the assembly process in much more detail and ask
how nuclear pores first evolved.

DOI: 10.7554/eLife.19071.002

in the molecular requirements and the order of recruited components (D’Angelo et al., 2006;
Dultz and Ellenberg, 2010; Schellhaus et al., 2015). Several molecular requirements for interphase
assembly have been reported in different model systems. Studies using in vitro assembled nuclei
with Xenopus egg extracts have shown the requirement of RanGTP on both sides of the NE
(D’Angelo et al., 2006) and the import of Nup153 to recruit the Nup107-160 complex to the INM
(Vollmer et al., 2015). In mammalian cells, the membrane curvature-sensing domain of Nup133
(Doucet et al., 2010), the INM protein Sun1 (Talamas and Hetzer, 2011), and the targeting of the
transmembrane nucleoporin Pom121 to the INM (Funakoshi et al., 2011) have been reported to be
required. Although some of these studies as well as a study on the evolution of eukaryotic cells
(Baum and Baum, 2014) have suggested that interphase NPC assembly may initiate from the
nuclear side, how and by what membrane deformation and fusion process NPC assembly takes place
has remained enigmatic (Doucet and Hetzer, 2010; Rothballer and Kutay, 2013). Interestingly,
INM deformations have been observed in yeast mutants lacking several nucleoporins, membrane
proteins Apq12 and Brr6, and the AAA-ATPase VPS4 and, while sometimes interpreted as pleiotro-
pic consequences of transport defects, have also been suggested to be involved in nucleoporin qual-
ity control or NPC assembly (Chadrin et al., 2010; Hodge et al., 2010; Makio et al., 2009;
Meszaros et al., 2015; Murphy et al., 1996; Scarcelli et al., 2007, Webster et al., 2014;
Wente and Blobel, 1993). However, it has remained unclear how NPC assembly takes place in wild-
type cells and what the normal assembly intermediates might look like. Pioneering studies that used
in vitro assembled and inhibitor treated nuclei (Goldberg et al., 1997) could unfortunately not
establish the physiological nature of the partial NPC structures since they only examined the cyto-
plasmic side of the NE and were not able to analyze INM deformations.

Despite this significant amount of indirect evidence and several competing hypotheses for inter-
preting it regarding NPC assembly (Rothballer and Kutay, 2013), progress in the field has been
slow largely due to the experimental challenge of capturing the rare and sporadic interphase NPC
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assembly events and imaging them at single pore resolution in order to reliably distinguish newly-
assembling from already-formed NPCs (D’Angelo et al., 2006; Dultz and Ellenberg, 2010). To
overcome this challenge and study the mechanism of interphase assembly in whole cells more effec-
tively, we focused on the NPC-poor NE islands present in telophase nuclei that are populated with
NPCs during nuclear expansion in the G1 phase of the cell-cycle (Maeshima et al., 2006). These
islands result from the so called ‘core regions’ where nuclear membrane sealing is locally delayed in
mitosis due to removal of dense spindle microtubules from the DNA surface (Vietri et al., 2015) and
therefore largely devoid of postmitotic NPC assembly, resulting in a low NPC density in the mem-
brane of the core regions (Dechat et al., 2004; Haraguchi et al., 2000). Core regions therefore pro-
vide an almost 'virgin’ double membrane surface, where de novo interphase NPC assembly is easier
to observe. By systematically recording electron tomograms of core regions at different times of
nuclear growth, using correlation with live imaging to determine the precise cell-cycle stage of each
cell, we were indeed able to reliably capture intermediates of interphase NPC assembly. Three-
dimensional (3D) analysis of temporally ordered intermediates revealed that interphase NPC assem-
bly proceeds by an inside-out INM evagination followed by fusion with the flat ONM. Averaging the
structure of assembly intermediates at the same stage of membrane deformation showed that an
eightfold symmetric nuclear ring underneath the INM already surrounds the base of the earliest
detectable evaginations and that a mushroom-shaped density appears to drive the membrane defor-
mation until fusion with the ONM.

Results and discussion

Correlative electron tomography captures intermediates of interphase
NPC assembly

Deformation and fusion of the nuclear membranes that must be present during interphase NPC
assembly can only be reliably detected by high-resolution 3D electron microscopy (EM). To target
such EM observations, we established an assay that allowed us to estimate the position of the core
region in the NE of telophase and G1 nuclei at any time during nuclear expansion post anaphase. To
this end, we used 3D live confocal time-lapse imaging of the core marker Lap-20. tagged with YFP
(Dechat et al., 2004) together with the chromatin marker histone 2B tagged with mCherry (Fig-
ure 1—figure supplement 1A). 3D reconstruction of the core region surface in late anaphase
allowed us to calculate the core regions at later times in the cell-cycle by modeling it onto the overall
growth of the nuclear surface measured using histone 2B (Figure 1—figure supplement 1B-H).
With this assay in hand, we then systematically imaged live cells after exiting mitosis on EM compati-
ble sapphire disks with carbon coated landmarks (Figure 1A), and natively fixed them by rapid high
pressure freezing at defined times during G1 nuclear expansion. After cryo-substitution, we acquired
high-resolution electron tomograms from sections cut through the core regions. The single cell cor-
relation with live imaging allowed us to precisely determine the stage of nuclear expansion of each
cell sampled by electron tomography and therefore temporally register all our samples (Figure 1A,
Figure 1—figure supplement 2).

In the resulting 158 tomograms, we consistently found approximately 50 nm evaginations of the
INM (Figure 1B, Table 1, and Video 1) filled with electron dense material, that were clearly distinct
from the ~200 nm nuclear egress structures transporting ribonucleoproteins and viruses reported
recently (Mettenleiter et al., 2013; Speese et al., 2012). Inmuno-EM showed that the evaginations
were specifically enriched with at least one of the nucleoporins recognized by mAb414 (Nupé2,
Nup153, Nup214, and Nup358) (Figure 1C,D, and Figure 1—figure supplement 3A), suggesting
that they are pore assembly intermediates. Similar INM evaginations filled with electron dense mate-
rial were also found in cryo-electron tomograms of vitrified isolated NEs (Figure 1E), ruling out that
they are artifacts of dehydration, heavy metal staining or resin-embedding during cryo-substitution,
and demonstrating that they are stable membrane structures that persist even after in vitro isolation
of the NE (Bui et al., 2013; Ori et al., 2013). Indistinguishable evaginations of the INM were also
observed in U20S (human bone osteosarcoma epithelial) and NRK (normal rat kidney) cells (Fig-
ure 1—figure supplement 3B), ruling out that their occurrence is cell type, cancer or species
specific.
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Figure 1. Interphase assembly intermediates of nuclear pore complexes (NPCs). (A) Correlative live-cell imaging with electron microscopy (EM). Cell-
cycle progression of Hela cells was monitored by confocal microscopy and the same cell was subjected to electron tomography. Tomograms were
collected from different regions of the nuclear envelope (NE). Inferred non-core, inner-core and outer-core regions are indicated in light blue, light
green and dark green, respectively. C, cytoplasm; N, nucleoplasm. Scale bar, 1 um. (B) An electron tomographic slice of the NE. An assembly
intermediate and a mature pore are indicated by a red arrow and a blue arrowhead, respectively. Insets show enlarged images in which membranes are
traced by white dotted lines. ONM, outer nuclear membrane; INM, inner nuclear membrane. Scale bars, 100 nm. (C,D) Immuno-EM with mAb414
antibody and 10 nm-gold particles. (C) The profile of the NE and the positions of gold particles are denoted in the bottom panel. A mature pore and
an intermediate are indicated as in (B). Scale bar, 100 nm. (D) The number of gold particles per assembly intermediate (‘observed’) and the one
calculated assuming a random distribution of the particles ('if random’). 31 particles were found on 13 intermediates, whereas the random distribution
estimated 1.6 particles to be on 13 intermediates. The p-value (probability that the distribution is due to chance alone) <107'%; a chi-square goodness
of fit test. (E) Cryo-EM tomographic slices of isolated NEs of Hela cells. A mature pore and an intermediate are indicated as in (B). Other examples of
intermediates are also indicated. Scale bars, 100 nm.

DOI: 10.7554/eLife.19071.003

The following figure supplements are available for figure 1:

Figure supplement 1. Estimation of core regions.
Figure 1 continued on next page
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Figure 1 continued

DOI: 10.7554/eLife.19071.004

Figure supplement 2. Live-cell and EM images of cells analyzed by EM tomography.

DOI: 10.7554/eLife.19071.005

Figure supplement 3. Galleries of interphase NPC assembly intermediates.

DOI: 10.7554/eLife.19071.006

Assembly intermediates grow inside-out

To test if the evaginations displayed a progression of structural changes consistent with the forma-
tion of mature NPCs, we analyzed their membrane shape in cells captured at different time points
after the completion of postmitotic nuclear assembly. Quantitative analysis of 135 INM evagination
membrane profiles from a time course of cells captured at 19, 28, and 53 min post anaphase
revealed that evaginations progressively grow inside-out (Figure 2). Evagination depth increased
significantly from 16 to 22 nm within 9 min (19 to 28 min post anaphase; Figure 2C) and evagination
diameter continuously and significantly increased from 51 to 58 nm within 34 min (19 to 53 min post
anaphase; Figure 2D). Among the 279 total evaginations we found in 154 um? NE surface area
(Table 1), we capture only five ONM/INM fusion events (Figure 2), where the INM evagination had
reached the flat ONM surface. These fusion intermediates had an average evagination depth of 28
nm, similar to the ONM/INM distance and an average diameter of 61 nm, intermediate between late
evaginations and mature nuclear pores (Figure 2C,D), as expected for NPC assembly. The low num-
ber of fusion intermediates indicates that the fusion step must be very short-lived.

Abundance of intermediates matches increase in mature pores during
nuclear growth

If the assembly intermediates we observed mature into fully assembled NPCs, their abundance
should quantitatively explain the increased number of mature pores observed after nuclear expan-
sion. To address this, we quantified the changes in density of intermediates and mature pores over
time in EM tomograms of a time course of 12 cells correlatively fixed from 19 to 120 min post ana-
phase (Figure 3 and Figure 1—figure supplement 2, and Table 1). This data showed that assembly
intermediates are most abundant in core regions during the first hour, when this sealed membrane
area still has a low density of mature pores due to the lack of postmitotic assembly (Figure 3B). By

Table 1. Summary of EM tomography. A data table shows the surface area of the NE analyzed by EM tomography and the number of

mature pores, assembly intermediates, and the outer and inner nuclear membrane (ONM and INM) fusion events found in each cell at

a different time point after anaphase onset. The data obtained in non-core, inner- and outer-core regions are indicated separately. In
total, 154 pmz NE surface area was analyzed, and 279 intermediates and 1322 mature pores were found.

