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ABSTRACT Assembly of the nucleus following mitosis requires rapid and coordinate recruit-
ment of diverse constituents to the inner nuclear membrane. We have identified an unex-
pected role for the nucleoporin Nup153 in promoting the continued addition of a subset of
nuclear envelope (NE) proteins during initial expansion of nascent nuclei. Specifically, disrupt-
ing the function of Nup153 interferes with ongoing addition of B-type lamins, lamin B recep-
tor, and SUNT1 early in telophase, after the NE has initially enclosed chromatin. In contrast,
effects on lamin A and SUN2 were minimal, pointing to differential requirements for the on-
going targeting of NE proteins. Further, distinct mistargeting phenotypes arose among the
proteins that require Nup153 for NE targeting. Thus, disrupting the function of Nup153 in
nuclear formation reveals several previously undescribed features important for establishing
nuclear architecture: 1) a role for a nuclear basket constituent in ongoing recruitment of nu-
clear envelope components, 2) two functionally separable phases of NE formation in mam-
malian cells, and 3) distinct requirements of individual NE residents for continued targeting
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during the expansion phase of NE reformation.

INTRODUCTION

Metazoan cells undergo an open mitosis in which the nuclear mem-
branes, nuclear lamina, and nuclear pore complexes (NPCs) dis-
perse before partitioning of the genome. Soon after chromosomes
begin to segregate, the process of nuclear assembly begins to take
place around each mass of chromosomes, termed a chromatin disk.
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The mitotic endoplasmic reticulum (ER), which accommodates
membrane proteins that are residents of the nuclear envelope (NE),
begins to contact and enclose the chromosomes at early anaphase
(Figure 1A; Schellhaus et al., 2016; LaJoie and Ullman, 2017). At this
time, the inner and outer membranes of the NE are established and
a diverse repertoire of NE constituents target to the chromatin sur-
face, with some taking on roles critical to coordinating nuclear as-
sembly. One such role is recruitment of machinery to synchronously
remodel microtubules and seal membranes, which takes place at
subdomains within the NE termed “core” regions. Core regions
form transiently in the center of anaphase disks, on both inner and
outer faces, with the remainder of the NE termed the “noncore”
region (Figure 1A; Liu and Pellman, 2020). Members of the endo-
somal sorting complexes required for transport (ESCRT) pathway
are recruited to this site and play a central role in sealing the NE in
a coordinated manner (Stoten and Carlton, 2018). Concomitantly,
rapid nuclear pore formation takes place at the noncore region
(Otsuka and Ellenberg, 2018). Thus, once the NE is sealed, the nu-
cleus is competent to establish specialization of the nuclear environ-
ment via nucleocytoplasmic transport. To fully form normal nuclear
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architecture, however, the NE must also continue to expand. In-
deed, coordinated lipid synthesis in conjunction with ESCRT-medi-
ated sealing was found to be important in nuclear assembly (Pen-
field et al., 2020). At the transition from closure to expansion, NE
proteins redistribute throughout the inner nuclear membrane (INM),
removing the distinction between core and noncore regions (Figure
1A; Maeshima et al., 2006). NPCs continue to be added, but their
biogenesis at this stage, which is termed an “interphasic” or “in-
side-out” route, has distinct features due to the necessity to form
this macromolecular structure in what is now a contiguous double
lipid bilayer (Otsuka and Ellenberg, 2018).

