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Abstract

Nuclear pore complexes (NPCs) constitute giant channels within the nuclear envelope that
mediate nucleocytoplasmic exchange. NPC diameter is thought to be regulated by nuclear
envelope tension, but how such diameter changes are physiologically linked to cell
differentiation, where mechanical properties of nuclei are remodeled and nuclear
mechanosensing occurs, remains unstudied. Here we used cryo-electron tomography to show
that NPCs dilate during differentiation of mouse embryonic stem cells into neural progenitors.
In Nup133-deficient cells, which are known to display impaired neural differentiation, NPCs
however fail to dilate. By analyzing the architectures of individual NPCs with template
matching, we revealed that the Nupl33-deficient NPCs are structurally heterogeneous and
frequently disintegrate, resulting in the formation of large nuclear envelope openings. We
propose that the elasticity of the NPC scaffold mechanically safeguards the nuclear envelope.
Our studies provide a molecular explanation for how genetic perturbation of scaffolding

components of macromolecular complexes causes tissue-specific phenotypes.
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Introduction

The nucleus is the eukaryotic organelle that stores genetic material, and its secure maintenance
is essential for cell survival. The nucleus is surrounded by the nuclear envelope, consisting of
two lipid bilayers, the outer and inner membranes. Nuclear pore complexes (NPCs) are
embedded in the nuclear envelope and regulate nucleocytoplasmic exchange. Structurally, the
NPC has an 8-fold symmetric, cylindrical architecture, which can be subdivided into three rings
stacked along the central axis: two outer rings, cytoplasmic ring (CR) and nuclear ring (NR), at
the respective side of the nuclear envelope, and the inner ring (IR) at the fusion point of the
outer and inner nuclear membranes.!? Each ring is composed of specific sub-complexes that
are formed by multiple protein components called nucleoporins (Nups). In mammalian NPCs,
the Y-complex (or Nup107-160 complex)*~ oligomerizes into two tandem rings® and forms the
scaffold of the CR and NR.”!° This ring formation is mediated by a head-to-tail contact between

Nup133 at the tail of one Y-complex and Nup160 of the adjacent Y-complex.”!!

Despite the
structural importance of the Y-complex for the overall NPC architecture, mutations in Y-
complex Nups are known to affect the development and function only of specific tissues, such

12-14

as kidney, ovary,!> or brain.!¢-!® Moreover, certain Y-complex Nups, including Nup133, are

dispensable in mouse embryonic stem cells,!22

while their absence severely affects cell
differentiation.!®>!-23 Such tissue and cell type-specific phenotypes caused by genetic defects
in scaffolding Nups of central structural importance are difficult to conceive because they
cannot be explained by global NPC misassembly or malfunction. Thus far, NPC architectures

under genetic perturbation of scaffold Nups have not been well-studied, and the mechanisms

underlying such tissue and cell type-specific defects remained unclear.

NPCs are known to be conformationally dynamic within cells. For instance, NPCs in

Schizosaccharomyces pombe reversibly constrict under hyper-osmotic stress, where nuclear
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shrinkage occurs and nuclear envelope ruffling is observed.?* Similarly, human NPCs have a
larger diameter in situ®>>~>" as compared to isolated nuclear envelopes,” where mechanical forces
are alleviated. Thus, it has been proposed that nuclear envelope membrane tension regulates
NPC diameter.?* Intriguingly, this NPC diameter change is suggested to be relevant to nuclear
mechanosensing. The nucleus is physically linked to the cytoskeleton network,”® and
mechanical forces sensed by the cytoskeletal filaments at the cell periphery are transmitted to
the nucleus and impose mechanical stress.??-3! This in turn triggers nuclear mechanosensing
responses, such as nuclear import of the transcription factor YAP.3? Nuclear mechanosensing
broadly alters nucleocytoplasmic transport capacity,>® which is thought to be mediated by

increased NPC permeability due to their tension-induced deformation.3%33

Nuclear mechanosensing is involved in multiple biological processes, such as cell
differentiation and development. In particular, cell differentiation is known to depend on the
mechanosensing of the matrix stiffness.>* Moreover, cell differentiation also involves

remodeling of nuclear properties, including nuclear stiffening?>-3¢

and cytoskeleton-mediated
nuclear shaping.®” These previous findings highlight the importance of nuclear mechanosensing
during cell differentiation, and indicate that the mechanical load on the nuclear envelope

increases during differentiation. Thus, it is conceivable that NPC architecture is also affected

during this process, but this possibility has not been examined to date.

To address if there is a link between the NPC diameter change, cell differentiation, and
perturbation of the NPC scaffold architecture, we used cryo-electron tomography and
structurally analyzed NPC architecture during embryonic stem cell differentiation in wild-type
and Nupl33-deficient cell lines. Specifically, we hypothesized that the NPC scaffold

conformationally responds to the changing mechanical environment of the nuclear envelope
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during differentiation, and that such a response may be impaired when the NPC scaffold
architecture is perturbed. We thus compared the architectures of the NPC between these two

cell lines and between the pluripotent and differentiated neural progenitor states.
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92 Results
93  Nuclear pores dilate during early neuronal differentiation

94  To investigate possible changes in NPC architecture during cell differentiation, mouse
95  embryonic stem cells (mES) were differentiated into neural progenitor cells as previously
96  described (Fig. S1A-C).*® Consistent with previous reports, most of neural progenitor cells
97  expressed the respective marker Pax6 (Fig. S1D), indicating successful differentiation. To
98  improve the morphological consistency of vitrified samples, mES cells were synchronized to
99  early S-phase, where the nuclear size and DNA content are more homogeneous. Clusters of
100 cells were dissociated by trypsinization, pipetted onto EM grids, plunge-frozen and subjected
101 to specimen thinning by cryo-focused ion beam (cryo-FIB) milling (Fig. S1E-J). We acquired
102 260 and 176 cryo-electron tomograms of the wild-type mES and neural progenitor cells,
103 respectively, and structurally analyzed their NPCs by subtomogram averaging (STA) (Table S1,
104  see methods for detail).
105
106  The subtomogram averages of the NPC from wild-type mES cells were resolved to ~30 A
107  resolution (Fig. 1A, B, S2). As expected from the close phylogenetic relationship between
108  human and mouse, the overall architecture of the wild-type mES NPC is highly reminiscent to
109 that of the human NPC, including the density of Nup133 (Fig. S3). In addition to the structural
110  features previously resolved in human NPC maps, a protrusion from the NR, likely
111 corresponding to nuclear basket filaments, is resolved at the Nup107/Nup133 region (Fig. 1A,
112 B, S3). The cryo-EM maps of the NPC from differentiated neural progenitor cells also showed
113 almost identical structures to those of NPCs in mES cells (Fig. 1C, S2C), indicating that the
114 subunit composition of the NPC remains largely similar during early neuronal differentiation,
115  at least up to the neural progenitor state. However, in comparison to the NPC from the mES

116 cells, the cryo-EM map of the NPC from the neural progenitor cells shows an inward movement
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117 of'the CR and higher nuclear envelope curvature at the outer and inner nuclear membrane fusion
118  point (Fig. 1C), both of which are indicative of NPC dilation.?**” Measurements of individual
119  NPC diameters based on the subtomogram averages of opposing subunits (see methods for
120 details) indeed confirmed that wild-type neural progenitor NPCs have a significantly larger
121 diameter than wild-type mES NPCs (Fig. 1D), thus supporting our notion that NPC architecture
122 is affected during cell differentiation.

123
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125  Figure 1: Architectures of mES and neural progenitor NPCs

126 (A) Composite cryo-EM map of the wild-type mES NPC shown as a cutaway view. Viewing
127 angles of panel (B) are indicated by eye symbols. CR; cytoplasmic ring, IR; inner ring, NR;
128  nuclear ring. (B) Cryo-EM maps of the CR (top) and NR (bottom) of the wild-type mES NPC.
129 (C) Structural comparison of the wild-type mES NPC and the wild-type neural progenitor NPC.
130  Single subunit is shown as a cutaway side view. Two maps are superimposed based on the
131  position of the IR protomer, and the relative shift of the CR and nuclear membrane in the neural
132 progenitor NPC map in comparison to the mES NPC map is indicated by red arrows. (D) NPC
133 diameter measurements based on subtomogram averages. Schematic on top illustrates the
134  measured distance between two opposing IR protomers. Graph (lower panel) depicts the mean
135  values of measured diameters with standard deviations shown as black bars (n =446 NPCs for
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136 the wild-type mES cells, n = 173 NPCs for the wild-type neural progenitor cells, n =317 NPCs
137 for the Nup133”- mES cells, n = 138 NPCs for the Nup133” neural progenitor cells). Kruskal-
138 Wallis rank sum test; **p < 0.01, ****p <0.0001. (E) Cryo-EM maps of the CR (top) and NR
139 (bottom) of the Nupl33”- mES NPC, shown as in (B). In (B) and (E), the positions of Nup133
140  are highlighted with red arrowheads.

141

142

143 Nuclear pores devoid of Nup133 retain remnant contacts between neighboring protomers

144  Nupl33 is known to mediate the head-to-tail connection between adjacent Y-complexes and to
145  bridge neighboring protomers of the CR and NR.*!! Despite this critical scaffolding role® and
146  its clear presence within the averages of the wild-type NPC (Fig. 1B), Nup133 is dispensable
147  for the proliferation of mES cells.!*?%?? In Nupl33-deficient cells, however, its absence is
148  detrimental for neuronal differentiation, and results in reduced growth and increased cell death
149  upon differentiation induction.!®?? This differential requirement for Nup133 at distinct cell
150  differentiation states challenges our present structural understanding of NPC architecture,
151  which would have predicted a strict requirement for Nup133 in maintaining the NPC scaffold.
152 We therefore reasoned that mES cells devoid of Nup133 would be a suitable model system to
153 further assess the importance of the Y-complex for the structural integrity of NPC architecture
154  during differentiation.