Time after anaphase onset (min) 19.2 24.4 28.4 36.3 42.0 532 610 656 73.6 829 100 116 >180 >180

Non-core Analyzed surface area (pmz) 529 404 506 399 517 554 404 372 306 373 332 317 403 2.80
Number of mature pores 82 45 48 42 62 51 53 33 33 39 33 31 45 31
Number of intermediates 2 4 6 3 5 8 3 3 2 1 5 5 4 1
Number of ONM/INM fusion

Inner-core  Analyzed surface area (p_mz) 577 506 416 474 675 433 361 457 407 353 461 346
Number of mature pores 24 16 3 18 30 16 34 27 27 39 53 32
Number of intermediates 21 13 12 8 35 12 1 3 4 3 2 3
Number of ONM/INM fusion 2 1

Outer-core  Analyzed surface area (pmz) 422 415 383 255 478 441 359 368 271 267 277 268
Number of mature pores 29 40 27 17 44 35 38 28 30 34 25 28
Number of intermediates 23 10 19 9 13 11 1 4 1 3 5 1
Number of ONM/INM fusion 2

DOI: 10.7554/eLife.19071.007
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contrast and as expected, non-core regions
already exhibited a high density of mature pores
that arose from postmitotic NPC assembly
(Figure 3B). Later than one hour post anaphase,
the ratio of assembly intermediates to mature
pores in the core regions had equilibrated to a
similar level as found in non-core regions or fully
grown nuclei (Figure 3A,B), indicating that a
period of frequent interphase pore assembly
events during the first hour of G1 nuclear expan-
sion populates the core regions of the NE with

Video 1. EM tomographic slices of the nuclear
envelope of a cell at 53 min post anaphase. One of the
mature pores and an assembly intermediate are

indicated by blue and red arrows, respectively. Scale NPCs until the steady state interphase density is
bar, 100 nm. reached.
DOI: 10.7554/eLife.19071.008 To test if the high abundance of assembly

intermediates in core regions quantitatively
explains the number of mature pores found in
the same region at later times, we formulated a
simple mathematical model for nuclear pore assembly. In this model, assembly intermediates are
produced, enter a maturation phase, become mature pores after a typical maturation time, and are
ultimately degraded (Figure 3—figure supplement 1A and Materials and methods). NPC produc-
tion and degradation rates were estimated from the measured steady state density of 11 NPCs/um?
(Figure 3B) and a reported NPC lifetime of ~40 hr in cells with a similar cell-cycle duration
(Rabut et al., 2004; Schwanhausser et al., 2011) and are in line with the rare and rapid pore disas-
sembly events that have been observed in mammalian cells (Dultz and Ellenberg, 2010). We mod-
eled different scenarios for the appearance of intermediates (Figure 3—figure supplement 1B,C).
Provided that intermediates start to be initiated shortly after anaphase onset the model fits the
experimental data of the core regions from 19-120 min post anaphase well (Figure 3C,D, and Fig-
ure 3—figure supplement 1D,E, Variant 2, 3), confirming that the abundance of assembly inter-
mediates we observed at the beginning of nuclear growth quantitatively explains the number of
mature NPCs observed one hour later. For the best model, where the majority of intermediates are
initiated 10 starting minutes after anaphase onset (Figure 3—figure supplement 1B,C, Variant 3)
we can estimate the typical maturation time for interphase assembly to be 44 min (95% confidence
interval [41-50]). Similar average maturation time was obtained for alternative models where matura-
tion steps are explicitly included (Figure 3—figure supplement 1F,G) or where the maturation time
has a broader distribution (Figure 3—figure supplement 1H,I), demonstrating the robustness of our
results. The obtained maturation time is in good agreement with previous reports based on fluores-
cence microscopy (~25 min, D’Angelo et al., 2006; ~60 min, Dultz and Ellenberg, 2010).

Abundance of inside-out evaginations accounts for NPC formation
throughout interphase
It is important to note that inside-out evaginations were present at lower density in non-core regions
(Figure 3B 'Non-core’) and that we found no significant difference in the increase in depth or diame-
ter of evaginations between non-core and core regions during G1 expansion (Figure 2E,F). This
rules out that inside-out assembly intermediates are specific to the core regions, or that core regions
are delayed in their maturation. In addition, identical evaginating structures were also found at low
density in fully grown nuclei sampled at later cell-cycle stages (Figure 3B 'Mature NE’) indicating
that the inside-out assembly mechanism is not specific to G1 but occurs throughout interphase.
Assuming the maturation time of 44 min, our model shows that the steady state abundance of
assembly intermediates we observed in non-core regions and interphase nuclei would be sufficient
to maintain the constant NPC density during nuclear growth in interphase that we observed
(Figure 3B "model”, and Figure 3—figure supplement 1, 2) consistent with previous reports
(Dultz and Ellenberg, 2010; Maeshima et al., 2010). Taken together these results suggest that the
assembly intermediates are present across the NE surface, and that the kinetics of NPC assembly
are similar across the nuclear surface and throughout interphase. Most importantly, the abundance
of intermediates can quantitatively explain both the increase in mature NPCs in the core regions
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Figure 2. Quantitative structural comparison of assembly intermediates. (A) Electron tomographic slices of assembly intermediates in cells captured at
53, 28, and 19 min after anaphase onset (AO) and ONM/INM fusion events. Profiles of ONM (gray) and INM (blue) in black and white boxes on EM
images are depicted in the right panels. For the fusion, ONM is also depicted in blue. The image marked with a white asterisk was acquired on a
differently embedded sample for enhancing membrane contrast (see Materials and methods). Scale bar, 100 nm. (B) Membrane profiles of all the fusion
events and intermediates at selected time points (53, 28, and 19 min). The bold lines indicate the averaged profiles. (C-F) Quantification of the
evagination depth of INM (C,E) and the diameter of intermediates (D,F) as indicated by red bidirectional arrows in the left panels. (C,D) The plots are
from 47, 44, and 39 intermediates at 19, 28, and 53 min, respectively, 5 ONM/INM fusions, and 45 mature pores. The ONM/INM distance was
quantified near mature pores (C). The median is depicted as a horizontal line and the whiskers show the 25th and 75th percentiles. *p<0.02, **p<0.001;
unpaired t-tests. (E,F) The depth and the diameter of intermediates in non-core, inner-core, and outer-core regions were indicated in light blue, light
green and dark green, respectively. The median is depicted as a horizontal line. No statistical difference of the intermediate shape was observed
between different regions of the NE at each time point (p>0.1; unpaired t-tests).

DOI: 10.7554/elife.19071.009

The following source data is available for figure 2:

Source data 1. Depth and diameter values used for Figure 2C-F.
DOI: 10.7554/eLife.19071.010
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Figure 3. Abundance of mature pores and assembly intermediates at different cell-cycle stages. (A) Measurement of nuclear pore density. Gray sheets
are the NEs segmented from EM tomograms. Blue and red dots indicate the positions of mature pores and intermediates, respectively. Inner-core
regions of cells at 19 and 100 min post anaphase are shown as examples. (B) Density of mature pores (dark blue) and intermediates (red) in non-core
and core (inner- plus outer-core) regions of cells at different times. Error bars represent the s.d. from 6, 6, and 2 cells at <1, 1-2, and >3 hr post
anaphase, respectively. **p<0.001; unpaired t-tests of the density difference of mature pores (blue) and intermediates (red) between core regions at <1
hr and the others. The modeled density of mature pores (light blue) and intermediates (light red) at >3 hr is also indicated (see Figure 3—figure
supplement 1 and Materials and methods for details). (C,D) Density of mature pores and intermediates in inner- (C) and outer-core (D) regions of cells
at different time points. 3-7 tomograms were obtained in each region at each time point (data are summarized in Table 1). Dashed lines indicate the
modeled density of mature pores and intermediates.

DOI: 10.7554/eLife.19071.011

The following source data and figure supplements are available for figure 3:

Source data 1. Density values used for Figure 3B-D.

DOI: 10.7554/eLife.19071.012

Figure supplement 2—Source data 1. Surface area values used for Figure 3— figure supplement 2C.
DOI: 10.7554/eLife.19071.013

Figure supplement 1. Modeling the density of nuclear pores.

DOI: 10.7554/elife.19071.014

Figure supplement 2. Nuclear surface area measurement for the modeling.

DOI: 10.7554/eLife.19071.015

during the rapid nuclear expansion in G1 as well as the homeostatic NPC assembly during nuclear
growth later during interphase.

Live imaging of the core region reveals progressive maturation of
intermediates

The high abundance of intermediates in the core region during the first hour of G1 (Figure 3C,D)
and their progressive increase in depth and diameter during this time (Figure 2) indicates that the
assembly process is relatively synchronous while the NPC-poor core region is populated to the same
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density as the rest of the nuclear surface (Figure 3B). We should therefore be able to observe the
maturation of assembly intermediates directly, by imaging nucleoporin accumulation in the NPC-
poor core region in real time. To test this, we performed fast 3D live confocal time-lapse imaging
and monitored the concentration of GFP-tagged nucleoporins in the core region during the first
hour of G1, the same time window we observed by correlative EM (Figure 4A). Since the intermedi-
ates in inner- and outer-core regions grow in a similar manner (Figure 2E,F) and show similar abun-
dance (Figure 3C,D), we measured only the inner-core region where the proportion of
intermediates to mature pores is much higher than in the outer-core region.