Beyond this second, distinct route of NPC formation, for which
an understanding has begun to emerge (Dultz and Ellenberg,
2010; Doucet and Hetzer, 2010; Otsuka et al., 2016, 2021), little is
known about the second phase of nuclear assembly, NE expan-
sion. Early work in the Xenopus egg extract system identified roles
for the AAA-ATPase p97, mediated by specific cofactors that were
key in defining distinct phases of NE sealing versus continued nu-
clear growth (Hetzer et al., 2001). This has since been appreciated
to reflect a role for p97 in removing Aurora B associated with chro-
matin (Dobrynin et al., 2011), as well as in establishing a reticular
ER network that efficiently encloses chromatin (Hetzer et al., 2001).
ER shaping proteins actively regulate ER morphology during nu-
clear assembly to promote proper reformation of the NE at a time
when INM proteins are being targeted to and enriching at the
chromatin surface (Anderson and Hetzer, 2008; Lu et al., 2009,
2011). It is of note that the architecture of the ER, and particularly
the role of atlastin, is established to be important for INM protein
diffusion through the ER and subsequent targeting to the NE at
interphase (Pawar et al., 2017). There has also been considerable
focus on how proteins target to the INM during ongoing recruit-
ment of newly synthesized INM proteins at interphase (Ohba et al.,
2004; King et al., 2006; Meinema et al., 2011; Boni et al., 2015;
Lokareddy et al., 2015; Ungricht et al., 2016; Rempel et al., 2020).
These studies point toward pathways for INM protein passage
through the NPC, after which interactions at the nuclear periphery
may aid in retention. Nuclear size control has additionally been
scrutinized, reinforcing the importance of perinuclear ER and re-
vealing several transport-related factors that dictate the extent and
maintenance of nuclear dimensions (Vukovic et al., 2016; Jevtic
et al., 2019; Mukherjee et al., 2020). Although postmitotic NE ex-
pansion may rely on some of the same mechanisms studied in
these other contexts, the results we present here reveal require-
ments in mammalian cells unique to NE growth during initial nu-
clear formation. Moreover, our results also expose distinctions
among INM proteins in terms of their requirements for NE target-
ing at this stage.

Failure to form a normal NE environment results in impaired
compartmentalization and DNA damage (Vietri et al., 2015; von Ap-
pen et al., 2020). This is exemplified by micronuclei, which are hall-
marks of tumor cells and form from chromosomes aberrantly sepa-
rated from the primary nucleus due to missegregation events. The
NE formed at these sites often fails to recruit the full repertoire of
INM proteins and is similar to the core domain at the newly forming
primary nucleus: enriched in LEM-domain proteins and deficient in
B-type lamins and NPCs (Liu et al., 2018). Such micronuclei suffer
from unrestrained membrane remodeling events by the ESCRT-III
pathway (Willan et al., 2019; Vietri et al., 2020) and are prone to
rupture (Hatch et al., 2013). Ultimately, micronuclei experience in-
creased DNA damage, conferring genome instability to an already
vulnerable chromosome or chromosomal fragment (Hatch et al.,
2013; Zhang et al., 2015; Liu et al., 2018).
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This report focuses on Nup153, a constituent of the nuclear pore
that is part of a basket-like structure emanating from the nuclear
face of the NPC (Ball and Ullman, 2005). We have found that Nup153
plays a novel role in promoting nuclear assembly that is required for
targeting B-type lamins and a subset of inner nuclear membrane
proteins during telophase. The timing of this role uncouples early
targeting events from the continued addition of certain NE constitu-
ents. These data reveal unexpected and distinct NE protein-target-
ing requirements and highlight the existence of a specific phase of
nuclear formation.