155

156  We structurally analyzed NPCs in previously generated Nupl33”- mES cells.?’ As expected, the
157 cryo-EM maps of the Nup133”7- mES NPC lack the density for Nup133 in the CR and NR
158  (compare Fig. 1B to E), while the IR shows a structure almost identical to that of the wild-type
159  mES NPC (Fig. S2B-D). Strikingly, even without Nup133, the CR and NR appear to have an
160  overall intact structure. A connection between the adjacent protomers is observed in the Nup107
161 - Nup205/Nup93 heterodimer region in a consistent manner to that in the wild-type mES NPC

162 (Fig. 2), highlighting a previously underappreciated importance of this additional head-to-tail
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163 contact interface. This interaction between two adjacent protomers could be particularly
164  important for the NR, since additional components that would support structural integrity, such
165  as cytoplasm-specific Nup358, are absent. In accordance with the previously reported nuclear
166  basket misassembly and increased dynamics of a basket component Nup in the Nup 1337~ cells,?
167  the respective protrusion in the Nup107/Nup133 region was diminished (compare Fig. 1B to E,
168  Fig. 2).

169
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170

171  Figure 2: The density for the head-to-tail contact is present in the Nup133”- mES NPC
172 (A - D) The head-to-tail contact between the CR (A) and NR (B) protomers of the wild-type
173 mES NPC, and the CR (C) and NR (D) protomers of the Nup133”- mES NPC. The CR and NR
174 models of dilated human NPC (PDBID: 7R5J) are fitted into the corresponding cryo-EM maps.
175  Nup93 and Nup205 molecules involved in the head-to-tail contact at the center of the images
176 are highlighted in bold color. The main interaction interfaces are highlighted with red
177  arrowheads. In (A) and (C), the model of Nup358 is omitted for clarity of the figure.

178

179
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180  Nuclear pores devoid of Nup133 constrict during early neuronal differentiation

181  Nupl33-deficient cells are able to differentiate into neural progenitor cells, albeit with
182  abnormally maintained characteristics of the pluripotent state,'® and ultimately fail to terminally
183  differentiate into postmitotic neurons.!®?> We therefore structurally analyzed NPC architecture
184  in neural progenitor cells (Fig. S1D) obtained from the Nup133”- mES cells. Cryo-EM maps of
185  the NPC from the Nupl33~ neural progenitor cells were reminiscent to those of the Nup1337
186 mES NPC (Fig. S2D, E). Surprisingly however, the diameter measurements revealed a
187  constriction of the Nup 1337 neural progenitor NPCs in comparison to the Nup133”- mES NPCs
188  (Fig. 1D). This is in contrast to the wild-type mES cells, where we observed an NPC dilation
189  within the differentiated neural progenitor cells. Since NPCs cannot actively change their
190  diameter and rather passively react to external mechanical forces,?* these data imply that the
191  effects of differentiation on nuclear envelope properties, such as nuclear envelope tension, are
192 improperly propagated to the NPCs in the Nupl33” neural progenitor cells. Overall, these
193  findings point towards a potential link between the structural integrity of the Y-complex and
194  the mechanical properties of nuclear envelope itself.

195

196

197 A subpopulation of NPCs devoid of Nup133 has non-canonical symmetries

198  To understand how the loss of Nupl33 in the NPC architecture is linked to the physical
199  properties of the nuclear envelope, we further characterized NPCs within the Nup/33”- mES
200  cells. Visual inspection of the reconstructed tomograms revealed that NPCs with non-canonical
201 7-or 9-fold symmetric architectures are present in the tomograms from the Nup 133~ mES cells,
202 in addition to the canonical 8-fold symmetric NPCs (Fig. 2A-F). This is surprising, because
203  non-8-fold symmetric NPCs are thought to be very rare.*® By reference-based classification

204  (see Methods for details), 34 and 32 out of 400 particles were classified as 7-fold and 9-fold
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205  symmetric NPCs, respectively, while 323 particles were attributed to 8-fold symmetry (Fig.
206  S4A). The remaining 11 particles showed ambiguous class assignment and were thus discarded
207  from further analysis. Similar classification using the particles of the wild-type mES NPC
208  resulted in one class with 8-fold symmetric architecture (Fig. S4B). These results indicate that
209  a considerable subpopulation of the NPCs in the Nupl33”- mES cells has non-canonical
210  symmetries, whereas NPCs with aberrant symmetries are rarely observed in the wild-type mES
211 cells.

212

213 We further characterized NPCs with non-canonical symmetries using subtomogram averaging.
214 The particle sets of 7-fold and 9-fold symmetric NPCs yielded the moderately resolved averages
215  ofthe IR (Fig. S4C-D). Although the resolution is reduced due to the limited number of particles,
216  the observed structural features are overall consistent with canonical IRs (Fig. 3G-I). In contrast,
217  the averages of the CR and NR of 7-fold symmetric NPCs did not exhibit any interpretable
218  structural features (Fig. S4C). Averages of 9-fold symmetric NPCs also failed to show clear
219  NR-like architecture (Fig. S4D), while structural features typical for the CR were apparent (Fig.
220 31, S4D). These observations indicate that the subpopulation of NPCs with aberrant symmetries
221  possess intact IRs, while CRs and NRs are in part deteriorated or diminished. The observed
222 remnant densities for CR and NR (Fig. S4C-D) may be indicative of further structural
223 heterogeneity. However, given the low overall particle number, these cannot be further analyzed
224 by averaging-based methods such as STA.

225
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227  Figure 3: NPCs with non-canonical symmetries are present in Nup133”- mES cells

228 (A - F) Representative slices from reconstructed tomograms of the Nupl33”- mES cells,
229  showing top views of the 7-fold (A, C), 8-fold (A, B, D, and F) and 9-fold (D, E) symmetric
230  NPCs. In (A) and (D), the 8-fold symmetric NPCs are indicated with light blue arrowheads,
231 while the NPCs with 7-fold (C) and 9-fold (E) symmetric architectures are indicated with green
232 and purple arrowheads, respectively. The top views in (A) and (D) are shown as enlarged views
233  in (B, C, E, and F) with protomers numbered. Scale bars in (B, C, E, and F), 50 nm. (G - I)
234 Composite cryo-EM maps of the 7-fold (G), 8-fold (H), and 9-fold (I) symmetric NPCs, shown
235  as a cutaway view (top) and a cytoplasmic view (bottom). Note that the CR and NR of the 7-
236 fold symmetric NPC and the NR of the 9-fold symmetric NPC did not yield interpretable
237  subtomogram averages and thus are not included in the composite cryo-EM maps shown in (G)
238  and (I).

239

240
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241  NPCs devoid of Nup133 are highly heterogenous and have an incomplete ring architecture

242 Three-dimensional template matching (TM)**#! is a method that can be used to address the
243 challenge of analyzing such structural heterogeneity. TM detects the structural signature of
244  target molecules within cryo-electron tomograms by cross-correlating a reference structure with
245  all possible locations and orientations of a given tomogram, without the need for averaging. We
246  have recently shown that this method can detect individual NPC subunits,** thus opening up
247  the exciting possibility to examine the heterogenous presence of NPC subunits in more detail.
248  We used the cryo-EM maps of the CR, IR and NR protomers as search templates and analyzed
249  the ultrastructure of individual NPCs with non-canonical symmetry that were fully contained
250  in the respective tomograms acquired from the Nup33”- mES cells (Fig. 4A). In these selected
251  particles, IR protomers were detected as complete or almost complete rings with the expected
252 7- or 9-fold symmetries (Fig. S5A, B). However, neither CR nor NR protomer was detected in
253  almost half of the 7-fold symmetric NPCs, indicating a complete absence of the respective rings
254  (Fig. 4B, C). The remaining particles showed the presence of two to five CR protomers (Fig.
255  4C) arranged in a partially open ring-like architecture, while NR protomers were less frequently
256  detected (Fig. 4C). In 9-fold symmetric NPCs, one third of the tested particles showed complete
257  CRs, while the rest contained five to eight protomers arranged in an incomplete ring architecture
258  (Fig. 4D, E). The number of detected NR protomers was more variable, yet the majority of the
259  9-fold symmetric NPCs had a partially open NR architecture (Fig. 4E).

260
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Figure 4: TM analysis of the 7-fold and 9-fold symmetric NPCs shows incomplete CR and
NR ring architectures

(A) Schematic showing the overall workflow of the TM analysis. Subvolumes containing NPCs
of interest are extracted from tomograms and subjected to three TM runs, using the CR, IR and
NR averages as the search templates. Ellipsoidal masks used for the TM runs are shown as grey
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267  transparent spheres around the averages. The positions of the peaks were extracted from the
268  output cross-correlation (CC) score volumes (see methods for details). For the visualization of
269  the peaks, £15 z-stacks around the cross-correlation peaks are extracted, and maximum values
270  along z axis are presented as 3D plots to show multiple peaks with different z coordinates in a
271  single plot. Based on the positions of the extracted peaks and corresponding template
272 orientations, the maps of the templates are projected back to generate a pseudo-composite map
273 (rightmost panel). (B) Representative results of the TM analysis of a 7-fold symmetric NPC.
274 3D plots of the peaks and a pseudo-composite map are shown as in (A). (C) 3D histogram
275  showing the number of 7-fold symmetric NPCs and their differing numbers of CR and NR
276  peaks detected by the TM analysis (n =24 NPCs). (D) Representative results of the TM analysis
277  of a 9-fold symmetric NPC. 3D plots of the peaks and a pseudo-composite map are shown as
278  in (A). (E) Analysis as in (C) for the 9-fold symmetric NPCs with different numbers of CR and
279 NR peaks (n = 20 NPCs). In the pseudo-composite maps in (A) and (D), gaps in the ring
280 architectures are indicated with red arrowheads. In (C) and (E), bars that include the examples
281  shown in (A, B and D) are indicated by green arrowheads.