Since our EM analysis suggested an inside-out mechanism, we selected the nuclear and cyto-
plasmic ring component Nup107 (Belgareh et al., 2001) and the cytoplasmic filament component
Nup358 (Wu et al., 1995; Yokoyama et al., 1995) as candidate nucleoporins for genomic GFP-tag-
ging (Figure 4—figure supplement 1) and live imaging. As predicted, the accumulation kinetics dif-
fered substantially between core and non-core regions of the NE for both proteins (Figure 4B,C).
Since the non-core regions and inner-core regions contained 8% and 50% assembly intermediates in
early G1 respectively (Figure 3B,C), we used them to determine the postmitotic and interphase rates
of accumulation that explain the different accumulation kinetics of the core region for both Nups
resulting from the combined rates (Figure 4B,C, and Materials and methods). Kinetic comparison of
interphase accumulation of both Nups in the core region clearly revealed that Nup107, a component
of the nuclear and cytoplasmic ring, is recruited very early (t1» = 15 min, see Materials and methods
for details), while Nup358, a component of the cytoplasmic filaments, is recruited only after a signifi-
cant lag phase (t1,2 = 51 min) (Figure 4D). The kinetically distinct and continuously increasing accu-
mulation of two components of the NPC in the core region strongly support a maturation process of
assembly intermediates into full pores. In addition, the late recruitment of the cytoplasmic Nup358 is
consistent with an inside-out assembly mechanism on the molecular level.

Single pore assembly intermediates contain Nup107 but not Nup358
The kinetic analysis of bulk Nup accumulation across the inner-core region predicts that single NPC
intermediates in early G1 cells should contain Nup107 but not Nup358. To resolve single intermedi-
ates with bi-molecular labeling, we used live imaging to stage cells in G1 and then correlatively per-
formed two-color super-resolution imaging using stimulated emission depletion (STED) microscopy
with specific antibodies to detect Nup107 and Nup358 (Materials and methods). This analysis indeed
revealed many pore-sized discrete localizations of Nup107 in optical sections of the inner-core
region NE in early G1 cells, which did not have significant Nup358 labeling (Figure 5A,B ‘24 min,
inner-core’), while non-core regions in the same nucleus contained only double labeled localizations
with Nup358 appearing on top of the Nup107 labeling on the outside of the NE (Figure 5A,B
‘24 min, non-core’), indicative of mature pores. After G1 expansion, also the inner-core region had
almost only double-labeled structures (Figure 5A,B ‘108 min’), consistent with the maturation of
intermediates into mature pores. Quantification of the signal in segments along the NE profile
allowed us to estimate the frequency of intermediates by the ratio of Nup107/Nup358 (Figure 5C),
showing that they are specific to the core region and occur only transiently during the first hour of
G1. These results are fully consistent with the EM observations that interphase NPC assembly inter-
mediates populate the core region of NEs with an abundance that matches the number of mature
pores found in this region an hour later after nuclear expansion (Figure 3A,B), and suggest that
cytoplasmic nucleoporins such as Nup358 are only recruited at the end of the maturation process,
presumably after the growing INM evagination has fused with the ONM.

INM evaginations are surrounded by an 8-fold rotationally symmetric
nuclear ring and filled with a mushroom-shaped cap

Nup107 is a component of the eight-fold rotationally symmetric cytoplasmic and nuclear rings of the
NPC. Its early presence in assembly intermediates and their inside-out nature suggested that the
nucleoplasmic ring might be one of the first structural elements to form during NPC assembly. To
test this, we performed particle averaging of the electron densities of single INM evaginations iso-
lated from tomograms, staged by time during G1 and picked by similarity of their membrane profile
depth and diameter. Averaging of 11-36 intermediates revealed a ring structure composed of eight
regularly spaced subunits underneath the INM (Figure 6B and Figure é6—figure supplement 1),
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Figure 4. Live imaging of nuclear pore assembly in core regions. (A) Time-lapse three-dimensional (3D) imaging of GFP-Nup107 and GFP-Nup358
genome-edited cells. DNA was stained with silicon-rhodamine (SiR) Hoechst (Lukinavicius et al., 2015). Single confocal sections of SiR and GFP
channels are shown in the top and bottom panels, respectively. Segmented chromosomes (light blue) and inferred inner-core regions (green) are shown
in the middle panels. Time after anaphase onset is indicated. Scale bars, 20 um. (B,C) Quantification of Nup107 (left) and Nup358 (right) assembly in
Figure 4 continued on next page
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Figure 4 continued

inner-core (B) and non-core (C) regions. The population of postmitotic and interphase NPC assembly measured in Figure 3A-C is indicated in the left
panels. Total intensities of Nup107 (left) and Nup358 (right) were quantified, normalized, and fitted with a sequential model of NPC assembly that
allows for different rate constants for postmitotic and interphase assembly, respectively (Equations 16-18 in Materials and methods). Dots and shaded
areas represent the average and s.d. of measurements from 30 cells for Nup107 and 25 cells for Nup358, respectively. Black dashed and solid lines
indicate the postmitotic and interphase assembly kinetics and gray solid lines show the combined kinetics. (D) Normalized densities of interphase
Nup107 (brown) and Nup358 (orange) assembly. The density was measured by dividing the intensity obtained in (B) by the nuclear surface area.

DOI: 10.7554/eLife.19071.016

The following source data and figure supplement are available for figure 4:

Source data 1. Intensity values used for Figure 4B,C.

DOI: 10.7554/eLife.19071.017

Figure supplement 1. Characterization of genome-edited cell lines expressing GFP-Nup107 and GFP-Nup358.

DOI: 10.7554/eLife.19071.018

which was strikingly similar to the nuclear ring of the mature NPC (compare top views (ii) of the
mature pore and intermediates in Figure 6B) (Bui et al., 2013; Maimon et al., 2012). These eight-
fold symmetric rings were already present in the shallowest evaginations we could detect during
early G1 and could also be seen in individual tomograms (Figure 6A,B, and Figure 6—figure sup-
plement 1). Interestingly, side views of the averaged particles revealed a progressive growth also of
the mushroom-shaped protein density, whose cap closely matched the growing membrane evagina-
tion in depth and diameter and whose stalk was located centrally inside the nuclear ring and grew in
length as the cap moved towards the outer membrane (Figure 6B). The structure revealed by
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Figure 5. Stimulated emission depletion (STED) imaging of assembly intermediates. GFP-Nup107 genome-edited cells were stained with anti-GFP and
anti-Nup358 antibodies. (A) STED images of cells at 24 and 108 min after anaphase onset. Scale bar, 10 um. (B) Flattened and enlarged images of the
inferred non-core and inner-core regions indicated by white lines and arrows in (A). The intensity ratios of Nup107 to Nup358 were quantified in every
300 nm segments along the NE and are shown in cyan-black-pink heat maps in the bottom panels. Scale bars, 1 um. (C) The frequency of the segments
with the Nup107/Nup358 ratio of >2.0 in non-core and inner-core regions at different times. The data are from 14 cells at <1 hr, é cells at 1-2 hr, and 4
cells at >3 hr after anaphase onset. Error bars represent the s.d.. **p<0.001; unpaired t-tests of the frequency difference between the inner-core region
at < 1 hr and the others.

DOI: 10.7554/elife.19071.019

The following source data is available for figure 5:

Source data 1. Frequency values used for Figure 5C.
DOI: 10.7554/¢eLife.19071.020
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The following figure supplement is available for figure 6:

Figure supplement 1. Stabil
DOI: 10.7554/eLife.19071.022

ity of the subtomogram averaging.

particle averaging of assembly intermediates is thus consistent with the observation that Nup107 (a
component of the nuclear ring) assembles at an early stage and reveals a very interesting mushroom
shaped density that might be the driving force of the membrane evagination.

Taken together, we can conclude that the observed INM evaginations represent partially assem-
bled NPCs, which contain minimally the nuclear ring with Nup107 and at least one of the central or
nuclear O-glycosylated FG-repeat nucleoporins labeled by mAb414, Nup62 and/or Nup153, do not
contain Nup358, and are unlikely to contain the cytoplasmic filament base protein Nup214 due to
their inside out nature and the lack of Nup358.

Inside-out model of interphase NPC assembly

Our quantitative structural analysis of the membrane profiles and protein densities of a temporally
ordered series of NPC assembly intermediates allowed us to reveal a novel mechanism for NPC bio-
genesis in intact nuclei of interphase cells by an inside-out extrusion of the NE (Figure 6C). The first
clearly detectable NPC intermediate is a shallow INM evagination surrounded at its base by an 8-
fold rotationally symmetric nuclear ring complex, in whose center a dome-shaped density with a
short stalk is embedded into the INM evagination. Subsequently, this shallow dome matures into a
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curved mushroom cap, always in direct contact with the growing evagination of the INM and sup-
ported by an elongating stalk on the nucleoplasmic side located in the center of the nuclear ring.
We speculate that the mushroom-shaped density may use the membrane-attached nuclear ring to
determine the site of NPC formation. It is further tempting to speculate that the mushroom-shaped
density, potentially through connections to the nuclear ring, might generate the mechanical force
needed for INM deformation and eventual fusion with the ONM. Interestingly, the mushroom-
shaped structure is clearly distinct from the scaffold architecture of the mature NPC, indicating that
interphase assembly cannot be explained by a simple collection of NPC subcomplexes over time but
likely involves major structural rearrangements. Given that it had so far been unclear how interphase
NPC assembly occurs, this inside-out extrusion mechanism, demonstrated in situ in human cells, pro-
vides a new framework to interpret existing genetic (yeast) and biochemical (Xenopus) data and to
investigate the detailed molecular mechanism regulating the assembly process in the future.

Materials and methods

Cell culture

Wildtype Hela kyoto cell line was from Prof. Narumiya in Kyoto University (RRID: CVCL_1922), and
the genome was sequenced previously (Landry et al., 2013). Wildtype NRK (RRID:CVCL_3758) and
U20S (RRID:CVCL_0042) cell lines were purchased from ATCC (Wesel, Germany). HeLa and NRK
cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma Aldrich, St. Louis, MO)
supplemented with 10% fetal calf serum (FCS), 2 mM glutamine, 1 mM sodium pyruvate, and 100
pug/ml penicillin and streptomycin. U20S cells were grown in McCoy’s 5A Medium (Sigma Aldrich)
supplemented with 10% fetal calf serum (FCS), 1X non-essential amino acids solution (Gibco, Wal-
tham, MA), 5 mM glutamine, 1 mM sodium pyruvate, and 100 pg/ml penicillin and streptomycin. A
plasmid carrying Lap-20. fused with YFP (Dechat et al., 2004) was introduced into Hela cells with
the transfection reagent, Fugene6 (Promega, Madison, WI), according to the manufacturer’s proto-
col. A Hela cell line stably expressing histone H2b-mCherry (Neumann et al., 2010) was maintained
at 500 ng/ml puromycin (Invitrogen, Carlsbad, CA). The mycoplasma contamination was tested by
PCR every 2 or 3 months and was always negative. Cells were cultured on 2-well Lab-Tek Cham-
bered Coverglass (Thermo Fisher Scientific, Waltham, MA) for live-cell imaging. For correlative light-
electron microscopy, cells were grown on sapphire disks (0.05 mm thick, 3 mm diameter; Wohlwend
GmbH, Sennwald, Switzerland), which had been carbon-coated in order to relocate cells on electron
microscopy (EM) grids, and synchronized by double thymidine arrest (Harper, 2005).