RESULTS

Nup153 plays a role in lamin B localization after mitosis

We previously reported that Nup153 depletion results in ectopic
localization of lamin proteins in newly divided cells. Cells with this
phenotype remain attached by an intercellular bridge containing
an elongated microtubule midbody structure but otherwise ap-
pear to have interphase nuclear morphology, indicating they are in
late telophase and have recently undergone nuclear assembly
(Mackay et al., 2010). To further assess the role of Nup153 in nu-
clear lamina formation, we employed a panel of antibodies that
discriminate between lamins A/C, B1, or B2 (Supplemental Figure
1). Using these isoform-specific antibodies, we found lamin A/C to
be weakly mistargeted when Nup153 is depleted, whereas lamins
B1 and B2 had a robust ectopic localization phenotype in late-
telophase cells (Figure 1B). In fixed cell analysis, endogenous la-
min B2 mistargeting in Nup153-depleted cells was detectable in
some early telophase cells, with a robust phenotype present in
80+13% of cells at late telophase (Figure 1C). These observations
suggested a role for Nup153 in the continued addition of B-type
lamins after early targeting events in nuclear formation have com-
pleted. Alternatively, this phenotype could arise from an autopha-
gic process of lamin B removal similar to what has been observed
during senescence (Dou et al., 2015). To address these possibili-
ties, we monitored the development of the phenotype in real time.
Live imaging of cells confirmed that early steps of nuclear assem-
bly proceed normally in cells depleted of Nup153. Specifically, a
canonical “core” domain at anaphase marked by LEM2-mCherry
formed while GFP-lamin B2 was recruited to noncore regions and
subsequently encircled the chromatin disk similarly in both siCon-
trol- and siNup153-treated cells (Supplemental Figure 2). In cells
coexpressing H2B-mCherry and GFP-lamin B2, normal lamin B2
targeting to the chromatin surface during anaphase was evidenced
by GFP-lamin B2 coating the nuclear surface at the time of com-
plete cleavage furrow ingression (defined here as t=0). However,
at the transition from anaphase to telophase, lamin B2 initiated
accumulation at focal sites in the cytoplasm in cells depleted of
Nup153 (Supplemental Figure 2 and Figure 1D). The appearance
of ectopic lamin B2 at sites distant from the nucleus supports the
conclusion that, rather than being removed from the nuclear sur-
face, lamin B is not targeting normally to the nuclear surface once
the chromatin is enclosed by membrane.

Treatment with an independent siRNA directed against
Nup153 similarly resulted in ectopic targeting of lamin B2 (si153-
1; Supplemental Figure 3A), with reduction of Nup153 protein
levels following siRNA treatment corroborated by immunofluores-
cence and immunoblot for both oligos (Supplemental Figure 3, A
and B). Moreover, nontransformed retinal pigment epithelial (RPE-
1) cells also exhibit ectopic lamin B2 mistargeting in late-telo-
phase cells when Nup153 levels are depleted (Supplemental
Figure 3C). Further substantiating our findings, induced expres-
sion of the C-terminal domain of Nup153 (Nup153-C), which we
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Lamins B1/B2 accumulate at ectopic sites in telophase when Nup153 is depleted. (A) Confocal microscopy of
Hela cells expressing LEM2-mCherry, costained to detect Nup153, tubulin, and DNA. Images represent distinct stages
of nuclear assembly, from initial membrane recruitment in early anaphase, establishment of core/noncore regions in late
anaphase, and dissolution of core/noncore regions along with nuclear envelope expansion (early telophase, late
telophase). Early telophase cells are identified by a compact midbody structure connecting cells that have not fully
flattened, while late-telophase cells remain connected by a thin midbody structure and are considerably flatter. Scale bar,
10 pm. (B) Widefield microscopy showing representative images of lamins A/C, B1, and B2 in late-telophase stage cells,
after treatment with siControl (siCon) or siNup153 (si153) oligos for 48 h. Yellow arrows indicate sites of lamin ectopic
targeting. Scale bar, 20 pm. (C) Quantification of the percent of cells with mislocalized endogenous lamin B2 at
metaphase/anaphase (Meta/Ana), early telophase (Early Telo), and late telophase (Late Telo) after 48-h treatment with
siCon or si153 oligos. The phenotype observed in early telophase cells was notably weaker. Data from three experiments
plotted as mean + SD; siCon: meta/ana 0 £ 0%, early telo 0 = 0%, late telo 0 + 0%; si153: meta/ana 0 + 0%, early telo
38+ 15%, late telo 80 + 13%. *, P < 0.05; ***, P < 0.001. & indicates raw values were equal to 0. (D) Montage of cells
expressing GFP-lamin B2 and H2B-mCherry progressing through telophase captured by live spinning disk microscopy
after treatment with siCon or si153 for 48 h, with t = 0’ being the time of complete cleavage furrow ingression observed
by time-lapse video. Images were adjusted independently to optimize visibility of the markers. Scale bar, 10 pm.
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Lamin B2 mistargeting is not the result of disrupting the
pore basket. (A) Immunoblot of Nup153, Nup50, Tpr, Nup155, and
tubulin protein levels after depletion with indicated siRNAs for 48 h.
Nup155 and tubulin were probed as nucleoporin and loading controls,
respectively. (B) Quantification of the percent of late-telophase cells
with mistargeted lamin B2 after treatment with the indicated siRNAs.
Data from three experiments plotted as mean + SD; siCon: 0 + 0%;
si153: 90 £ 10%; si50: 0 £ 0%,; siTpr: 0 £ 0%. ***, P < 0.001.