282

283

284  Encouraged by these results, we next analyzed NPC subsets of similar size with canonical 8-
285  fold symmetry. In the Nupl33”- cells, only 4 out of 24 NPCs showed a complete CR and NR,
286  while the majority of the particles still had incomplete architectures (Fig. 5A, B). This is
287  contrasted by the analysis of the NPCs in the wild-type mES cells, in which 18 out of 29
288  particles have fully detectable CRs and NRs, and most of the remaining 11 have close to
289  complete ring architectures (Fig. 5C, D). In both datasets, the IR protomers were similarly
290  detected as complete or almost-complete 8-fold symmetric rings (Fig. S5C, D). These results
291  very clearly show that 8-fold symmetric NPCs devoid of Nup133 more frequently exhibit
292 heterogenous and incomplete CRs and NRs compared to the wild-type NPCs, and that the
293  incomplete ring architectures can be observed globally among the NPCs in the Nupl337- cells,
294  independent of their symmetries. For both the 8- and 9-fold symmetric NPCs, the NR shows
295  higher heterogeneity in comparison to the CR (Fig. 4E, 5B), which may well explain the
296  previously reported nuclear basket heterogeneity in the Nupl337 cells.?® Moreover, although

297  the subtomogram averages of the NPCs from the Nupl33” cells appear largely normal, the
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298  overall number of NPCs with incomplete CRs and/or NRs likely exceeds 80% in the respective
299  dataset. We thus conclude that the lack of Nup133 globally affects the structural integrity and
300  completeness of CR and NR in addition to perturbing symmetry of a smaller subpopulation of
301  NPCs. Importantly, the TM analysis revealed heterogeneity in the NPC architecture on the
302  single protomer level, which would have been overlooked with averaging-based particle
303  analysis.

304
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306  Figure 5: The 8-fold symmetric NPCs in the Nup133”- mES cells more frequently possess
307  incomplete CR and NR architectures in comparison to the wild-type mES NPCs

308  (A) Representative results of the TM analysis of an 8-fold symmetric NPC in the Nupl33”-
309  mES cells. In the pseudo-composite map, a gap in the ring architecture is indicated with a red
310  arrowhead. (B) 3D histogram showing the number of 8-fold symmetric Nup133”7- mES NPCs
311  and their differing numbers of CR and NR peaks (n = 24 NPCs). (C) Representative results of
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312 the TM analysis of an 8-fold symmetric NPC in the wild-type mES cells. (D) Analysis as in (B)
313  for the 8-fold symmetric wild-type mES NPCs (n =29 NPCs). In (A) and (C), 3D plots of the
314  peaks and a pseudo-composite map are shown as in Figure 4A. In the pseudo-composite map
315 in(A), a gap in the ring architecture is indicated with a red arrowhead. In (B) and (D), bars that
316  include the examples shown in (A) and (C) are indicated by green arrowheads.

317

318

319  NPC over-stretching results in large openings in the nuclear envelope

320 It has been proposed that nuclear envelope tension regulates NPC dilation, while in the absence
321  of nuclear envelope tension, NPCs constrict into a conformational ground state.?* In such a
322 scenario, one may conceptualize the NPC scaffold as an annular spring that counteracts laterally
323  applied forces and thereby maintains the pore size within a certain range. The CR and NR
324  architectures remain largely unaltered during NPC dilation,!%?” and they thus may be regarded
325  as the source of restoring force. We therefore reasoned that NPCs with an incomplete ring
326  architecture may have at least partially lost the spring-like properties, and further hypothesized
327  that they may excessively dilate (over-stretch) and possibly disintegrate during differentiation
328  due to insufficient structural support to withstand the mechanical stress. With a certain
329  subpopulation of NPCs that are over-stretched, nuclear envelope membrane tension could be
330  overall relieved, and this globally reduced tension would allow the majority of NPCs to
331  constrict (Fig. 6A). Thus, our model would also explain the NPC constriction we observed in
332 differentiated Nupl33” cells (Fig. 1D). This model leads to several predictions: i) large
333 openings in the nuclear envelope should represent over-stretched NPCs and thus may contain
334  NPC scaffolds or parts thereof; ii) over-stretched NPCs should occur more frequently upon
335  differentiation in comparison to the pluripotent state; and iii) over-stretched NPCs should occur
336  more frequently in the Nupl33”" cells than in the wild-type cells.

337

338  To test the first prediction that incomplete NPCs over-stretch and create large openings in the
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339 nuclear envelope upon an increase in membrane tension, we examined the tomograms of neural
340  progenitor cells obtained from the Nup 133 cells, where the aberrant NPCs with an incomplete
341  architecture would likely have been exposed to the increased nuclear envelope tension during
342 the induced cell differentiation. Indeed, we frequently found abnormally large holes in the
343 nuclear envelope with diameters ranging from 150 nm to 200 nm (Fig. 6B, S6A-B), which are
344  inconsistent with present structural models of intact NPC architecture. In 19 out of the 24
345  analyzed large membrane holes, TM analysis detected subunits of at least one of the three rings
346  (Fig. S6A), confirming that the observed membrane holes are indeed lined with remnants of
347  NPCs, presumably over-stretched and already largely disintegrated. At these sites, incomplete
348  CRs are often detected at a position distant from the nuclear envelope (Fig. 6B, S6A), implying
349  that they have detached from the membrane. Such membrane dissociation is less prominently
350  observed for the NRs (Fig. S6A), possibly reflecting a stronger membrane association
351  supported by the nuclear ring-specific component ELY S!? in comparison to the CRs. In addition,
352 the IRs in these aberrant NPCs are always incomplete and individual IR protomers are often
353  distantly spaced (Fig. S6A), which is inconsistent with an intact linker connection between two
354  adjacent IR protomers. Taken together, these structural features indicate that the observed
355  membrane holes are NPCs that have lost their intact architecture and have disintegrated, likely
356  due to over-stretching.

357
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359  Figure 6: Over-stretched NPCs are present in the Nup133”- neural progenitor cells
360  (A) Hypothetical model of NPC diameter changes during neural differentiation. In the wild-

361  type cells, the increased nuclear envelope tension during neural differentiation is
362  homogeneously propagated along the nuclear envelope, leading to the overall dilation of the
363  NPCs (i). In the Nupl337- cells, the increased nuclear envelope tension causes over-stretching
364  of NPCs with impaired structural robustness, leading to the release of the nuclear envelope
365  tension and the overall constriction of the NPCs (ii). Nuclear envelope is colored in light blue,
366  andthe CR, IR, and NR of the NPC are colored in yellow, blue, and pink, respectively. Red and
367  black arrows depict nuclear envelope membrane tension and the motion of NPC scaffolds. (B)
368  Representative example of the over-stretched NPCs observed in the Nup 133~ neural progenitor
369  dataset. Slices from the reconstructed tomograms showing the side views (left) and the top
370  views (middle) of the over-stretched NPCs are presented, together with the pseudo-composite
371  maps generated from the results of the TM analysis (right). The CR, IR, and NR in the pseudo-
372 composite maps are colored as in Figure 3A and shown together with the segmented membrane
373 colored in light blue. (C) Quantification of the over-stretched NPCs in the four datasets (wild-
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374  type mES cells and neural progenitor cells; Nupl33”- mES cells and neural progenitor cells).
375  The number of analyzed NPCs and the percentage of the over-stretched NPCs (NPCs with
376  diameter larger than 135 nm) are indicated on top of each bar. (D) Histogram showing the
377  distribution of the measured NPC diameters depicted in (C). Note that the overall diameter
378  distribution is consistent to the results of subtomogram average-based measurement shown in
379  Figure 1C.

380

381

382  NPCs with compromised structural integrity more frequently disintegrate upon induced
383  differentiation

384  We next examined our prediction ii) and asked whether the over-stretched NPCs were more
385  frequently observed in the neural progenitor cells. Since the measured NPC diameters based on
386  our subtomogram averages are distributed between 90 nm and 130 nm (Fig. 1D), we set an
387  arbitrary threshold for the diameter of intact NPCs to a maximum of 135 nm, whereby NPCs
388  larger than 135 nm were considered to be over-stretched. As expected, the frequency of over-
389  stretched NPCs was elevated in the wild-type neural progenitor cells in comparison to the wild-
390  type mES cells (Fig. 6C), consistent with the observation that NPCs dilate during differentiation
391  and the notion that this dilation is driven by increased membrane tension. To address our last
392  prediction, we examined the Nup1337- cells, in which the frequency of over-stretched NPCs is
393  indeed drastically increased in comparison to the wild-type cells and reaches 20% (Fig. 6C).
394  Although this frequency remains similar in neural progenitor cells, the distribution of the NPC
395  diameter shows that the size of the over-stretched NPCs generally becomes considerably larger
396  and more variable in neural progenitor dataset (Fig. 6D), indicating that the NPC architecture
397  is more adversely affected upon differentiation. Together, these observations are consistent with
398  the above-proposed model (Fig. 6A), and we conclude that an increase in nuclear envelope
399  tension leads to NPC over-stretching, which can result in disintegration of NPCs. Although the
400  exact causal relationships await further investigation, the frequent NPC disintegration observed

401  within the Nup133” cells could well be a major contributing factor to the previously described


https://doi.org/10.1101/2024.02.05.578890
http://creativecommons.org/licenses/by-nc-nd/4.0/

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.05.578890; this version posted February 5, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

differentiation defect phenotype.