Live-cell imaging

At least 30 min before imaging, the medium was replaced by imaging medium (IM; CO,-indepen-
dent medium without phenol red (Invitrogen) containing 20% FCS, 2 mM |-glutamine, and 100 pg/
ml penicillin and streptomycin). Imaging was performed at 37°C in a microscope-body-enclosing
incubator. Cells on carbon-coated sapphire disks were observed by confocal microscopy
(LSM510Meta or LSM780; Carl Zeiss, Oberkochen, Germany) using 10 x 0.3 NA Plan-Neofluar or 20
x 0.8 NA Plan-Apochromat objective (Carl Zeiss). The cell division process was monitored every 24 s
by time-lapse imaging. For three-dimensional (3D) time-lapse imaging, cells were observed by con-
focal microscopy (LSM780) using 63 x 1.4 NA Plan-Apochromat objective (Carl Zeiss). For Figure 1—
figure supplement 1, fluorescent chromatin and Lap-2a. were recorded under the following condi-
tions: 25 optical sections, section thickness of 2.0 um, z-stacks of every 1.0 um, the xy resolution of
0.13 um, and a time-lapse interval of 30 s. For Figure 3—figure supplement 2, fluorescent chroma-
tin was monitored under the following conditions: 40 optical sections, section thickness of 1.4 um,
z-stacks of every 0.7 um, the xy resolution of 0.13 um, and a time-lapse interval of 10 min. For Fig-
ure 4, DNA was stained with 0.2 uM silicon-rhodamine Hoechst (Lukinavicius et al., 2015), and the
nucleus and nucleoporins were monitored under the following conditions: 25 optical sections, sec-
tion thickness of 2.5 um, z-stacks of every 1.25 um, the xy resolution of 0.25 um, and a time-lapse
interval of 1 min. Fluorescence images were filtered with a median filter (kernel size: 0.25 x 0.25 um)
for presentation purposes.
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Segmentation of the nucleus and core regions

A 3D computational pipeline was developed in MATLAB (The MathWorks Inc., Natick, MA) that seg-
ments chromosomes and core regions from H2B-mCherry and Lap-20.-YFP channels, respectively
and extracts different parameters. Original stacks were interpolated along z axis to obtain isotropic
resolution and facilitate true 3D image analysis. A 3D Gaussian filter was applied to reduce the
effects of high frequency noise. To detect chromosome regions, H2B-mCherry and SiR-Hoechst
channels were binarized first using a multi-level thresholding method as described in Heriche et al.
(2014). Then, chromosome region of interest typically in metaphase in the first time point of the
sequence was detected by analyzing the volume and location information of the connected compo-
nents in the binary image. The detected chromosome was then tracked over the subsequent time
points of the sequence and both of the daughter chromosomes were tracked after the division. The
surface area of the chromosome was computed applying the method described in Legland et al.
(2007). For Lap-2a-YFP channel, a reference threshold was estimated by analyzing the intensity over
time. This reference threshold was then adapted with a second threshold obtained from individual
time points in order to segment the protein. The portion of the nuclear surface where Lap-2a local-
izes was marked to estimate the surface area of the core regions. Inner- and outer-core regions
within nuclei were determined by dividing each nucleus with a cutting plane. The cutting plane was
constructed from two vectors where the first one was directed towards the maximum elongation of
nucleus and the second one was orthogonal to the first vector and was directed towards the upward
z direction. These axes were determined by Eigen vector analysis on the pixel coordinates of the
detected nucleus. For the measurement of the Nup intensity on the NE, segmented nuclear volume
was dilated and eroded in 3D to define a nuclear membrane rim with 0.75 um width. The areas of
inner- and non-core regions were adjusted in individual time points based on the total surface area
of the nuclei. Visualization of the chromosome surface in 3D was done in the Amira software pack-
age (Pruggnaller et al., 2008).

Sample preparation for electron microscopy

Cells at different cell-cycle stages were instantly frozen using a high-pressure freezing machine (HPM
010; ABRA Fluid AG, Widnau, Switzerland). Just before freezing, cells were immersed in IM contain-
ing 20% Ficoll (PM400; Sigma Aldrich) for protecting cells from freezing damage. Freeze substitution
into Lowicryl HM20 resin (Polysciences Inc., Warrington, PA) was performed as described in a previ-
ous report (Kukulski et al., 2011), with the following modifications: Frozen cells were incubated with
0.1% uranyl acetate (UA) in acetone at -90°C for 20-24 hr and, after infiltration into Lowicryl resin
and UV-polymerization, samples were further polymerized by sunlight for 3-4 days. The cells were
also embedded in EPON resin (Serva, Heidelberg, Germany) for enhancing membrane contrast as
follows: Frozen cells were incubated with 1.0% osmium tetroxide (OsQ,), 0.1% UA, and 5% water in
acetone at —90°C for 20-24 hr. The temperature was raised to —30°C (5°C/hour), kept at —30°C for
3 hr, and raised to 0°C (5°C/hr). Samples were then washed with acetone, infiltrated with increasing
concentrations of EPON in acetone (25, 50 and 75%), embedded in 100% EPON and polymerized at
60°C for 2 days. Sections of 300 nm and 50 nm thickness were cut with a microtome (Ultracut UCT;
Leica, Wetzlar, Germany) and collected on copper—palladium slot grids (Science Services, Miinchen,
Germany) coated with 1% Formvar (Plano, Wetzlar, Germany).

Electron tomography

As fiducial markers, 15 nm of gold-conjugated Protein A (CMC university Medical Center Utrecht,
Utrecht, Netherlands) was absorbed on both sides of 300 nm sections. Sections were post-stained
with 2% UA and lead citrate. Single or dual axis tilt series were acquired with a TECNAI TF30 trans-
mission EM (TEM; 300 kV; FEI, Hillsboro, OR) equipped with a 2k x 2k Eagle camera (FEI) by using
the Serial EM software (Mastronarde, 2005). The samples were pre-irradiated by an electron beam
to minimize sample shrinkage during tilt series acquisition. Images were recorded over a —60° to 60°
tilt range with an angular increment 1° at a pixel size of typically 0.75 nm or 1.0 nm. Tomograms
were reconstructed using R-weighted backprojection method implemented in the IMOD software
package (version 4.5.6) (Kremer et al., 1996). Dual axis tilt series were aligned using gold fiducial
markers while single axis tilt series were aligned by patch tracking. It should be noted that tomo-
graphic resolution permits great advantages over classical approaches in which the thickness of a
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section is in the range of the diameter of a nuclear pore and it is thus not clear which parts of it are
within the section and into which exact direction they are projected into in the electron micrograph.
In contrast, 3D data permit a much more accurate mapping of orientation, membrane topology and
substructures for each individual NPC, which is essential to study rare intermediates.

Immuno-electron microscopy

Grids carrying 50 nm sections were pretreated with 0.1% Trition X-100 (Sigma Aldrich) in phosphate-
buffered saline (PBS) for 10 min and blocked with 1% BSA and 0.1% fish skin gelatin (Sigma Aldrich)
in PBS for 1 hr. Sections were then incubated with a primary antibody mAb414 (Covance, Princeton,
NJ; RRID:AB_10063490), which recognizes four nucleoporins (Nups 358, 214, 153, and 62), for 2 hr,
a rabbit anti-mouse secondary antibody (Cat. No. Z0259; Dako, Hamburg, Germany; RRID:AB_
2532147) for 1 hr, and 10 nm of gold-conjugated Protein A (CMC university Medical Center Utrecht)
for 30 min. The antibodies and Protein A beads were diluted in PBS with 0.2% BSA and the sections
were washed for five times with PBS containing 0.2% BSA between steps. After multiple washes with
PBS, sections were fixed in 2.5% glutaraldehyde in PBS for 20 min in order to immobilize the anti-
bodies and Protein A-gold beads on sections. After washing with water, sections were post-stained
with 2% UA and lead citrate for contrast enhancement. All steps were carried out at room tempera-
ture. Images were taken on a TEM (CM 120 Biotwin; Phillips, Hillsboro, OR). For specificity analysis
of immuno-EM labeling, the number of gold particles on assembly intermediates and ones nonspe-
cifically attached within 50 nm under the inner nuclear membrane was counted.

Cryo-electron tomography of isolated nuclear envelope

The nuclear envelope of Hela cells was isolated and cryo-fixed as described previously (Bui et al.,
2013; Ori et al., 2013). Tilt series of cryo-EM images were acquired using a Titan Krios TEM (FEI) at
a pixel size of 0.34 or 0.43 nm and tomograms were reconstructed using the IMOD software pack-
age as described in (Bui et al., 2013).

Membrane profile analysis and measurement of nuclear pore diameter
The outlines of outer and inner nuclear membrane (ONM and INM) were manually marked by click-
ing points within the tomographic volume in the IMOD software package. The sets of clicked points
were aligned to share an x-axis corresponding to INM and interpolated using a spline fit, and the
resulting coordinates were fitted locally using a second degree polynomial fit as described in
Kukulski et al. (2012). The maximum depth of the INM evagination was determined from these
two-dimensional profiles. For the ONM/INM distance, the median of the distance at 50 points
between 45 and 90 nm away from mature pores was measured. The alignment, the interpolation,
and the extraction of the parameter were done in MATLAB 7.4. The maximum diameter of assembly
intermediates and mature pores was measured manually from the top view images as illustrated in
Figure 2D. The mature pores used for the measurement were the ones found in cells at >3 hr post
anaphase. Unpaired t-tests with the assumption of equal variances were performed to compare two
groups.

Measurement of nuclear pore density

The number of mature pores and intermediates was counted manually in the tomograms. The
nuclear surface area was measured in each tomogram by manually tracing the NE using the IMOD
software package. The shrinkage of the specimen was corrected by comparing the diameter of
mature pores in EM tomograms of plastic resin with the one in cryo-EM tomograms. The shrinkage
was 22 + 2.7% (the average and standard deviation, N = 13 sections) and 15 + 2.8% (N = 11 sec-
tions) in Lowicryl and EPON resin, respectively. Since non-core and core regions are hard to distin-
guish in the matured NE after late G1, the pore density in cells >3 hr post anaphase was measured
in any regions of the NE. Kinetic modeling of nuclear pore density is described in Materials and
methods.