@ indicates raw values were equal to 0. (C) Widefield microscopy of
lamin B2 for each depletion condition; brackets indicate late-
telophase cells determined by tubulin costain (not shown). Scale bar,
20 pm.

previously found to behave in a dominant negative manner
(Mackay et al., 2010), also resulted in lamin B2 mistargeting in
Hela cells (Supplemental Figure 3D).

As Nup153 is known to be critical for localization of the nuclear
pore basket proteins Tpr and Nup50 in late-telophase cells (Hase
and Cordes, 2003; Mackay et al., 2010; Aksenova et al., 2020), we
sought to distinguish whether the lamin phenotype observed was
due to displacement of these basket constituents or to disruption of
a distinct role of Nup153. We found that neither depletion of Tpr
nor depletion of Nup50 (Figure 2A) altered lamin B2 targeting
(Figure 2, B and C), indicating that the observed role for Nup153
function in lamin targeting is unique and not due to the absence of
other constituents of the nuclear pore basket.
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Disrupting Nup153 functions reveals different targeting
requirements for NE proteins

We previously reported that depleting Nup153 results in an Au-
rora B-dependent delay in abscission. Although this prolongs the
duration of cytokinesis, only ~15% of cells are at the postmitotic
stage where this nuclear assembly phenotype manifests in
Nup153-depleted cell cultures (Mackay et al., 2010). Thus, to fur-
ther elucidate the role of Nup153 in nuclear formation, we sought
a system more amenable to studying events at this cell cycle junc-
ture quantitatively. To this end, we treated cells with thymidine to
block cell division in G1/S followed by washout to release. Using
this method, we found that, as expected, the number of late-
telophase cells, tracked by the appearance of phospho-Aurora B
at an intercellular bridge of tubulin (yellow arrows), was similar in
siControl- and siNup153-treated cells 10 h postrelease (white ar-
rows indicate early telophase cells; Supplemental Figure 4). By 16
h postrelease, however, siControl-treated cells had progressed
through cytokinesis while 46 + 4% of Nup153-depleted cells had
accumulated in late telophase, where cell cycle progression is
paused due to the abscission checkpoint. Under these condi-
tions, 81 £ 10% of late-telophase cells depleted of Nup153 ex-
hibited ectopic lamin B2 targeting, a proportion consistent with
asynchronous experiments (80 + 13%; Supplemental Figure 4D
and Figure 1C). Therefore, this strategy enriches for late-telo-
phase cells with an unaltered incidence of lamin B2 mistargeting
following Nup153 reduction, providing an ideal system in which
to quantify additional aspects of this phenotype.

The selectivity of the lamin-targeting phenotype to B-type
lamins, which—unlike lamin A—stably associate with membrane
via a farnesyl moiety, prompted us to probe whether other
proteins associated with NE membrane also mistarget when
Nup153 levels are reduced. Two hallmark transmembrane pro-
teins of the NE are SUN1 and SUN2, which each make contact
with the nuclear lamina juxtaposed on the INM while interacting
with outer nuclear membrane KASH domain—containing pro-
teins in the NE lumen (Crisp et al., 2006). Similar to lamin B2,
SUN1 robustly mistargeted in late-telophase cells when Nup153
function was disrupted either by siRNA depletion or following
expression of the dominant negative C-terminal fragment of
Nup153 (Figure 3A and Supplemental Figure 5A). Given this re-
sult, it was surprising to find that SUN2 did not display notable
mistargeting in Nup153-depleted cells at late telophase (Figure
3B). SUNT mistargeting to ectopic sites occurred in a similar
proportion of late-telophase cells as observed for lamin B2, with
SUN1 enriched twofold at ectopic sites relative to the NE (Figure
3, Cand D). Assessing SUN2 at the sites of ectopic SUN1 enrich-
ment revealed SUN2 was not excluded from these sites; how-
ever, it was present below levels found at the nucleus (Figure
3D). Plot line profile analysis of spinning disk confocal images
further corroborated the conclusion that SUNT but not SUN2
was significantly mistargeted when Nup153 levels are reduced
(Figure 3, E and F).