Cells with incomplete NPC scaffolds accumulate DNA damage during cell differentiation

In cells, NPC disintegration should affect nucleocytoplasmic compartmentalization and thus
should coincide with DNA damage, which is known to increase when nuclear integrity is
compromised.**~#¢ To investigate this possibility, we analyzed the presence of DNA damage in
the neural progenitor cells undergoing differentiation. By quantifying the foci of
phosphorylated histone H2AX (y-H2AX), a widely used marker for DNA damage,*’*® we
indeed found an increase of damage in the Nupl33” neural progenitor cells compared to the
wild-type cells 24 h after induction of differentiation (Fig. 7A, B). Prior studies in human cells

4930 or mechanical

have shown that mechanical stress, such as osmotically induced cell swelling
cell stretching,®! alone did not induce the accumulation of y-H2AX foci, while perturbation of
the nuclear envelope properties in such mechanically stressed conditions led to the increased
DNA damage.>? Thus, our data strongly suggest an impaired nuclear envelope status in the
Nupl33” neural progenitor cells. Our observations also support the notion that

nucleocytoplasmic compartmentalization is disturbed under conditions in which disintegrated

NPCs are present.
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422 Figure 7: Accumulation of DNA damage is observed in the Nupl33- cells

423 (A) Representative immunofluorescence staining images of differentiating neural progenitor
424  cells with y-H2AX foci. Nuclei are counterstained with Hoechst 33342 and shown in blue. Scale
425  bars, 10 um. (B) Mean percentage of nuclei with > 5 y-H2AX foci in the wild-type and Nup 133
426 ' neural progenitor cells. Data are from three biological replicates, and at least 340 nuclei are
427  analyzed for each condition. Each data point represents the percentage calculated from
428  individual dataset. Error bars denote standard deviations.

429

430

431  Over-stretching of NPCs occurs in the wild-type neural progenitor cells and human cells

432 Within the wild-type neural progenitor dataset, we found a subset of NPCs that exhibit
433  abnormally large diameters, indicating that the over-stretching of NPCs could occur even
434  without perturbation of the NPC scaffold architecture, albeit at a lower frequency. To better
435  understand this potential over-stretching process of NPCs within the wild-type cells, we further
436  analyzed the architectures of the over-stretched NPCs in the wild-type neural progenitor cells
437  using TM. Similar to those in the Nupl33” neural progenitor cells (Fig. 6B), over-stretched
438  NPCs in the wild-type neural progenitor cells often possess the CR at a position distant from
439  the nuclear membranes (Fig. 8A, S7A), implying that CR detachment from the membranes may
440  be a general feature of over-stretched NPCs. However, in contrast to over-stretched NPCs in
441  the Nupl33” neural progenitor cells, where CR architectures are largely impaired (Fig. S6A),

442 we frequently observed a complete or almost complete 8-fold symmetric CR in the wild-type
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443  dataset (Fig. 8A, S7A). Complete rings are observed mostly for the CR, while the NR of the
444  over-stretched NPCs is more frequently fragmented (Fig. S7A), consistent with the idea that
445  the CR has a more resilient architecture owing to the additional cytoplasm-specific components
446  such as Nup358. Notably, the IRs in these over-stretched NPCs are incomplete and arranged in
447  adistorted manner, indicating that their architectures are largely impaired.

448

449  Lastly, we asked if over-stretched NPCs can be found in other cell types and species. To this
450  end, we turned to primary human macrophages, which were prepared by differentiating donor-
451  derived monocytes.>® These cells are mobile and strongly adherent to the respective surfaces,
452 implying that their nuclei are exposed to a substantial degree of mechanical stress. By acquiring
453  cryo-electron tomograms from adherent macrophages, we indeed found a small number of
454  NPCs with diameters of 140—150 nm in these cells (Fig. 8B, S7B). Our TM analysis revealed
455  that these potentially over-stretched NPCs possess structural features consistent with those
456  observed in the over-stretched murine NPCs within the wild-type neural progenitor cells,
457  namely a membrane-detached complete CR and partially impaired NR, although some of the
458  NRs are also detached from the membrane (Fig. 8B, S7B). Moreover, similar to the over-
459  stretched murine NPCs, no complete IR was detected in the over-stretched NPCs from human
460  macrophages (Fig. 8B, S7B), despite their close-to-complete CR and NR architectures, possibly
461  implying that the IR architectures are in general more sensitive to the over-stretching than the
462  CR and NR. Taken together, we conclude that over-stretching of the NPC architecture occurs
463  in a similar manner in different cell types with distinct cellular states.

464
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Figure 8: Over-stretching of NPCs can occur in wild-type neural progenitor cells and
human macrophages

(A) Representative example of an over-stretched NPCs observed in the wild-type neural
progenitor dataset. (B) Representative example of an over-stretched NPCs observed in human
macrophage dataset. In (A) and (B), slices from the reconstructed tomograms and the pseudo-
composite map generated from the results of the TM analysis are shown as in Figure 6B. Note
that no IR protomer is detected for the over-stretched NPC in the wild-type neural progenitor
cells shown in (A). (C) Model of NPC over-stretching in wild-type (i) and Nup1337- (ii) cells.
In the wild-type cells, Nup133 (depicted as green spheres) mediates the inter-protomer contacts
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475  and membrane anchoring of the CR (yellow) and NR (not depicted), and thereby forms rigid
476  ring architectures that are resilient to membrane tension (red arrows) (i). In the Nup 337 cells,
477  the lack of Nup133 leads to unstable inter-protomer contacts and partial loss of CR protomers,
478  making the CR architecture structurally less robust and more sensitive to membrane tension.
479  Yellow arrows indicate the motion of the NPC scaffolds, and grey arrows indicate the motion
480  of the fusion point of the outer and inner nuclear membranes. (D) Cartoons depicting possible
481  mechanisms of nuclear envelope rupture. Nuclear envelope rupture could occur either by
482  tearing of both the outer and inner nuclear membranes (i), by detachment of the nuclear
483  envelope from the intact NPC scaffold architecture (ii), or by disintegration of the NPC (iii).
484  The over-stretched NPCs observed in this study supported the scenario depicted in (iii). Black
485  dashed arrows indicate the leakage of cytoplasmic and nuclear contents. Red arrows depict
486  increased nuclear envelope membrane tension. The rings are colored as in Figure 6A.

487
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488  Discussion

489  Overall, our study reveals the importance of an intact NPC scaffold architecture to safeguard
490  the nuclear envelope during cell differentiation, where increased mechanical force is imposed
491  on the nucleus. Moreover, our findings provide a plausible model for NPC disintegration by
492 excess dilation under mechanical stress (Fig. 8C). In this model, the rigid ring architectures of
493  the CR and NR of the NPC normally limit its over-stretching and disintegration to a low
494  frequency, which may prevent large-scale damage to the nuclear envelope (Fig. 8C, panel 1)).
495  Only when the NPC is exposed to substantial stretching stress and is over-stretched to an excess
496  degree, it starts to disintegrate, mainly by detachment of the CR from the nuclear envelope
497  membrane. In contrast, the NPCs without Nup133 lack the stable connection between the CR
498  and NR protomers, resulting in the formation of incomplete CR and NR. These incomplete
499  rings fail to sufficiently restrict the NPC dilation, leading to the over-stretching and
500  disintegration of NPCs under increased mechanical stress (Fig. 8C, panel ii)).

501

502  We propose that the NPC has to be considered as a mechanical buffer that provides additional
503  nuclear surface area under conditions of mechanical stress. In mammalian tissue culture cells,
504 the NPC density is about 5-10 NPCs/um?°*3% indicating that the NPCs constitute
505  approximately 5-10% of the nuclear surface area. As a consequence of dilation from 90 nm to
506 130 nm (Fig. 1D), the area taken up by NPCs would roughly double and the nuclear surface
507  area would increase by ~10%. This number would be considerably larger in cell types with a
508  higher NPC density.>” This expansion capacity of NPCs would allow modulation of the nuclear
509  surface area in response to external mechanical stimuli with reduced stress imposed onto the
510  lipid bilayer, and thereby act as a buffer for nuclear envelope stress. Such a buffering capacity
511  could be important in dissipating mechanical stress across the nuclear envelope without

512 impairing nucleocytoplasmic compartmentalization. With the perturbed scaffold architecture,
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513  the structural rigidity and plasticity of the NPC are lost, leading to the loss of this buffering
514  function and higher sensitivity of the nuclei to mechanical stress.

515

516  The presence of a complete 9-fold symmetric CR architecture (Fig. 3D, E) in cells lacking
517 Nupl33 implies that the connection between two adjacent CR protomers tolerates wider angles
518  when Nup133 is absent, further suggesting an increased flexibility of their head-to-tail contact.
519 It is thus likely that Nup133 normally sterically limits the angles of the Y-complex head-to-tail
520  contact and provides mechanical rigidity to these interfaces, thereby securing the overall
521  integrity of the ring architectures. Intriguingly, this steric restriction in the head-to-tail contact
522 may additionally play an important role for proper assembly of the NPC. Across species, the 8-
523  fold symmetric architecture of the NPC is strictly conserved,”® and an NPC architecture with
524  non-canonical symmetry has rarely been reported, with, to the best of our knowledge, only one
525  electron microscopic study showing the presence of 9-fold and 10-fold symmetric NPCs within
526  Xenopus oocyte at low frequencies.® Thus, the presence of non-canonical 7-fold and 9-fold
527  symmetric NPCs at a percentage of approximately 5% each within the Nup133”- mES cells is
528  a striking phenotype, and clearly indicates a perturbed assembly due to the absence of Nup133.
529  Since the NR is thought to serve as a primer for NPC biogenesis during both the post-mitotic
530  and interphase NPC assembly pathways,>® we speculate that the architecture of the Y-complex,
531  especially its tail structured by Nup133, determines the arrangement, stoichiometry and spacing
532 of the assembling NRs, which subsequently regulate the geometry of the IR and ultimately of
533  the entire NPC. The absence of fully formed NR ring architectures in the 7-fold and 9-fold
534  symmetric NPCs, as observed in our TM analysis (Fig. 4A-E), may suggest that a complete NR
535  ring architecture with noncanonical symmetry is initially formed at the assembling NPC, but
536  thatit disintegrates afterwards, potentially due to unstable contacts between adjacent protomers.