Kinetic modeling of nuclear pore densities
We modeled pore maturation using delay equations (Figure 3—figure supplement 1A). Assembly
intermediates are generated with a rate V(t) and enter maturation with a rate constant k. After a
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time interval Kj; an intermediate becomes fully matured to a NPC. We denote by 15 the time
required post anaphase to seal the NE and end the postmitotic assembly of the NPC. The simulation
time t is related to the time after anaphase onset t49 by t =140 — 15s. For the data shown in
Figure 3C,D we took 15 = 10 min by assuming a start of interphase assembly to be 10 min after ana-
phase onset when the NE is sealed (Dultz et al., 2008; Otsuka et al., 2014). We simulated the pro-
cess for 1y = 0-15min, and found that 15+ 1) differed by less than 1%. The number of
intermediates | and mature pores M is given by

d{T(;):V(t)koI(’) "
dA;Ilt(t) = kI (t —Tv) — kaM (1), ?

where k, is the degradation rate constant of mature pores. Consequently the number of intermedi-
ates in the process of maturation ,, is given by

dlL(1)
dt

:kMI(l‘) *kMI(l‘*‘CM). (3)

The total number of intermediates I is the quantity we can measure which is given by
Ir(6) = 1(t) + L. (2). (4)

Surface densities are computed from ir = Iy /A, m=M/A, where A is the nuclear surface area. The
overall maturation time is defined as

1
Ty =—+"1u ()
ky

We assume isotropic expansion of the nucleus where the surface area can be described by
A(tao) = ao+ a1 (1 — exp(—kg1ta0) ) + keatao (6)

We obtained ayp= 424 umz (95% confidence interval (Cl) [212-448]), a; = 161 umz (95% ClI
[81-185]), kg = 0.0722/min (95% CI [0.036-0.093]), k,» = 0.397/min (95% CI [0.199-0.405]) by fitting
Equation 6 to the data in Figure 3—figure supplement 2. We tested different intermediate produc-
tion variants (Figure 3—figure supplement 1B) as

VvA(t), Variant 1
V(t)= ¢ (viexp(—k,(t —t5)) +v)A(r), Variant 2 (7)
i(ts)A(t5)8(t — t;) + voA(r), Variant 3.

Variant 1 assumes a constant production rate density; Variant 2 assumes a time dependent pro-
duction that decreases with time to a basal rate vy; finally in Variant 3 the majority of pores are initi-
ated at ts. For Variant 3 the initial densities i(ts) and m(ts), are estimated for the inner- and outer-
core regions separately. The value of i(ts) is set to O for Variant 2. We take i, (ts) = 0. The system of
equations (Equations 1-6) is solved analytically to obtain the densities of intermediates and mature
pores. The production and degradation rates are estimated from this and previous studies. For the
mature pore degradation rate constant we take k; = 0.00042/min, which yields a pore life time of
~40 hr (Rabut et al., 2004; Schwanhausser et al., 2011). For Variant 2 and Variant 3 we take vy =
0.0015 intermediates/um?/min. This yields an NPC density in mature NEs (3-20 hr post anaphase) of
11.47 + 1.33 NPCs/um? (0.65 + be-4 intermediates/um?) for Variant 3 and 12.1 + 1.2 NPCs/um? (0.41
+ 1.36e-04 intermediates/umz) for Variant 2. Here the mean and standard deviation were estimated
from inner-core*0.68 + outer-core*0.32 since the ratio of the surface area between inner- and outer-
core regions is 0.68:0.32. The other model parameters are estimated by minimizing the sum of
squared residuals (MATLAB routine Isgnonlin)

F=—53(ir(6) = Di(5)) -+ (m(5) — D (1)), ®
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where D; and D,, are the measured densities of intermediate and mature pores (Figure 3C,D), n is
the number of data points, and o2 = 2.18 pores/um? is the mean standard deviation estimated from
all measurements. For Variant 1 we obtained ky, = 7.13/min (95% Cl [0.0379-7.5730]), © =
18.23 min (95% CI [0.725%-27.59]) and Ty, = 18.37 min (95% CI [16.12-27.69]), for Variant 2 ky, =
0.0996/min (95% Cl [0.0274-2.06)), ty; = 17.75 min (95% CI [0.725*-44.59)) and Ty, = 27.78 min
(95% CI [18.26-44.72)), for Variant 3 ky, = 1.357/min (95% CI [0.0408-20%]), 1), = 43.03 min (95% ClI
[18.78-49.86]) and Ty, = 43.76 (95% Cl [41.32-50]). For Variant 2 and 3 the model fit does not
change for very low values 1), or high values of ky, respectively. The asterisk indicates that the 95%
boundary of the distribution has not yet been reached at the given value. The profile-likelihood
method (Venzon and Moolgavkar, 1988) has been used to estimate the 95% confidence. In this

method the log-increase ¢(par) —n[log( (par) ) log(M)] of the mean squared distance F with

respect to the best fit par,,;, was computed by varying the parameter of interest and optimizing the
other parameters to the n data points. For [o(par)|<x3 s = 3.84 the parameter is within its 95% CI.
For Ty (Equation 5) the confidence interval is computed from the values of ky, and ty. The quality
of the fits (lower sum of squared residuals, Figure 3—figure supplement 1C) was slightly better for
Variant 3. Furthermore the obtained maturation time was more in agreement with previous reported
values (Dultz and Ellenberg, 2010). We thus investigate alternatives to the maturation mechanism
using Variant 3 only.
The model with a multi-step maturation process (Figure 3—figure supplement 1F) reads

dl

—=V(t) =kl 9
dt () M111 ( )
dl; .

d[ikM] 1)]1 l_kM1 iy fOI‘jZZ,...,N—] (10)
am

_d[ :kM(N—I)INfl —de (11)

N-1
The sum of all intermediates )" I;/Aand M/A are fitted to the intermediate and mature pore den-
Jj=1
sities, respectively. We modeled Variant 3 for the pore initiation. We found that there was no signifi-
cant difference in the quality of the fits when assuming equal transition rate constants. Consequently
the simulations shown are for ky; =ky. The maturation time defined as the characteristic time of
mature pore appearance reads
N-1
1 N—1

TM:Z—:( ). (12)
=1

We simulate different maturation times by allowing a maturation time distribution P(t), with finite
positive support as

di
% = V(1) — k(1) (13)
‘”dl( — oI (£) kM/P 11— 7)dx(14)
0
am i
dt(t) =ky / P(V)I(t —t)dt — kaM(2).(15)
0

The example shown in Figure 3—figure supplement 1H is for an uniform distribution of 1), +w,
where w is the half-width of the distribution.

Genome editing

For tagging Nup107 at the N-terminus with monomeric enhanced GFP (mEGFP), zinc finger nucle-
ases (ZFN) containing DNA binding sequences in the 5'-3' direction of TCAGTACTGATG and GC
TGAGCCCGAAGTC were purchased from Sigma Aldrich. The donor plasmid consists of mEGFP
cDNA sequence flanked by a left homology arm (ENSEMBL release 75, ENST00000229179,
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chromosome 12: 68686269-68687065) and a right homology arm (ENSEMBL release 75,
ENST00000229179, chromosome 12: 68687065-68687892). ZFN and the donor plasmid were trans-
fected into Hela cells as described in Mahen et al. (2014). For tagging Nup358 at the N-terminus
with mEGFP, CRISPR-Cas9 nickases were used. pX335-U6-Chimeric_BB-CBh-hSpCas9n(D10A) was a
gift from Feng Zhang (Addgene plasmid # 42335, Cambridge, MA), and gRNAs were designed
using the Feng Zhang Lab’s Target Finder (http://crispr.mit.edu/). The following gRNAs for Nup358
were cloned into pX335 (Cong et al., 2013): 5'CCTGAGCGCTGGTCTCACGCGCC3' and
5'GAGGCGCAGCAAGGCTGACGTGG3'. CRISPR-Cas? nickases and the donor plasmid were trans-
fected using jetPRIME reagent (Polyplus, New York, NY), according to the manufacture’s protocol.
7-10 days after transfection, cells were sorted with a MoFlo Legacy cell sorter (Beckman Coulter,
Brea, CA) as described in Mahen et al. (2014).

Junction PCR

Genomic DNA was prepared using ISOLATE Il Genomic DNA Kit (Bioline, Taunton, MA) according
to the supplier’'s manual. Junction PCR was performed at endogenous loci to detect the insertion of
mEGFP using separate sets of primers, one of which anneals inside mEGFP and the other one out-
side of the gene of interest. The primer sequences are as follows: Nup107 forward (5'ATTAA
TAAAAGGTATAAATGCCAGCAACAGS3’), Nup107 reverse (5'CACCTGGTCAACAACTACTTACTCC
T3'), NUP358 forward (5'GCATAAGACGGTGGTTCTGGAACCAATC3'), and NUP358 reverse
(5'AGCAAACTGACTCAAGATTCTGCGCA3'). Touchdown PCR was performed using HotStar HiFi-
delity (Qiagen, Hilden, Germany) according to the supplier’s protocol.

Western blot

Cells were lysed for 20 min on ice in lysis buffer (10% glycerol, 1 mM DTT, 0.15 mM EDTA, 0.5% Tri-
ton X-100, complete protease inhibitor cocktail and PhosSTOP (Roche, Basel, Switzerland)). Protein
concentration was quantitated using the Bio-Rad Protein Assay (Bio-Rad, Hercules, CA). 40 ug of
total protein was run onto NUPAGE®4-12% Bis-Tris Gels (Novex Life Technologies, Waltham, MA)
and transferred onto PVDF membrane using the Bio-Rad transfer system. After blocking with 5%
milk solution (nonfat milk powder in PBS + 0.1% Tween 20), the following primary antibodies were
used to label the proteins of interests: anti-Nup107 (ab178399, abcam, Cambridge, United King-
dom; RRID:AB_2620147), anti-RanBP2 (ab197044, abcam; RRID:AB_2620148), anti-tubulin (DM-1A,
Sigma; RRID:AB_521686) and anti-GFP (Cat. No. 11814460001, Roche; RRID:AB_390913). Subse-
quently horseradish peroxidase (HRP)-conjugated secondary antibodies (ECL anti-rabbit IgG HRP-
linked whole antibody NA%34V; RRID:AB_772206, or ECL anti-mouse IgG HRP-linked whole anti-
body NA931V; RRID:AB_772210, GE Healthcare, Little Chalfont, United Kingdom) were used to
detect the protein of interests with chemiluminescence reaction.