NE proteins colocalize at ectopic NE-like membrane
domains distinct from micronuclei

To gain further insight into the phenotype of aberrant targeting of
particular NE residents when Nup153 function is compromised, we
further characterized the focal cytoplasmic accumulation of mistar-
geted proteins. We first asked the question of whether lamin B1
and B2 colocalize and found that antibodies against these B-type
lamins costained ectopic foci when Nup153 is depleted (Figure
4A). Consistent with our finding that the incidence of ectopic lamin
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SUN1, but not SUN2, enriches at ectopic sites in late-telophase cells when Nup153 is depleted.
(A) Widefield microscopy of SUN1 and tubulin and SUN2 and tubulin (B) in late-telophase cells following treatment with
siCon or si153 under thymidine-synchronization conditions. Scale bar, 20 um. (C) Quantification of the percent late-
telophase cells with ectopic SUN1 targeting. Data from three experiments plotted as mean + SD; siCon: 1 £ 1%; si153:
73+ 13%; ***, P < 0.001. (D) Relative levels of SUN1 and SUN2 at ectopic foci compared with nuclear levels under si153
conditions. Data collected from three independent biological replicates are depicted in different colors, N = 25, 26, 20;
the mean of each experiment was used to calculate the mean + SD, indicated in black; SUN1: 2.0 £ 0.3%; SUN2: 0.5 £
0.1%. (E) Graphed arbitrary fluorescence of SUN1 and SUN2 along plot line profile indicated on the spinning disk

confocal micrographs shown in F. Scale bar in F, 10 pm.

B2 and SUN1T accumulation was similar in late-telophase cells fol-
lowing Nup153 depletion (Figure 3C and Supplemental Figure 4D),
we found that these proteins also coenriched at ectopic sites when
assessed by spinning disk confocal microscopy (Figure 4B). Plot
line profile analysis confirmed that both SUN1 and lamin B2 con-
centrated at these ectopic sites relative to their levels at the nu-
cleus. In assessing additional INM residents, we found that Lap2f3
colocalized robustly at these cytoplasmic sites, but in contrast to
SUNT1, retained normal levels of targeting to the nuclear rim (Figure
4, D and E).

Despite the accumulation of membrane-associated NE proteins,
DNA was not detected at these ectopic sites, as illustrated by
plot line profile analysis of spinning disk confocal micrographs
(Figure 3F and Figure 4, C and E). This indicates that the aberrant
accumulation of NE constituents following Nup153 depletion is not
due to missegregation and subsequent micronuclear formation. Fur-
ther reinforcing this conclusion, the nuclear protein Lap2o was found
to enrich at micronuclei as expected (Liu et al., 2018), while present
only at low levels at ectopic NE-like domains resulting from Nup153
depletion (Figure 4F). Indeed, while micronuclei often lack constitu-
ents such as B-type lamins and are enriched in lamin A and LEM-
domain proteins (de Castro et al., 2018; Liu et al., 2018), the NE-like
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foci that form upon Nup153 depletion are instead enriched with
proteins that are frequently low or absent at micronuclei (Figure 4D).
Probing SUN1 and SUN2 at micronuclei, we found that SUN2, but
not SUN1, enriched at micronuclei marked by high levels of LEM2
(Supplemental Figure 6). This pattern again contrasts with that seen
following Nup153 depletion, which altered SUN1, not SUN2, target-
ing to the NE.