537
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538 In addition, our TM analysis clearly revealed the presence of incomplete CRs and NRs,
539  particularly within the Nup337- cells, and thereby raised the intriguing possibility that the CR
540  and NR protomers can be heterogeneously present within one NPC particle. This notion
541  challenges the canonical assumption that all the symmetrically arranged protomers within
542 NPCs are homogenously present and can thus be treated equally during averaging-based
543  structural analyses. Indeed, the NPC structural heterogeneity we uncovered in the Nupl33-
544  cells was not detectable in the initial STA averages of the 8-fold symmetric NPCs (Fig. 1E, 3H),
545  highlighting the necessity of complementary approaches, such as the TM analysis, that do not
546  require particle averaging. A heterogeneous presence of CR and NR protomers would be
547  particularly relevant when the NPC architecture is perturbed experimentally, as in the Nup133
548 - cells, or deteriorated as an outcome of pathological conditions.®® In such conditions, it is also
549  possible that the NPC architectures are heterogeneously affected among particles, and that only
550  a subset of particles possess severe architectural defects, like the over-stretched NPCs within
551  our dataset. The TM analysis could be beneficial for analyzing these minor populations of
552 particles, as it does not require multiple homogeneous particles to average.

553

554  One further striking implication of our findings is that NPCs could be the sites where nuclear
555  envelope rupture occurs. Prior studies have extensively investigated nuclear envelope rupture

4345466162 and have established certain hallmarks and

556  using cell biological approaches,
557  indicators of a rupture event, such as the leakage of nuclear content into the cytoplasm, the
558  detection of cytosolic DNA by cGAS, the accumulation of nuclear DNA damage, or the
559  detection of ESCRT-III-dependent nuclear envelope resealing. Due to the fact that nuclear
560  envelope rupture events are rare and transient, it remains technically challenging to firmly

561  establish that the NPC disintegration events we observed in our tomograms spatiotemporally

562  coincide with those cell biological hallmarks. More specifically, since we are currently unable
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563  to simultaneously track the site of nuclear envelope rupture by light microscopic assays and to
564  perform electron microscopy imaging at the very same site, we acknowledge that our
565  experimental results provide only correlative evidence. Nevertheless, our data point to the need
566  to revisit the prevailing hypothesis that nuclear envelope rupture occurs by the simultaneous
567  tearing of both outer and inner nuclear envelope lipid bilayers (Fig. 8D, 1)). Given the
568  observations in our cryo-electron tomograms, two possible additional scenarios have to be
569  considered as alternatives. In these cases, the nuclear membranes would remain unaffected and
570  detach from the intact NPC scaffold at the fusion point of the outer and inner nuclear
571  membranes'® (Fig. 8D, ii)), or the NPC scaffold would disintegrate and generate a larger
572 membrane opening (Fig. 8D, iii)). Further in-depth investigations will be required to address
573  this in more detail. Nonetheless, our proposed model is in line with previous findings that yeast
574  strains lacking Y-complex Nups, including Nup133, are sensitive to DNA damaging reagents®’
575  or to impaired DNA replication and repair.®*

576

577  Multiple possibilities have been proposed as underlying mechanisms of the differentiation
578  defect of the Nupl33”7 cells, such as impaired nuclear basket assembly? or altered gene
579  regulation.?? Our findings now point to an additional possibility that impaired nuclear envelope
580 integrity, due to the disintegration of aberrant NPCs, may impact the cell differentiation process.
581 Intriguingly, a similar neuronal differentiation defect was also observed in mES cell lines
582  devoid of other Y-complex components Nup43 and Sehl,?! supporting our notion that the
583  differentiation defect is likely attributable to impaired NPC architecture, rather than specific
584  functions of individual Nups. The differentiation-specific impact of the Nup depletion however
585  still remains to be fully defined. Nonetheless, we speculate that, since the size of the over-
586  stretched NPC is larger and more variable in the differentiated Nupl33”~ cells (Fig.5D), the

587  NPC disintegration and its damage to the nuclear envelope integrity may be exacerbated during
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588  cell differentiation. Here, the nuclear integrity gets more severely perturbed as the nucleus is
589  exposed to increasing level of mechanical stress, and cells may fail to properly differentiate
590  when the damage level exceeds the permissible degree. In addition to directly impairing nuclear
591  envelope integrity, over-stretched NPCs might release the tension transmitted from the
592 cytoskeleton networks, and thereby possibly perturb nuclear mechanosensing, which plays a
593  key role in cell differentiation.>* Although the exact contribution of NPC over-stretching and
594  disintegration to the differentiation defect awaits further investigation, the postulated
595  requirement of an intact NPC scaffold in a physiological context is further supported by its link
596  to human genetic diseases. Specifically, mutations in the Nup/33 gene cause steroid-resistant
597  nephrotic syndrome (SRNS)!* and Galloway-Mowat syndrome,!” which involves neurological
598  abnormalities in addition to the nephrotic syndrome. Intriguingly, some of the disease-causing
599  mutations in Nupl33 were demonstrated to disrupt its interaction with Nup107,'%!7 and
600  conversely, a causal mutation of SRNS in the Nupl07 gene is also known to disturb its
601  interaction with Nup133.!»!% With these mutations, incorporation of Nupl33 into the Y-
602  complex would be perturbed, and the NPC architecture would be impaired in a mild, but likely
603  similar manner to what we observed for the Nup133” cells. Moreover, causal mutations of
604  SRNS have also been found in two other Y-complex Nups, Nup160 and Nup85.!4 Overall, these
605  findings underline the physiological importance of an intact NPC scaffold architecture.

606

607  In summary, our study illustrates that the perturbation of the NPC scaffold impacts the structural
608  completeness and stability of the NPC in a heterogenous manner, rather than causing
609  homogeneous and large-scale structural impairment, and thereby provides insights into how
610  mutations in Nups could cause various and complex phenotypes in cells. Moreover, this study
611  also uncovers a critical role of the NPC scaffold in protecting membrane openings from excess

612  expansion, whereby the NPC scaffold may be conceived as an annular spring with elastic
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613  properties that safeguards the nuclear envelope. We envision that this “safeguarding” function
614  of the NPC should be relevant for various biological processes that impose mechanical stress
615  on the nucleus, such as cell adhesion, differentiation or migration. The importance of the
616  nuclear lamina for such processes has been well recognized, whereas the NPC has received less
617  attention in these contexts. Our findings thus shed light on the previously unrecognized
618  importance of the NPC architecture for the maintenance of nuclear integrity.

619
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620  Materials and Methods
621 mES cell culture and neural progenitor differentiation

622  For mES cell culture, the wild-type HM1 line® and the HM1-derived Nupl33” clone (#14)
623  described previously?® were used. Mouse embryonic stem cell medium was prepared by
624  supplementing EmbryoMax® DMEM (Millipore, SLM-220-B) with 15% FBS (Gibco, 10270-
625  106), 2 mM L-Glutamine (Gibco, 25030-024), 1 x non-essential amino acids (Gibco, 11140-
626  050), 1 x EmbryoMax® nucleosides (Millipore, ES-008-D), 110 uM B-mercaptoethanol (Gibco,
627  21985-023) and 1 x penicillin/streptomycin (Gibco, 15070-063). mES cells were cultured on
628  mitomycin-treated mouse embryonic fibroblasts (feeder cells) plated on 0.1% gelatin (Sigma-
629  Aldrich) in mouse embryonic stem cell medium supplemented with leukemia inhibitory factor
630  (LIF, ESGRO, Millipore, final 1000 U/ml), and kept at 37°C with 5% CO,. Cells were used
631  within eight passages after thawing frozen vials to ensure the quality of the stem cell culture.

632  The neural progenitor differentiation was performed following the previously published

633  protocol.*

Briefly, after two passages on feeder cells, mES cells were transferred to gelatin-
634  coated plates without feeder cells, and cultured for two to four passages in the presence of LIF.
635  Subsequently, cells were trypsinized and 4 x 10° cells were transferred to non-coated 10-cm
636  Petri dishes (Greiner, 633102) and cultured for eight days within DMEM supplemented with
637  10% FBS (Gibco, 10270-106), 2 mM L-glutamine (Gibco, 25030-024), 1 x MEM non-essential
638  amino acids (Gibco, 11140-035) and 100 uM B-mercaptoethanol (Gibco, 31350-010) without
639  LIF. The culture medium was changed every two days, and after four days, 5 uM retinoic acid
640  (Sigma, R2625) was added to the medium. After eight days of culture, the aggregates of neural
641  progenitors were dissociated by trypsinization at 37°C for 5 min in the water bath, and the
642  dissociated cells were either immediately used for cryo-EM grid preparation as described below,

643  frozen within the medium supplemented with 10% DMSO and stored until use, or directly used

644  for subsequent neuronal differentiation. For the neuronal differentiation, dissociated cells were
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645  seeded on glass bottom plates (ibidi, 80827) coated with poly-DL-ornithine (Sigma, P8638)
646  and laminin (Roche, 11243217001) at approximately 1-2 x10° cells/cm?, and cultured in N2
647  medium (1:1 mixture of DMEM (Gibco, 21969-035) and Ham’s F-12 nutrient mix (Gibco,
648  21765-029), supplemented with 2 mM L-glutamine, 25 pg/ml insulin (Sigma, 16634), 50 pg/ml
649  transferrin (Sigma, T1147), 20 nM progesterone (Sigma, P8783), 100 nM putrescine (Sigma,
650  P5780), 30 nM sodium-selenite (Sigma, S5261), 50 ug/ml BSA (Sigma, A9418), and 1 X
651  penicillin/streptomycin (Gibco, 15140-122)) for two days. The medium was changed to fresh
652 N2 medium 2h and one day after plating. Images of the cells were acquired on a Nikon Ti-2
653  widefield microscope (Nikon), using a 10x objective.