Kinetic analyses of Nup107 and Nup358 assembly

Average intensities of Nup358 and Nup107 in the inferred inner-core and non-core regions were
quantified. The total intensities were calculated by multiplying the average intensities by the nuclear
surface area. Methods for the segmentation of core regions is described in ‘Segmentation of the
nucleus and core regions’ section above. We formulated a sequential assembly model that describes
the recruitment of Nup107 and Nup358. Nup107 accumulates first with a rate constant k, and
Nup358 assembles later with a rate constant |. The number of NPC intermediates can be described

as
AN}
= —kN} 16
dt 0 (16)
dNY '
dtl =kNy—IN{, wherex=pm,ip (17)
AN
—2 =N}, 18
7 15 (18)

where ijﬁ‘:;" denote the number of NPCs that assemble through the interphase (ip) or postmitotic
(pm) pathway without Nup107 nor Nup358 (N2” and N), with Nup107 only (V" and N”), or both
Nup107 and Nup358 (N;" and N¥). The rate constants for postmitotic and interphase recruitment of
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Nup107 and Nup358 are given by kyn, and ki, and I, and [, respectively. The degradation and
interphase production rates are small (Rabut et al., 2004, Dultz and Ellenberg, 2010;
Schwanhausser et al., 2011) and can be neglected in the time frame of 2 hr post anaphase (see
also ‘kinetic modeling of nuclear pore densities’ above). The total number of NPCs containing
Nup107 and Nup358 are then given by

Trp1o7 = [(N" + N3 )fom + (NY +N5) (1= fym)] (19)
TNup358 = [Ngm pm +N;P(1 _f}zm)} (20)

where f,, is the fraction of postmitotic NPC. In the non-core region f,,, = 0.92, whereas in the inner-
core region f,,, = 0.5 (Figure 3). Since the nuclear membrane is not yet sealed before 10 min post
anaphase (Dultz et al., 2008; Otsuka et al., 2014), we take for initial condition Né"(t =10 min) =1,
and O for t < 10 min. For the postmitotic assembly we take N}"(t = 4 min) = 1, and O for t < 4 min.
The four kinetic rate constants kpm, kip, lom and [, are estimated by simultaneously fitting the total
Nup107 and Nup358 intensities in non-core and inner-core regions from 4 min up to 125 min post
anaphase (Figure 4). To match the experimental data normalization we also normalize the simula-
tions. The normalization coefficients range from 1-1.1. The normalized pore densities are obtained
by multiplying the normalized total number of pores by the nuclear surface area and subsequently
dividing it by the maximal area. We obtained kg, = 0.355/min (95% CI [0.333-0378]), I, = 0.0437/
min (95% CI [0.0425-0.0449)), ki, = 0.0374/min (95% CI [0.0335-0.0417]), and [;, = 0.0276/min (95%
Cl [0.0209-0.0354]). Confidence intervals are obtained as explained in 'kinetic modeling of nuclear
pore densities’ above.

Stimulated emission depletion (STED) microscopy

After release from thymidine block, the division process of GFP-Nup107 genome-edited cells were
monitored every 30 s by confocal microscopy (LSM780; Carl Zeiss) using 10 x 0.3 NA Plan-Neofluar
objective (Carl Zeiss). Cells were then fixed with paraformaldehyde and immunostained as described
in the previous report (Szymborska et al., 2013), with rabbit anti-Nup358 (Cat. No. HPA018437,
The Human Protein Atlas; RRID:AB_2620151) and mouse anti-GFP (Cat. No. 11814460001, Roche;
RRID:AB_390913) antibodies, and Abberior STAR RED-conjugated anti-rabbit IgG (Cat. No. 2-0012-
011-9, Abberior GmbH, Goéttingen, Germany; RRID:AB_2620152) and Abberior STAR 580-conju-
gated anti-mouse IgG (Cat. No. 2-0002-005-1, Abberior GmbH; RRID:AB_2620153). Cells were
mounted in Vectashield containing 4',6-diamidino-2-phenylindole (DAPI) (Cat. No. H-1500, Vector
Laboratories Inc., Burlingame, CA). Super-resolution imaging was performed on a Leica SP8 3X
STED microscope, equipped with 775 nm pulsed wave depletion and white light pulsed lasers, Leica
HCX 100 x 1.4 NA Plan Apochromat objective, and time-gated hybrid detectors (Leica HyD). Excita-
tion wavelength was adjusted to 580 and 633 nm, and bandpass filters were set to 585—630 and
650—702 nm, and the two channels were recorded pseudo-simultaneously by line switching. The
fluorescent nuclei stained with DAPI were also recorded afterwards. The images were taken with a
final optical pixel size of 20 nm, z-stacks of every 200 nm, and the optical section thickness of 550
nm. Images were filtered with a Gaussian filter (kernel size: 0.5 x 0.5 pixel) for presentation
purposes.

Quantification of STED data

Lines with the width of 400 nm were drawn along the edge of the DAPI-stained nuclei. Non-core
and core regions were inferred as described in Figure 1—figure supplement 1B-G. The NEs on the
lines were flattened and fluorescence intensity was quantified after binning of 15 pixels (correspond
to 300 nm width) along the lines. The intensity difference between two channels was normalized
using the images in non-core regions, and the intensity ratio of Nup107 to Nup358 was measured.
All analyses were done in ImageJ (http://rsbweb.nih.gov/ij/).

Particle averaging of mature pores and pore intermediates

Assembly intermediates which have similar membrane profiles were selected at each time point and
subjected to subtomogram averaging. The averaging was done on nuclear pores in freeze-substi-
tuted and plastic-embedded cells using the previously described averaging method (Beck et al.,
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2004). Briefly, the subtomograms, which contain mature pores and intermediates, were extracted
from the tomograms. The extracted subtomograms were aligned using iterative missing wedge
compensation alignment procedure. Afterwards, the aligned subtomograms were averaged and
visualized. The mature pores used for the averaging are the ones found in cells at >3 hr post ana-
phase. The overall structural similarity of the averaged nuclear pores to the respective cryo struc-
tures (Figure 1E) indicates a good structure preservation in freeze-substituted and plastic-
embedded cells.

Sample size determination and statistical analysis

For correlative light and electron microscopy, we first obtained one tomogram in each non-, inner-
and outer-core region in 4 different cells at 19, 28, 53, and 116 min after anaphase onset as pilot
experiments. We then increased the number of dataset and eventually took 158 tomograms in 14
different cells. The exact value of the analyzed surface area and the number of nuclear pores found
are listed in Table 1. We picked up all the NE evaginations which were visible in the EM tomograms
and did not perform any selection. Statistical analyses of the pore structure and density were per-
formed only after all the data were taken. For immuno-EM, time-lapse 3D imaging, and STED
microscopy, the data were from two independent experiments and the statistical analysis was carried
out after all the data were obtained. Statistical analysis methods, sample sizes (N) and P values (P)
for each experiment are indicated in figure legends.

Acknowledgements

We thank the European Molecular Biology Laboratory Electron Microscopy Core Facility (especially
R Mellwig and C Funaya) and Advanced Light Microscopy Facility (especially M Lampe and S Ter-
jung); B Klaus for help with the statistical analysis; M Kueblbeck for help with generating genome-
edited cells; S Mosalaganti for help with subtomogram averaging; the members of the Ellenberg
group and the Beck group for advice and discussion. The work was supported by: the European
Molecular Biology Laboratory and the EMBL Interdisciplinary Postdoc Programme under Marie Curie
Actions COFUND (SO), funding from the German Research Council to JE (DFG EL 246/3-2 within
the priority program SPP1175), and funding from the European Research Council to MB (309271-
NPCAtlas). SO was additionally supported by a JSPS fellowship (postdoctoral fellowship for research
abroad). KHB was supported by postdoctoral fellowships from the Swiss National Science Founda-
tion, the European Molecular Biology Organization and Marie Curie Actions.

Additional information

Funding

Funder Grant reference number  Author

European Commission Marie Curie Actions Shotaro Otsuka
COFUND

Japan Society for the Promo-  Postdoctoral Fellowship for Shotaro Otsuka

tion of Science Research Abroad

Schweizerischer Nationalfonds Khanh Huy Bui

zur Férderung der Wis-
senschaftlichen Forschung

European Molecular Biology Khanh Huy Bui
Organization

European Commission Marie Curie Actions Khanh Huy Bui
European Research Council 309271-NPCAtlas Martin Beck
Deutsche Forschungsge- SPP1175 EL 246/3-2 Jan Ellenberg
meinschaft

The funders had no role in study design, data collection and interpretation, or the decision to
submit the work for publication.