Although the sites of NE protein accumulation that result from
interference with Nup153 function are not micronuclei, the presence
of integral membrane proteins suggested that these focal domains
are membranous. As NE proteins intermix with the endoplasmic re-
ticulum at mitosis (Ellenberg et al., 1997; Yang et al., 1997), we ex-
pressed BFP-Sec61f and tracked its appearance in live cells. This
canonical ER marker was found at sites of ectopic lamin B2 accumu-
lation seen after Nup153 depletion, demonstrating continuity with
the endoplasmic reticulum membrane, similar to its continuity with
the NE proper (Figure 4G). This is also consistent with the appear-
ance of lamin B2 in live imaging (Figure 1C and Supplemental
Figure 2), where this marker was seen in a reticular pattern in both
control and Nup153-depleted cells, consistent with the morphology
of the mitotic ER, and then accumulated at ER-associated sites in
Nup153-depleted cells.
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no ectopic targeting of POM121 (Supple-
mental Figure 5, B-D). As POM121 is first
recruited to the noncore region, at face
value this unperturbed localization does
not fit the framework of a connection be-
tween Nup153 and noncore protein tar-
geting. Yet, it is consistent with assembly
of NPCs via a Nupl153-independent
“postmitotic” route at this site (Vollmer
et al., 2015). Recruitment of NPC compo-
nents may operate independently of re-
quirements that distinguish core/noncore

Mistargeted nuclear envelope proteins coenrich at ectopic sites that are
membranous but distinct from micronuclei. (A) Representative widefield images of lamin B1 and
B2 in Nup153-depleted cells after thymidine synchronization. Enlargements are 2x. Scale bar,
20 pm. (B) Spinning disk confocal micrographs showing lamin B2 and SUN1 after Nup153
depletion. Scale bar, 20 ym. (C) Arbitrary fluorescence units corresponding to the plot line
shown in B are graphed. (D) Spinning disk confocal micrographs showing Lap2f3 and SUN1 after
Nup153 depletion. Scale bar, 20 pm. (E) Arbitrary fluorescence units corresponding to the plot
line shown in D are graphed. (F) Costain of SUN1 and Lap20. in Nup153-depleted cells by
widefield microscopy, distinguish micronucleus from sites of SUN1 accumulation. Scale bar,

20 pm. (G) Live spinning disk confocal microscopy of BFP-Sec61f and GFP-lamin B2 in si153-
treated cells, showing continuity of ER membrane with ectopic site of lamin B2 localization.

Enlargements are 2.5x. Scale bar, 10 pm.

A core/noncore framework reveals further complexity in
targeting requirements of NE proteins

Although not originally anticipated, the pattern of Nup153 de-
pendency in ongoing targeting of NE proteins appeared to re-
veal a requirement for Nup 153 particular to noncore NE proteins
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proteins even though pore formation is
spatially restricted to the noncore region
initially.

To further probe the core/noncore con-
text of Nup153 dependency, we tracked
another noncore NE protein, lamin B re-
ceptor (LBR). In this case, there was a clear
dependency on Nup153 for LBR NE target-
ing: LBR accumulated at the NE less effi-
ciently when Nup153 was impaired and in-
stead a significant population was detected
throughout the endoplasmic reticulum in
late-telophase cells (Figure 5, A and B). Cu-
riously, LBR did not greatly enrich at ecto-
pic sites that include SUNT, although it is
not excluded when assessed by plot line
profile analysis following confocal micros-
copy (Figure 5, C and D). This phenotype is
similar to that observed at interphase by
Mimura et al. who also demonstrated that
Nup153 is critical for dephosphorylation of
LBR in interphase, which in turn promotes
its proper localization at the nuclear rim
(Mimura et al., 2016). A similar mechanism
may be employed during initial stages of
nuclear formation. Here, the significance is
that Nup153 appears important to the in-
corporation of many noncore NE proteins during a distinct phase
of NE formation and, further, targeting heterogeneity is exposed
by the different phenotypes elicited for specific NE proteins when
Nup153 function is impaired. The reliance on Nup153 for target-
ing of specific NE residents instead reveals an unanticipated role
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mediate step in nuclear assembly more evi-
dent in DLD1 cells. Lamin B2 levels re-
mained similar in the absence or presence
of Nup153 (Figure 6A). Importantly, when
cell division was blocked in G1/S by thymi-
dine treatment, focal lamin B2 was seen in
very few cells—this phenotypic suppres-
sion was particularly striking in cells de-
pleted of Nup153 (Figure 6C). Thus, the
role for Nup 153 is critical only when nuclear