654

655

656  Cryo-EM sample preparation

657  For the grid preparation of mES samples, the cells were treated with double thymidine block
658  and synchronized at the beginning of S-phase to obtain homogeneous cell population with
659  similar nuclear size. Specifically, mES cells were cultured within mouse embryonic stem cell
660  medium supplemented with LIF for one day after passaging, and subsequently cultured within
661  the medium containing 2 mM thymidine (Sigma, T9250) for 18 h. Cells were then washed and
662  cultured without thymidine for 9 h. After this short release from the cell cycle arrest, the cells
663  were again cultured in the presence of 2 mM thymidine for 18 h. The arrested cells were
664  trypsinized and resuspended into the fresh culture medium at the density of 2—4 x 10 cells/ml
665  for subsequent use.

666  Cryo-EM grid preparation was performed using a EM GP2 plunger (Leica Microsystems), with
667  aset chamber humidity of 70% and temperature of 37°C. After trypsinization of the mES cells,
668 4 ul of the cell suspension was applied onto a glow-discharged holey SiO; grid (R1/4, Au, 200

669  mesh, Quantifoil) mounted on in the plunger chamber, and 2 pl of the culture medium was
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670  applied onto the back side of the grid for the reproducible blotting. Subsequently, the grid was
671  blotted from the back side for 10 s with Whatman filter paper, Grade 1, and plunge frozen in
672  liquid ethane. For the neural progenitor sample, the dissociated cells from the cell aggregate
673  formed after the eight-day culture within non-coated dishes were plunge-frozen using the same
674  procedure, but without a double thymidine block.

675  Plunge-frozen samples were cryo-FIB milled using an Aquilos microscope (Thermo Scientific).
676  More specifically, the loaded samples were first coated with a layer of organometallic platinum
677  using a gas injection system for 10 s, and subsequently sputter-coated with inorganic platinum
678  at 1 kV voltage and 10 mA current for 20 s. Milling was performed in a stepwise manner, with
679  decreasing Ga ion beam current steps of 1 nA, 500 pA, 300 pA, 100 pA, and 30 pA at a stage
680 tilt angle of 15°. Micro-expansion joints®® were generated using the ion beam current of 1 nA
681  or 500 pA alongside the lamellae to prevent lamella bending. Final polishing was performed
682  using 30 pA ion beam current, with the target lamella thickness of 180 nm. After polishing,
683  grids were immediately recovered from the microscope and stored in liquid nitrogen until use.
684

685

686  Cryo-ET data acquisition and tomogram reconstruction

687  Cryo-ET data acquisition was performed on a Titan Krios G2 microscope (Thermo Scientific)
688  equipped with a BioQuantum K3 imaging filter (Gatan), operated at 300 kV in EFTEM mode
689  with an energy slit width of 20 eV. Tilt series were acquired using SerialEM®” in low dose mode
690  at a magnification of 33,000, corresponding to a nominal pixel size of 2.682 A, with a defocus
691  range of -2.5 to -4.5 um. Images were recorded as movies of 10 frames with a total dose of 2.5
692  e/A? and motion-corrected in SerialEM on-the-fly. Tilt series acquisition started from the stage
693  pretilt angle of 8° to compensate for the lamella angle, and images were acquired using a dose-

694  symmetric acquisition scheme® with 2° increments, up to +64° or 66° and -52° stage tilt angle,


https://doi.org/10.1101/2024.02.05.578890
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.05.578890; this version posted February 5, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

695  resulting in a total dose per tomogram of ~150 e”/A2,

696  Before tomographic reconstruction, the contrast transfer function (CTF) for each tilt image was
697  estimated using gctf.%° Subsequently, images were filtered by cumulative electron dose,”® using
698 MATLAB implementation described previously.”! Next, tilt images with poor quality were
699  discarded by visual inspection. These dose-filtered and cleaned tilt series were aligned with
700  patch-tracking in IMOD (version 4.10.9 and 4.11.5),7? using the 4x binned images and 9x5
701  patches, and reconstructed as 4x binned, SIRT-like filtered tomograms with a binned pixel size
702 of 10.728 A. Tomograms with sufficient visual quality and a good patch-tracking result
703 (typically, overall residual error value below 1 pixel at 4x binning) were selected and 3D CTF-
704  corrected using novaCTF,” and further used for subtomogram averaging workflow. For the
705  tomogram-based NPC diameter inspection, all the reconstructed tomograms were visually
706  examined. Only tomograms with severe defect, such as overall residual error value above 3
707  pixels, total angular coverage less than 60°, or large amount of ice contamination, were
708  discarded, and remaining tomograms were used for the analysis. For the visualization of
709  tomographic slices, 4x binned 3D CTF-corrected tomograms were deconvolved in MATLAB
710  using tom_deconv deconvolution filter’* to enhance the image contrast.

711

712

713  Subtomogram averaging and classification

714  Subtomogram averaging of NPCs was performed using novaSTA> as described previously,'°
715  and the detailed workflows were summarized in Figure S2A. Briefly, NPC particles were
716 manually picked using 4x binned SIRT-like filtered tomograms, and based on this information,
717  the particles were extracted from 8x binned 3D CTF-corrected tomograms and aligned on a
718  whole-pore level with imposed C8 symmetry using novaSTA.”> After initial alignment at 8x

719  binning, the particles were again extracted from 4x binned 3D CTF-corrected tomograms and
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720  further aligned to improve the alignment precision. After obtaining the initial whole-pore
721  average at 4x binning, the positions of asymmetric units were determined using the distance
722 from the center of the whole pore and C8 symmetry, and subtomograms for the asymmetric
723 units were extracted at 4x binning. Particles with the center outside of lamellae were discarded
724 at this step. Subsequently, subtomograms were aligned and the particles with cross correlation
725  value to the reference below 0.1 were further discarded. Due to the large number of top views,
726  particularly in the mES datasets, structural information along the horizontal plane of NPCs was
727  over-represented, resulting in an average with vertically elongated features along the z axis of
728  NPCs. To obtain more isotropic averages, subtomograms from the top views of NPCs were also
729  discarded from the dataset at this step, and remaining particles were further processed. For the
730  subtomogram average-based NPC diameter measurement, particles from top views were kept
731  and the entire particle set was processed in parallel. After averaging the asymmetric unit, the
732 alignment around each ring subunit (i.e. CR, IR and NR) was further optimized using a mask
733 covering these target areas. Subsequently, subtomograms were re-extracted from the center of
734  individual ring subunits at 4x binning, and further aligned to obtain final averages. The masks
735  used for the alignment were generated with Dynamo’® and RELION-3.1.77 To generate the
736  composite maps of the whole pore, the final individual ring averages were fitted into the average
737  of the asymmetric unit, and the summed map was assembled into an eight-fold symmetric
738  architecture based on the coordinates used for asymmetric unit extraction.

739  For the Nupl33~ mES dataset, the whole-pore particles were subjected to reference-based
740  classification using STOPGAP,” to classify the particles with 7-, 8-, and 9-fold symmetries. To
741  generate initial references with three different symmetries, the particles of Nup133”- mES NPC
742 were first manually sorted based on the arrangement of asymmetric units. Specifically, particles
743 were initially picked from the tomograms without symmetry judgement and subjected as a

744 whole to the whole pore averaging at 8% binning with imposed C8 symmetry. Subsequently,
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745  asymmetric units were extracted using C8 symmetry from 8x binned tomograms and aligned
746  as described above to obtain the initial asymmetric unit average. In parallel, asymmetric units
747  were extracted using C60 symmetry to oversample the positions on the circumference of the
748  NPCs, and aligned using the above-mentioned asymmetric unit average as the initial reference.
749 After 16 cycles of iterative alignments, most particles were shifted to the actual positions of the
750  closest subunit, and these shifted positions of the oversampled particles were visually examined
751  to assess the symmetry of each NPC. As a result, 23, 261, and 18 NPC particles out of 411
752 particles showed clear 7-, 8-, and 9-fold symmetric arrangement of the asymmetric units,
753 respectively, and these particles were aligned with C7, C8, or C9 symmetry at 8% binning to
754  obtain three initial references for the classification. With these whole-pore averages with 7-, 8-,
755  and 9-fold symmetries as initial references, the NPC particles were subsequently subjected to
756  reference-based classification using STOPGAP’® without any imposed symmetry. Among the
757 411 initially picked NPC particles, 11 particles at the very edge of the tomograms contained
758  empty areas within their subtomograms, and thus were discarded from the particle set before
759  the classification analysis. Since STOPGAP uses stochastic methods for subtomogram
760  alignment,’® classification was repeated four times using the same parameters, and particles
761  consistently classified into same classes among all four runs were selected for further
762 processing. The particles with 8-fold symmetry were processed as described above, whereas
763 those with 7-fold or 9-fold symmetry were only processed at 8% binning in a similar manner,
764  due to the low particle number and the low resolution of the averages. For the Nup133” neural
765  progenitor dataset, 193 whole-pore particles were extracted and directly subjected to the
766  reference-based classification, using the three initial references used for the classification of the
767  Nupl33-mES NPCs. Due to the low number of particles classified into 7-fold symmetric class
768  and the presence of misclassified particles, final averages for the 7-fold symmetric class lacked

769  readily distinguishable symmetric features in some of the classification runs. Thus, to reliably
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770  separate 7-fold and 8-fold symmetric particles, classification was performed eight times, and
771  five runs that yielded clear 7-fold and 8-fold symmetric averages were used for selecting the
772 consistently classified particles. No particle was classified as 9-fold symmetric NPC in any of
773  the classification runs. 157 particles consistently classified as 8-fold symmetric NPCs were
774  further processed as described above to obtain final averages of the CR, IR and NR. The number
775  of particles used for individual subtomogram averages are summarized in table S1.