Otsuka et al. eLife 2016;5:e19071. DOI: 10.7554/eLife.19071 20 of 23


http://dx.doi.org/10.7554/eLife.19071

LI FE Research article

Author contributions

SO, Designed the project, Performed all the experiments and analyses except for cryo-EM tomogra-
phy, segmentation of fluorescence images, kinetic modeling, and generation of genome-edited cell
lines, Wrote the paper; KHB, Performed cryo-EM tomography and assisted with subtomogram aver-
aging, Analysis and interpretation of data; MS, Contributed to the computational quantitative analy-
sis of EM images; MJH, Carried out the segmentation of fluorescence images, Analysis and
interpretation of data; AZP, Contributed to kinetic modeling, Analysis and interpretation of data;
BK, Generated genome-edited cell lines; ME, Helped with the optimization of EM experiments,
Analysis and interpretation of data; MB, Designed the project, Supervised the work, Analysis and
interpretation of data, Drafting or revising the article; JE, Designed the project, Supervised the
work, Wrote the paper, Analysis and interpretation of data

Author ORCIDs

Shotaro Otsuka, () http://orcid.org/0000-0003-3976-0843
M Julius Hossain, [ http://orcid.org/0000-0003-3303-5755
Jan Ellenberg, [ http://orcid.org/0000-0001-5909-701X

References:

Baum DA, Baum B. 2014. An inside-out origin for the eukaryotic cell. BMC Biology 12:76. doi: 10.1186/s12915-
014-0076-2

Beck M, Forster F, Ecke M, Plitzko JM, Melchior F, Gerisch G, Baumeister W, Medalia O. 2004. Nuclear pore
complex structure and dynamics revealed by cryoelectron tomography. Science 306:1387-1390. doi: 10.1126/
science.1104808

Belgareh N, Rabut G, Bai SW, van Overbeek M, Beaudouin J, Daigle N, Zatsepina OV, Pasteau F, Labas V,
Fromont-Racine M, Ellenberg J, Doye V. 2001. An evolutionarily conserved NPC subcomplex, which
redistributes in part to kinetochores in mammalian cells. The Journal of Cell Biology 154:1147-1160. doi: 10.
1083/jcb.200101081

Bui KH, von Appen A, DiGuilio AL, Ori A, Sparks L, Mackmull MT, Bock T, Hagen W, Andrés-Pons A, Glavy JS,
Beck M. 2013. Integrated structural analysis of the human nuclear pore complex scaffold. Cell 155:1233-1243.
doi: 10.1016/j.cell.2013.10.055

Chadrin A, Hess B, San Roman M, Gatti X, Lombard B, Loew D, Barral Y, Palancade B, Doye V. 2010. Pom33, a
novel transmembrane nucleoporin required for proper nuclear pore complex distribution. The Journal of Cell
Biology 189:795-811. doi: 10.1083/jcb.200910043

Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, Hsu PD, Wu X, Jiang W, Marraffini LA, Zhang F. 2013.
Multiplex genome engineering using CRISPR/Cas systems. Science 339:819-823. doi: 10.1126/science.1231143

D’Angelo MA, Anderson DJ, Richard E, Hetzer MW. 2006. Nuclear pores form de novo from both sides of the
nuclear envelope. Science 312:440-443. doi: 10.1126/science. 1124196

Dechat T, Gajewski A, Korbei B, Gerlich D, Daigle N, Haraguchi T, Furukawa K, Ellenberg J, Foisner R. 2004.
LAP2alpha and BAF transiently localize to telomeres and specific regions on chromatin during nuclear
assembly. Journal of Cell Science 117:6117-6128. doi: 10.1242/jcs.01529

Doucet CM, Hetzer MW. 2010. Nuclear pore biogenesis into an intact nuclear envelope. Chromosoma 119:469-
477. doi: 10.1007/s00412-010-0289-2

Doucet CM, Talamas JA, Hetzer MW. 2010. Cell cycle-dependent differences in nuclear pore complex assembly
in metazoa. Cell 141:1030-1041. doi: 10.1016/].cell.2010.04.036

Dultz E, Ellenberg J. 2010. Live imaging of single nuclear pores reveals unique assembly kinetics and mechanism
in interphase. The Journal of Cell Biology 191:15-22. doi: 10.1083/jcb.201007076

Dultz E, Zanin E, Wurzenberger C, Braun M, Rabut G, Sironi L, Ellenberg J. 2008. Systematic kinetic analysis of
mitotic dis- and reassembly of the nuclear pore in living cells. The Journal of Cell Biology 180:857-865. doi: 10.
1083/jcb.200707026

Funakoshi T, Clever M, Watanabe A, Imamoto N. 2011. Localization of Pom121 to the inner nuclear membrane is
required for an early step of interphase nuclear pore complex assembly. Molecular Biology of the Cell 22:1058-
1069. doi: 10.1091/mbc.E10-07-0641

Goldberg MW, Wiese C, Allen TD, Wilson KL. 1997. Dimples, pores, star-rings, and thin rings on growing nuclear
envelopes: evidence for structural intermediates in nuclear pore complex assembly. Journal of Cell Science
110 :409-420.

Grossman E, Medalia O, Zwerger M. 2012. Functional architecture of the nuclear pore complex. Annual Review
of Biophysics 41:557-584. doi: 10.1146/annurev-biophys-050511-102328

Haraguchi T, Koujin T, Hayakawa T, Kaneda T, Tsutsumi C, Imamoto N, Akazawa C, Sukegawa J, Yoneda Y,
Hiraoka Y. 2000. Live fluorescence imaging reveals early recruitment of emerin, LBR, RanBP2, and Nup153 to
reforming functional nuclear envelopes. Journal of Cell Science 113:779-794.

Harper JV. 2005. Synchronization of cell populations in G1/S and G2/M phases of the cell cycle. Methods in
Molecular Biology 296:157-166.

Otsuka et al. eLife 2016;5:e19071. DOI: 10.7554/eLife.19071 21 of 23


http://orcid.org/0000-0003-3976-0843
http://orcid.org/0000-0003-3303-5755
http://orcid.org/0000-0001-5909-701X
http://dx.doi.org/10.1186/s12915-014-0076-2
http://dx.doi.org/10.1186/s12915-014-0076-2
http://dx.doi.org/10.1126/science.1104808
http://dx.doi.org/10.1126/science.1104808
http://dx.doi.org/10.1083/jcb.200101081
http://dx.doi.org/10.1083/jcb.200101081
http://dx.doi.org/10.1016/j.cell.2013.10.055
http://dx.doi.org/10.1083/jcb.200910043
http://dx.doi.org/10.1126/science.1231143
http://dx.doi.org/10.1126/science.1124196
http://dx.doi.org/10.1242/jcs.01529
http://dx.doi.org/10.1007/s00412-010-0289-2
http://dx.doi.org/10.1016/j.cell.2010.04.036
http://dx.doi.org/10.1083/jcb.201007076
http://dx.doi.org/10.1083/jcb.200707026
http://dx.doi.org/10.1083/jcb.200707026
http://dx.doi.org/10.1091/mbc.E10-07-0641
http://dx.doi.org/10.1146/annurev-biophys-050511-102328
http://dx.doi.org/10.7554/eLife.19071

LI FE Research article

Hodge CA, Choudhary V, Wolyniak MJ, Scarcelli JJ, Schneiter R, Cole CN. 2010. Integral membrane proteins
Brr6 and Apq12 link assembly of the nuclear pore complex to lipid homeostasis in the endoplasmic reticulum.
Journal of Cell Science 123:141-151. doi: 10.1242/jcs.055046

Hériché JK, Lees JG, Morilla |, Walter T, Petrova B, Roberti MJ, Hossain MJ, Adler P, Fernandez JM, Krallinger
M, Haering CH, Vilo J, Valencia A, Ranea JA, Orengo C, Ellenberg J. 2014. Integration of biological data by
kernels on graph nodes allows prediction of new genes involved in mitotic chromosome condensation.
Molecular Biology of the Cell 25:2522-2536. doi: 10.1091/mbc.E13-04-0221

Kremer JR, Mastronarde DN, Mclntosh JR. 1996. Computer visualization of three-dimensional image data using
IMOD. Journal of Structural Biology 116:71-76. doi: 10.1006/jsbi.1996.0013

Kukulski W, Schorb M, Kaksonen M, Briggs JA. 2012. Plasma membrane reshaping during endocytosis is
revealed by time-resolved electron tomography. Cell 150:508-520. doi: 10.1016/j.cell.2012.05.046

Kukulski W, Schorb M, Welsch S, Picco A, Kaksonen M, Briggs JA. 2011. Correlated fluorescence and 3D
electron microscopy with high sensitivity and spatial precision. The Journal of Cell Biology 192:111-119. doi:
10.1083/jcb.201009037

Landry JJM, Pyl PT, Rausch T, Zichner T, Tekkedil MM, Stutz AM, Jauch A, Aiyar RS, Pau G, Delhomme N,
Gagneur J, Korbel JO, Huber W, Steinmetz LM. 2013. The Genomic and Transcriptomic Landscape of a HelLa
Cell Line. G3&#58; Genes|Genomes|Genetics 3:1213-1224. doi: 10.1534/93.113.005777

Legland D, Kiéu K, Devaux MF. 2007. Computation of Minkowski measures of 2D and 3D binary images. Image
Analysis & Stereology 26:83-92. doi: 10.5566/ias.v26.p83-92

Lu L, Ladinsky MS, Kirchhausen T. 2011. Formation of the postmitotic nuclear envelope from extended ER
cisternae precedes nuclear pore assembly. The Journal of Cell Biology 194:425-440. doi: 10.1083/jcb.
201012063

Lukinavicius G, Blaukopf C, Pershagen E, Schena A, Reymond L, Derivery E, Gonzalez-Gaitan M, D’Este E, Hell
SW, Gerlich DW, Johnsson K. 2015. SiR-Hoechst is a far-red DNA stain for live-cell nanoscopy. Nature
Communications 6:8497. doi: 10.1038/ncomms?497

Maeshima K, lino H, Hihara S, Funakoshi T, Watanabe A, Nishimura M, Nakatomi R, Yahata K, Imamoto F,
Hashikawa T, Yokota H, Imamoto N. 2010. Nuclear pore formation but not nuclear growth is governed by
cyclin-dependent kinases (Cdks) during interphase. Nature Structural & Molecular Biology 17:1065-1071. doi:
10.1038/nsmb.1878

Maeshima K, Yahata K, Sasaki Y, Nakatomi R, Tachibana T, Hashikawa T, Imamoto F, Imamoto N. 2006. Cell-
cycle-dependent dynamics of nuclear pores: pore-free islands and lamins. Journal of Cell Science 119:4442—
4451. doi: 10.1242/jcs.03207

Mahen R, Koch B, Wachsmuth M, Politi AZ, Perez-Gonzalez A, Mergenthaler J, Cai Y, Ellenberg J. 2014.
Comparative assessment of fluorescent transgene methods for quantitative imaging in human cells. Molecular
Biology of the Cell 25:3610-3618. doi: 10.1091/mbc.E14-06-1091

Maimon T, Elad N, Dahan |, Medalia O. 2012. The human nuclear pore complex as revealed by cryo-electron
tomography. Structure 20:998-1006. doi: 10.1016/j.str.2012.03.025

Makio T, Stanton LH, Lin CC, Goldfarb DS, Weis K, Wozniak RW. 2009. The nucleoporins Nup170p and Nup157p
are essential for nuclear pore complex assembly. The Journal of Cell Biology 185:459-473. doi: 10.1083/jcb.
200810029

Mastronarde DN. 2005. Automated electron microscope tomography using robust prediction of specimen
movements. Journal of Structural Biology 152:36-51. doi: 10.1016/].jsb.2005.07.007

Mettenleiter TC, Mller F, Granzow H, Klupp BG. 2013. The way out: what we know and do not know about
herpesvirus nuclear egress. Cellular Microbiology 15:170-178. doi: 10.1111/cmi.12044