si153

LBR accumulates ectopically in late-telophase stage cells depleted of Nup153.
(A) Widefield images of LBR and lamin B2 detection in late-telophase cells, determined by
tubulin staining (unpublished data), following treatment with siCon and si153 oligos. Scale bar,
20 um. Enlargements are 2X. (B) Quantification of cytoplasmic to nuclear ratio for LBR. Data
collected from three biological replicates are depicted in different colors, N =71, 68, 36 (siCon)
and 72, 69, 36 (si153). The mean of each experiment was used to calculate the mean + SD,
indicated in black; siCon: 0.39 + 0.03; si153: 0.67 £ 0.04. (C) Confocal image of LBR and lamin B2
codetection in siNup153-treated cells. Scale bar, 20 pm. (D) Arbitrary fluorescence units

corresponding to the plot line shown in C are graphed.

for this nucleoporin in shaping the NE repertoire, and the distinct
phenotypes observed (i.e., focal concentration at NE-like domains
or ER-wide dispersal) reveal additional complexity in protein traf-
ficking requirements of individual INM residents.

Nup153 is required to establish a normal INM protein
repertoire specifically during nuclear assembly

To determine whether dependence on Nup153 for protein target-
ing to the NE is restricted to newly forming nuclei, we employed
an inducible degradation system to control Nup153 levels (Ak-
senova et al., 2020). This technique allows for rapid depletion, en-
abling the assessment of whether NE phenotypes require passage
through mitosis. Using DLD-1 cells, a colorectal adenocarcinoma
cell line, in which an auxin-inducible degron (AID) and a Neon-
Green moiety were biallelically introduced in-frame at the endog-
enous NUP153 loci (Aksenova et al., 2020), we tracked lamin B2
~15 h after auxin addition. During incubation with auxin, cells were
either allowed to divide normally or kept in thymidine (added 8 h
before the time of auxin addition) to prevent progression into mi-
tosis. Levels of Nup153 were confirmed to be similarly reduced
under these conditions, as tracked by immunoblot (Figure 6A). As
DLD1 cells are not flat and tend to grow in clusters, identifying
cells joined by a midbody structure was difficult to do with accu-
racy. We therefore identified individual nuclei with DNA stain and
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Distance along plot line

formation takes place (Figure 7).

DISCUSSION

NE formation relies on Nup153. We previ-
ously probed the localization of lamin A fol-
lowing Nup153 depletion and concluded it
was defective under this condition (Mackay
etal., 2010). In following up on this observa-
tion, however, we found that the antibody
we had employed, while marketed as an
anti-lamin A antibody, was a pan-lamin anti-
body. Here, we used antibodies specific for
each isoform and this revealed that the reliance on Nup153 is sig-
nificantly more profound for B-type lamins. The specificity of this
phenotype prompted us to consider membrane-associated proteins
more broadly, and this inroad led to a new appreciation of a role for
Nup153 in targeting a subset of integral membrane proteins to the
INM during nuclear assembly. This phenotype was seen in three dif-
ferent cell lines (Hela, RPE1, and DLD1) and was elicited either by
depletion of Nup153 (using two independent oligos or auxin-medi-
ated degradation) or by expression of a dominant negative acting
fragment of Nup153.