776  Subtomogram average-based NPC diameter measurement was performed as described
777  previously.?* For the manual measurement of the NPC diameter, 4x binned SIRT-like filtered
778  tomograms were visually examined, and the distance between two opposite nuclear envelopes
779  at the outer-inner nuclear envelope fusion point was measured using the distance measurement
780  function in 3dmod.”> When NPCs exhibited ellipsoidal or distorted shape, the measurement was
781  performed at the widest section. Figures were prepared using UCSF ChimeraX.”

782

783

784  Human macrophage sample preparation and data acquisition

785  Monocyte-derived macrophages (MDM) were obtained from human peripheral blood
786  mononuclear cells (PBMC) isolated from buffy coats of healthy donors as described
787  previously.”® Buffy coats were obtained from anonymous blood donors at the Heidelberg
788  University Hospital Blood Bank according to the regulations of the local ethics committee.
789  MDM cells were cultured in RPMI 1640 medium (Thermo Fisher Scientific) supplemented
790  with 10% heat inactivated FBS (Capricorn Scientific GmbH, Germany), 100 U/ml of penicillin,
791 100 pg/ml of streptomycin (Thermo Fisher Scientific) and 5% human AB serum (Capricorn
792 Scientific GmbH, Germany). Cells were kept in a humidified incubator at 37°C with 5% COx.
793 For the grid preparation, MDM cells were detached from the growth surface by accutase

794  (StemCell Technologies) according to the manufacturer’s instructions. 4 x 10* MDM cells were
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795  seeded on glow discharged and UV-light sterilized holey carbon grids (R2/2, Au, 200 mesh,
796  Quantifoil), which were placed in a glass-bottomed ‘microwell’ of 35-mm MatTek dish
797  (MatTek, Ashland, MA, USA). After seeding, cells were cultured for an additional 24 h at 37
798  °C. MDM cells were subsequently plunge frozen in liquid ethane at -183°C using a EM GP
799  plunger (Leica Microsystems), with a set chamber humidity of 90% and temperature of 37°C.
800  Before plunge freezing, 3 pul of culture medium was applied onto the grids. Subsequently, the
801  grids were blotted from the back side for 3 s with a Whatman filter paper, Grade 1, and plunge
802  frozen. The samples were then cryo-FIB milled using an Aquilos 2 microscope (Thermo
803  Scientific) in a similar manner as described above. In brief, loaded samples were first coated
804  with an organometallic platinum layer using a gas injection system for 10 s, and additionally
805  sputter-coated with inorganic platinum at 1 kV voltage and 10 mA current for 10 s. Milling was
806  performed using AutoTEM Cryo software (version 2.4.2, Thermo Scientific) in a stepwise
807  manner with a Ga ion beam of 30 kV voltage while reducing ion beam current from 1 nA to 50
808  pA. Final polishing was performed using 30 pA ion beam current, with the target lamella
809  thickness of 200 nm.

810  Cryo-ET data acquisition was performed on a Titan Krios G4 microscope (Thermo Scientific)
811  operated at 300 kV, equipped with a E-CFEG, a Falcon 4 direct electron detector (Thermo
812  Scientific), and a Selectris X energy filter (Thermo Scientific) operated in EFTEM mode with
813  an energy slit width of 10 eV. Tilt series were acquired using SerialEM®’ in low dose mode at a
814  magnification of x53,000, corresponding to a nominal pixel size of 2.414 A, with a defocus
815  range of -2.0 to -4.0 um. Tilt images were recorded as movies of 10 frames with a total dose of
816 2.2 e/A2 and motion-corrected in SerialEM on-the-fly. Tilt series acquisition started from the
817  stage pretilt angle of -8°, and images were acquired using a dose-symmetric acquisition
818  scheme®® with 2° increments up to +52°and -68° stage tilt angle, resulting in 61 projections per

819 tilt series and a target total dose per tomogram of ~135 e /A% Tomographic reconstruction was
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820  performed as described above, with AreTomo (version 1.33)% instead of IMOD used for patch-
821  tracking.

822

823

824  Three-dimensional template matching

825  Three-dimensional template matching (TM) was performed using STOPGAP.” To reduce the
826  amount of computation, selected whole-pore particles were extracted from 4x binned 3D CTF-
827  corrected tomograms with a box size of 240 or 300 voxels and subjected to the analysis. For
828  the analysis of the 8-fold symmetric NPCs, particles located within the central 616 x 1040 x
829  ~200-voxel volume of 4% binned tomograms (1016 % 1440 x 500- or 600-voxel total volume)
830  were first selected to exclude particles that are close to the edge of the tomograms and thus may
831  be partially out of the volume. From these particles, 40 and 30 particles for the wild-type and
832  the Nupl33’- mES datasets, respectively, were randomly selected to have the particle sets of
833  similar size to those of the 7-fold and 9-fold symmetric NPCs. For selecting particles, random
834  numbers were generated using MATLAB and particles with matching array numbers were
835  selected from the list. For the analysis of the 7-fold and 9-fold symmetric NPCs, all the particles
836  obtained from reference-based classification were used. The individual ring averages (CR, IR,
837  or NR) of the 8-fold symmetric NPCs from the wild-type or the Nupl33”- mES cells, aligned
838  at 4% binning with box size of 100 voxels, were directly used as search templates. Ellipsoidal
839  masks that cover the protein part of the averages were used as alignment masks. Low pass
840 filtering of ~50 A was applied to the templates based on the resolution of final averages.
841  Angular search was performed with 10-degree increment without any symmetry, resulting in
842  an angle list with 15,192 different set of Euler angles. After template matching runs, the mean
843  and standard deviation values of the cross-correlation scores within each score volume were

844  calculated,*” and the cross-correlation peaks with values larger than five standard deviations
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845  from the mean were extracted using sg_tm_generate_motl.m in the STOPGAP toolbox.”® The
846  extracted peaks were inspected using ArtiaX,*! and only the peaks with consistent particle
847  orientations to the NPC architectures were kept. The positions of the peaks were further visually
848  examined together with the corresponding cross-correlation score volumes, and peaks
849  indistinguishable from background noise were discarded. For the analysis of the number of CR
850  and NR peaks shown in Figure 3 and Figure 4, particles with less than five IR peaks were also
851  discarded, because the overall symmetry of the NPC (7-, 8-, or 9-fold symmetry) cannot be
852  unambiguously judged from the arrangement of the IR peaks. Subvolumes used for the TM
853  analysis were then visually inspected, and particles that are not fully contained within the
854  lamellae were excluded. Since the 7-fold and 9-fold symmetric NPC particles obtained after
855  classification nevertheless include a small number of misclassified NPCs or particles with
856  ambiguous symmetries, these particles were furthermore discarded based on the arrangement
857  of the IR peaks. As a result, 10 out of 34 particles, 6 out of 30 particles, 12 out of 32 particles,
858  and 11 out of 40 particles were discarded from the datasets of the Nup133”- mES 7-fold, 8-fold,
859  9-fold symmetric NPCs and the wild-type mES NPCs, respectively. For the human macrophage
860  dataset, selected particles were extracted from 4x binned 3D CTF-corrected tomograms (9.656
861  A/pix) with box size of 300 voxels. The CR, IR, and NR averages of the wild-type mES NPC
862  were rescaled to the corresponding pixel size using relion_image handler,”’ together with the
863  corresponding masks, and used as search templates. Template matching was performed as
864  described above, and the cross-correlation peaks with the value larger than six standard
865  deviations above the mean were extracted and analyzed. Nuclear envelopes were segmented
866  from deconvolved tomograms’ using Membrain-seg®? with pretrained model version 10, and
867  the results were corrected manually using Amira Software (Thermo Scientific). For the
868  visualization of the results, MATLAB, ArtiaX®!' and napari®} were used.

869
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870

871 Immunofluorescence staining

872  Cells were seeded on 8-well glass bottom chambered slides (ibidi, 80827) coated with poly-
873  LD-ornithine and laminin as described above, and fixed at the indicated time point after seeding
874  in 4% paraformaldehyde for 15 min. Subsequently, cells were permeabilized in 0.1% Triton in
875  PBS for 10 min, washed three times with PBS for 5 min each, and blocked for 30 min using
876 3% BSA-containing PBS (PBS/BSA). After blocking, primary antibodies diluted in PBS/BSA
877  were applied, and samples were incubated overnight at 4°C. After washing the samples with
878  PBS, samples were incubated with secondary antibodies diluted in PBS for 2 h at room
879  temperature. DNA was stained with 2 uM of Hoechst 33342 (Thermo Fisher Scientific, 62249)
880  for 10 min. Images were acquired on a Stellaris 5 confocal microscope (Leica Microsystems),
881  using a 63x/1.40 oil objective. For quantification of Pax6-positive cells, 15 z-slices were
882  acquired with z-step of 1 um, while 25 z-slices were acquired with z-step of 0.6 pm for the
883  analysis of y-H2AX foci. Typically, images were acquired from 8 to 12 randomly selected
884  positions within one well and all the images were used for the analysis. The primary antibodies
885  used in this study were as follows; mouse anti-Pax6 (Developmental Studies Hybridoma Bank,
886 61 ug/ml, dilution 1:12), mouse anti-y-H2AX (Merck, 05-636, 1 mg/ml, dilution 1:1000). For
887  the secondary antibodies, goat anti-mouse AlexaFluorPlus488 conjugated antibody (Thermo
888  Fisher Scientific, A32723, 2 mg/ml, dilution 1:2000) were used.