Murphy R, Watkins JL, Wente SR. 1996. GLE2, a Saccharomyces cerevisiae homologue of the
Schizosaccharomyces pombe export factor RAE1, is required for nuclear pore complex structure and function.
Molecular Biology of the Cell 7:1921-1937. doi: 10.1091/mbc.7.12.1921

Mészaros N, Cibulka J, Mendiburo MJ, Romanauska A, Schneider M, Kéhler A. 2015. Nuclear pore basket
proteins are tethered to the nuclear envelope and can regulate membrane curvature. Developmental Cell 33:
285-298. doi: 10.1016/j.devcel.2015.02.017

Neumann B, Walter T, Hériché JK, Bulkescher J, Erfle H, Conrad C, Rogers P, Poser |, Held M, Liebel U, Cetin C,
Sieckmann F, Pau G, Kabbe R, Wiinsche A, Satagopam V, Schmitz MH, Chapuis C, Gerlich DW, Schneider R,
et al. 2010. Phenotypic profiling of the human genome by time-lapse microscopy reveals cell division genes.
Nature 464:721-727. doi: 10.1038/nature08869

Ori A, Banterle N, Iskar M, Andrés-Pons A, Escher C, Khanh Bui H, Sparks L, Solis-Mezarino V, Rinner O, Bork P,
Lemke EA, Beck M, Bui KH. 2013. Cell type-specific nuclear pores: a case in point for context-dependent
stoichiometry of molecular machines. Molecular Systems Biology 9:648. doi: 10.1038/msb.2013.4

Otsuka S, Szymborska A, Ellenberg J. 2014. Imaging the assembly, structure, and function of the nuclear pore
inside cells. Methods in Cell Biology 122:219-238. doi: 10.1016/B978-0-12-417160-2.00010-2

Pruggnaller S, Mayr M, Frangakis AS. 2008. A visualization and segmentation toolbox for electron microscopy.
Journal of Structural Biology 164:161-165. doi: 10.1016/j.jsb.2008.05.003

Rabut G, Doye V, Ellenberg J. 2004. Mapping the dynamic organization of the nuclear pore complex inside
single living cells. Nature Cell Biology 6:1114-1121. doi: 10.1038/ncb1184

Rothballer A, Kutay U. 2013. Poring over pores: nuclear pore complex insertion into the nuclear envelope.
Trends in Biochemical Sciences 38:292-301. doi: 10.1016/j.tibs.2013.04.001

Otsuka et al. eLife 2016;5:e19071. DOI: 10.7554/eLife.19071 22 of 23


http://dx.doi.org/10.1242/jcs.055046
http://dx.doi.org/10.1091/mbc.E13-04-0221
http://dx.doi.org/10.1006/jsbi.1996.0013
http://dx.doi.org/10.1016/j.cell.2012.05.046
http://dx.doi.org/10.1083/jcb.201009037
http://dx.doi.org/10.1083/jcb.201009037
http://dx.doi.org/10.1534/g3.113.005777
http://dx.doi.org/10.5566/ias.v26.p83-92
http://dx.doi.org/10.1083/jcb.201012063
http://dx.doi.org/10.1083/jcb.201012063
http://dx.doi.org/10.1038/ncomms9497
http://dx.doi.org/10.1038/nsmb.1878
http://dx.doi.org/10.1038/nsmb.1878
http://dx.doi.org/10.1242/jcs.03207
http://dx.doi.org/10.1091/mbc.E14-06-1091
http://dx.doi.org/10.1016/j.str.2012.03.025
http://dx.doi.org/10.1083/jcb.200810029
http://dx.doi.org/10.1083/jcb.200810029
http://dx.doi.org/10.1016/j.jsb.2005.07.007
http://dx.doi.org/10.1111/cmi.12044
http://dx.doi.org/10.1091/mbc.7.12.1921
http://dx.doi.org/10.1016/j.devcel.2015.02.017
http://dx.doi.org/10.1038/nature08869
http://dx.doi.org/10.1038/msb.2013.4
http://dx.doi.org/10.1016/B978-0-12-417160-2.00010-2
http://dx.doi.org/10.1016/j.jsb.2008.05.003
http://dx.doi.org/10.1038/ncb1184
http://dx.doi.org/10.1016/j.tibs.2013.04.001
http://dx.doi.org/10.7554/eLife.19071

LI FE Research article

Scarcelli JJ, Hodge CA, Cole CN. 2007. The yeast integral membrane protein Apq12 potentially links membrane
dynamics to assembly of nuclear pore complexes. The Journal of Cell Biology 178:799-812. doi: 10.1083/jcb.
200702120

Schellhaus AK, De Magistris P, Antonin W. 2016. Nuclear Reformation at the End of Mitosis. Journal of
Molecular Biology 428:1962-1985. doi: 10.1016/].jmb.2015.09.016

Schooley A, Vollmer B, Antonin W. 2012. Building a nuclear envelope at the end of mitosis: coordinating
membrane reorganization, nuclear pore complex assembly, and chromatin de-condensation. Chromosoma 121:
539-554. doi: 10.1007/s00412-012-0388-3

Schwanhausser B, Busse D, Li N, Dittmar G, Schuchhardt J, Wolf J, Chen W, Selbach M, Li N DG. 2011. Global
quantification of mammalian gene expression control. Nature 473:337-342. doi: 10.1038/nature 10098

Schwartz T. 2013. Functional insights from studies on the structure of the nuclear pore and coat protein
complexes. Cold Spring Harbor Perspectives in Biology 5:a013375. doi: 10.1101/cshperspect.a013375

Speese SD, Ashley J, Jokhi V, Nunnari J, Barria R, Li Y, Ataman B, Koon A, Chang YT, Li Q, Moore MJ, Budnik V,
Li Y AB, Li Q MMJ. 2012. Nuclear envelope budding enables large ribonucleoprotein particle export during
synaptic Wnt signaling. Cell 149:832-846. doi: 10.1016/j.cell.2012.03.032

Strambio-De-Castillia C, Niepel M, Rout MP. 2010. The nuclear pore complex: bridging nuclear transport and
gene regulation. Nature Reviews Molecular Cell Biology 11:490-501. doi: 10.1038/nrm2928

Szymborska A, de Marco A, Daigle N, Cordes VC, Briggs JA, Ellenberg J. 2013. Nuclear pore scaffold structure
analyzed by super-resolution microscopy and particle averaging. Science 341:655-658. doi: 10.1126/science.
1240672

Talamas JA, Hetzer MW. 2011. POM121 and Sun1 play a role in early steps of interphase NPC assembly. The
Journal of Cell Biology 194:27-37. doi: 10.1083/jcb.201012154

Venzon DJ, Moolgavkar SH. 1988. A Method for Computing Profile-Likelihood-Based Confidence Intervals.
Applied Statistics 37:87-94. doi: 10.2307/2347496

Vietri M, Schink KO, Campsteijn C, Wegner CS, Schultz SW, Christ L, Thoresen SB, Brech A, Raiborg C,
Stenmark H. 2015. Spastin and ESCRT-III coordinate mitotic spindle disassembly and nuclear envelope sealing.
Nature 522:231-235. doi: 10.1038/nature 14408

Vollmer B, Lorenz M, Moreno-Andrés D, Bodenhéfer M, De Magistris P, Astrinidis SA, Schooley A, Fldtenmeyer
M, Leptihn S, Antonin W. 2015. Nup153 Recruits the Nup107-160 Complex to the Inner Nuclear Membrane for
Interphasic Nuclear Pore Complex Assembly. Developmental Cell 33:717-728. doi: 10.1016/j.devcel.2015.04.
027

Wandke C, Kutay U. 2013. Enclosing chromatin: reassembly of the nucleus after open mitosis. Cell 152:1222—
1225. doi: 10.1016/j.cell.2013.02.046

Webster BM, Colombi P, Jager J, Lusk CP. 2014. Surveillance of nuclear pore complex assembly by ESCRT-III/
Vps4. Cell 159:388-401. doi: 10.1016/j.cell.2014.09.012

Wente SR, Blobel G. 1993. A temperature-sensitive NUP116 null mutant forms a nuclear envelope seal over the
yeast nuclear pore complex thereby blocking nucleocytoplasmic traffic. The Journal of Cell Biology 123:275-
284. doi: 10.1083/jcb.123.2.275

Wu J, Matunis MJ, Kraemer D, Blobel G, Coutavas E. 1995. Nup358, a cytoplasmically exposed nucleoporin with
peptide repeats, Ran-GTP binding sites, zinc fingers, a cyclophilin A homologous domain, and a leucine-rich
region. Journal of Biological Chemistry 270:14209-14213. doi: 10.1074/jbc.270.23.14209

Yokoyama N, Hayashi N, Seki T, Panté N, Ohba T, Nishii K, Kuma K, Hayashida T, Miyata T, Aebi U, Fukui M,
Nishimoto T. 1995. A giant nucleopore protein that binds Ran/TC4. Nature 376:184-188. doi: 10.1038/
376184a0

Otsuka et al. eLife 2016;5:e19071. DOI: 10.7554/eLife.19071 23 of 23


http://dx.doi.org/10.1083/jcb.200702120
http://dx.doi.org/10.1083/jcb.200702120
http://dx.doi.org/10.1016/j.jmb.2015.09.016
http://dx.doi.org/10.1007/s00412-012-0388-3
http://dx.doi.org/10.1038/nature10098
http://dx.doi.org/10.1101/cshperspect.a013375
http://dx.doi.org/10.1016/j.cell.2012.03.032
http://dx.doi.org/10.1038/nrm2928
http://dx.doi.org/10.1126/science.1240672
http://dx.doi.org/10.1126/science.1240672
http://dx.doi.org/10.1083/jcb.201012154
http://dx.doi.org/10.2307/2347496
http://dx.doi.org/10.1038/nature14408
http://dx.doi.org/10.1016/j.devcel.2015.04.027
http://dx.doi.org/10.1016/j.devcel.2015.04.027
http://dx.doi.org/10.1016/j.cell.2013.02.046
http://dx.doi.org/10.1016/j.cell.2014.09.012
http://dx.doi.org/10.1083/jcb.123.2.275
http://dx.doi.org/10.1074/jbc.270.23.14209
http://dx.doi.org/10.1038/376184a0
http://dx.doi.org/10.1038/376184a0
http://dx.doi.org/10.7554/eLife.19071