889  Image analysis was performed using Fiji.** For quantification of Pax6-positive cells, nuclei and
890  Pax6-positive areas were segmented in maximum intensity projection images by auto-
891  thresholding, and the percentage of Pax6-positive nuclei was calculated. For counting y-H2AX
892  foci, nuclei were segmented in maximum intensity projection images by auto-thresholding,
893  while y-H2AX foci were segmented using a defined threshold value, and the number of foci

894  larger than three pixels were counted for each nucleus. For the segmentation of y-H2AX foci,


https://doi.org/10.1101/2024.02.05.578890
http://creativecommons.org/licenses/by-nc-nd/4.0/

895

896

897

898

899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.05.578890; this version posted February 5, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

a single threshold value was used for all the images.

Data availability

The subtomogram averages described in this study will be deposited in the Electron Microscopy
Data Bank (EMDB). The tilt series data will be deposited in the Electron Microscopy Public
Image Archive (EMPIAR). Light microscopy images will be deposited in the Biolmage Archive

(BIAD).
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1239 Supplementary Figure 1: Overview of sample preparation for cryo-ET experiments

1240 (A) Flow diagram of the neural differentiation procedure. Time-points when mES and neural
1241  progenitor cells were plunge-frozen are also indicated by arrowheads. (B) Representative image
1242 of the wild-type mES cells cultured on a layer of feeder cells. Oval colonies with bright edges
1243 are clusters of mES cells. (C) Representative image of a cluster of the wild-type neural
1244  progenitor cells. These clusters were trypsinized to obtain neural progenitor samples. (D)
1245  Quantification of Pax6-positive cells in the neural progenitor samples obtained from the wild-
1246  type and Nup133”- mES cells. Cells were stained 2 h after plating with Pax6 antibody. Data are
1247  from three biological replicates, and at least 300 nuclei are analyzed for each condition. Error
1248  bars denote standard deviations. (E) Representative cryo-FIB milled lamella of the wild-type
1249  mES cells. FIB view of an mES cell on a cryo-EM grid before cryo-FIB milling (top) and SEM
1250  view of the same cell after cryo-FIB milling (bottom) are shown. (F) Cryo-TEM overview of
1251  the lamella shown in (E), rotated by 180°. (G, H) Representative cryo-FIB milled lamella of the
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wild-type neural progenitor cells, shown as in (E) and (F). (I-J) Representative slices through
reconstructed tomograms of the wild-type mES cells (I) and the wild-type neural progenitor
cells (J). Top views of the NPCs are indicated by white arrowheads.
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Supplementary Figure 2: Subtomogram averages of the mES and neural progenitor NPCs
(A) The schematic data processing workflow employed for subtomogram averaging of the wild-
type mES NPCs. The 8-fold symmetric NPCs from the three other datasets - Nupl33”- mES


https://doi.org/10.1101/2024.02.05.578890
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.05.578890; this version posted February 5, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

1261  NPC, wild-type and Nupl33”- neural progenitor NPCs - were processed following a similar
1262 workflow. (B-E) Composite maps of the 8-fold symmetric NPCs (left) and corresponding
1263 Fourier shell correlation curves of the CR, IR and NR averages (right). The data for the wild-
1264  type mES NPC (B), the wild-type neural progenitor NPC (C), the Nup133”- mES NPC (D), and
1265  the Nupl33” neural progenitor NPC (E) are shown. Composite maps are shown as cutaway
1266 views.

1267
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Supplementary Figure 3: Structural comparison between murine and human NPCs
(A-C) Detailed architecture of the CR (A), NR (B), and IR(C) of the wild-type mES NPCs. The
CR, NR, and IR models of the dilated human NPC (PDBID: 7RS5J) are fitted into the
corresponding cryo-EM maps. In (A) and (B), protomers at the center are highlighted with bold
colors, while two adjacent protomers are indicated with pale colors. Note that Nup358 and
Nup214 complex are CR-specific components. In (C), Nup155 molecules linking the IR with
the CR or NR are colored in pale red.
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A Nup133* mES dataset
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Supplementary Figure 4: Subtomogram averaging of the 7-fold and 9-fold symmetric
NPCs in the NupI33”- mES cells

(A) The schematic workflow of the classification of the Nup33”- mES NPCs. Particles with
consistent class assignment among four classification runs were selected for further processing.
(B) Classification of the wild-type mES NPCs. The three initial references shown in (A) were
used. In contrast to the classification of the Nupl33”’- mES NPCs, all the particles were
reproducibly assigned to one class with 8-fold symmetric architecture. (C-D) The cryo-EM
maps of the 7-fold (C) and 9-fold (D) symmetric NPCs in the Nupl33”~ mES cells. The
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1287  individual averages of the CR, IR, and NR are shown. The CR and NR averages are viewed
1288  from the same angle as in Figure 1B, and the IR average is viewed from the center of the NPC.
1289  Note that the CR and NR averages in (C) and the NR average in (D) lack interpretable structural
1290  features.
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1293

1294  Supplementary Figure S: TM analysis of the mES NPCs

1295  (A-D) Histograms showing the number of NPCs and their differing numbers of IR peaks
1296  detected by the TM analysis of the 7-fold (A), 9-fold (B), and 8-fold (C) symmetric NPCs in
1297  the Nup133-/- mES cells, and the 8-fold symmetric NPCs in the wild-type mES cells (D). Note
1298  that particles with less than five peaks were discarded from the analysis (labels colored in grey).
1299  The number of particles is indicated on top of each bar. Graphs in (A-D) correspond to the
1300  dataset presented in Figure 3C, 3E, 4B, and 4D, respectively.
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Over-stretched NPCs in the Nup133” neural progenitor dataset

Supplementary Figure 6: Over-stretched NPCs in the Nup133-- neural progenitor cells

(A) Summary of the over-stretched NPCs observed in the Nupl33” neural progenitor dataset.
Each example of an over-stretched NPC (#1-19) includes a representative slice through the
tomograms (left), segmented membranes seen from the same orientation as in the left panel
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1308  (middle), and segmented membranes seen from the cytoplasmic side (right). Based on the
1309  results of the TM analysis, the CR (yellow), IR (blue) and NR (pink) maps are projected back
1310  onto the segmented membranes (middle and right panels). The CRs clearly detached from the
1311 outer nuclear membrane are highlighted with grey arrowheads. C and N in the tomographic
1312 slices indicate the cytoplasm and nucleus, respectively. The example shown in Figure 6B
1313 corresponds to #8. (B) Summary of large nuclear envelope openings observed in the Nup1337
1314  neural progenitor dataset, shown in the similar manner as in (A). Note that neither the CR, IR
1315  nor NR protomer was detected in these membrane openings by the TM analysis. Scale bar, 100
1316  nm.
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A Over-stretched NPCs in the wild-type neural progenitor dataset

3

B Over-stretched NPCs in the human macrophage dataset

Supplementary Figure 7: Over-stretched NPCs in the wild-type neural progenitor cells
and human macrophages

(A) Summary of the over-stretched NPCs observed in the wild-type neural progenitor dataset.
Each example of an over-stretched NPC (#1-13) includes a representative slice through the
tomograms (left), segmented membranes seen from the same orientation as in the left panel
(second from the left), and segmented membranes seen from the cytoplasmic side (second from
the right) and the nuclear side (right). The CR, IR and NR maps are projected back onto the
segmented membranes, based on the results of the TM analysis and colored as in Figure S6A.
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1328 The CRs clearly detached from the outer nuclear membrane are highlighted with grey
1329  arrowheads. For the over-stretched NPCs oriented as top views in the tomograms (#1-9), the
1330  cytoplasmic views are omitted. C and N in the tomographic slices indicate the cytoplasm and
1331  nucleus, respectively. The example shown in Figure 8A corresponds to #10. (B) Summary of
1332 the over-stretched NPCs observed in the human macrophage dataset, shown in the similar
1333 manner as in (A). The example shown in Figure 8B corresponds to #2. Scale bar, 100 nm.
1334

1335
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Monocyte-derived

Dataset Wild-type mES cells Wild-type neural progenitor cells Nup133"’ mES cells Nup133 * neural progenitor cells macrophages
Microscope Titan Krios G2 Titan Krios G2 Titan Krios G2 Titan Krios G2 Titan Krios G4
Voltage (kV) 300 300 300 300 300
Camera Gatan K3 Gatan K3 Gatan K3 Gatan K3 TFS Falcon4
Magnification 33000 33000 33000 33000 53000
Pixel size (Afpixel) 2682 2,682 2,682 2682 2.414
Targeted total electron exposure (€7A2) ~150 ~150 ~150 ~150 ~135
Targeted defocus range (um) 25--45 25--45 25--45 25--45 20--40
Automation software SerialEM SerialEM SerialEM SerialEM SerialEM
Tilt-series collected 260 176 280 237 75
Tomograms used for NPC diameter analysis 161 96 164 144 -
Tomograms used for STA 109 64 123 104 4*

initial # of NPC 447 180 411 193

Symmetry 8-fold 8-fold 7-fold 8-fold 9-fold 8-fold

Selected # of NPC 447 180 34 323 32 157

Map type CR IR** NR CR IR** NR CR IR NR CR IR** NR CR IR NR CR IR** NR

Final # of particles 1450 1452 (3528) 1451 851 851 (1338) 851 238 238 238 970 970 (2510) 970 288 288 288 894 894 (1073) 894

Resolution (A)*** 287 28.5(26.5) 30.4 31.8 30.7 (30.2) 31.0 - 482 - 31.1 30.1(28.8) 33.4 483 50.3 - 34.2 30.2(29.9) 338

* Number of tomograms used for the template matching analysis of the over-stretchend NPCs

** Numbers in brackets correspond to the dataset used for STA-based NPC diameter measurement.

*** Resolution calculated using FSC = 0.143 threshold

Table S1: Statistics for data acquisition and subtomogram averaging
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