A similar dependence of B-type lamins on the nucleoporin ELYS
has been reported (Jevtic et al., 2019), reinforcing the intercon-
nected roles of these two Nups (Mimura et al., 2016). Yet, there are
several distinctions between the contributions made by ELYS and
Nup153 to nuclear assembly. First, ELYS has been shown to be cru-
cial for early INM protein-targeting events in anaphase that establish
the core subdomain (Clever et al., 2012, 2013), whereas Nup153
appears dispensable for this aspect of nuclear assembly (Supple-
mental Figure 2). Second, ELYS plays a key role in postmitotic NPC
formation (Rasala et al., 2006; Franz et al., 2007; Doucet et al.,
2010), while Nup153 is implicated in the “interphasic” pathway of
pore assembly (Vollmer et al., 2015). One possibility is that ELYS and
Nup153 converge via a distinct and shared role to cooperatively
contribute to lamin B localization. Alternatively, early defects in
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Nup153 plays a critical role specific to NE formation. (A) Immunoblot of DLD1-
Nup153AP cells growing asynchronously or in the presence of thymidine to prevent progression
into mitosis. Cells were treated with auxin for 15 h, as indicated. Following detection of Nup153
and lamin B2, blots were reprobed for vinculin as a loading control. (B) Widefield microscopy of
cells treated as in A tracking the appearance of endogenous lamin B2 with DNA counterstained.
Images were adjusted independently to best illustrate lamin B2 distribution pattern.
Enlargements are 2x. Scale bar, 20 uM. (C) Quantification of nuclei with associated lamin B2 foci.
Data collected from three biological replicates are graphed using the mean from each
experiment to calculate the overall mean + SD; no thymidine, no auxin 8.5 + 0.9% (N = 1078,
771, 784); no thymidine, plus auxin 53.6 + 5.4% (N = 664, 538, 465); thymidine, no auxin 1.6 +
0.4% (N = 486, 404, 389); thymidine, plus auxin 6.8 + 2.5% (N = 460, 353, 509). *, P < 0.05;

*** P <0.001.

nuclear formation that arise from ELYS depletion may lead indirectly
to aberrant B-type lamin targeting by preventing Nup153 from per-
forming its function in this process at the time of NE expansion.

Persistence of LBR in the ER is a distinct phenotype that has also
been observed when ELYS is depleted (Mimura et al., 2016). Nota-
bly, this phenotype arises very early in nuclear assembly and contin-
ues through interphase. The contribution of Nup153 to LBR target-
ing at interphase was reported previously (Mimura et al., 2016), and
here we have found that this is also the case earlier, at a time coincid-
ing with nuclear formation. In the case of ELYS, this phenotype has
been attributed to its ability to interact directly with LBR and influ-
ence its phosphoregulation by the phosphatase PP1. Nup153 may
participate in this pathway cooperatively or may independently rein-
force this role.

Our finding that interference of Nup153, but not of Nup50 or
Tpr, leads to a distinctive NE phenotype (Figure 2) is significant be-
cause it implicates Nup153 in having a role independent of its struc-
tural partners at the nuclear pore. Moreover, this finding uncouples
roles that have been attributed to these other Nups and their contri-
butions to parallel steps during NE formation. Such functions in-
clude a recently characterized role for Nup50 in regulating the Ran
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pathway via stimulation of its guanine nucle-
otide exchange factor RCC1 (Holzer et al.,
2021). Future studies to elucidate the role of
Nup153 and to parse the contribution of
other nucleoporins during NE formation will
be enabled by the information gained here
on 1) the timing of dependence on Nup153
for NE protein targeting and 2) the identity
of a specific subset of NE proteins depen-
dent on Nup153 for targeting.

No Treatment

A multistage framework for nuclear as-
sembly and maintenance. During nuclear
formation, initial recruitment of NE resi-
dents to the main chromatin mass occurs
relatively nonspecifically, mediated by mul-
tiple protein-DNA/chromatin interactions
attracting membrane to the chromatin sur-
face (Anderson et al., 2009). Enrichment of
core domain proteins rapidly ensues as they
are attracted from the noncore periphery of
the disk to concentrate at the central core
region (Haraguchi et al., 2001; Dechat
et al., 2004; Haraguchi et al., 2008). In the
case of LEM2, we previously found that this
recruitment relies on interactions with both
the chromatin-associated protein BAF and
spindle microtubules that remain attached
to the disk at this time (von Appen et al.,
2020). Following microtubule remodeling
and ESCRT-mediated membrane closure,
the sealed nuclear membrane must further
expand to accommodate chromatin as it
decondenses. How ongoing addition of
proteins and lipids from the ER is accom-
plished is incompletely understood, but the
results here indicate that Nup153 has a role
in delivery of NE residents at this step. Spe-
cifically, our results identify a role for
Nup153 as the NE expands following clo-
sure (Figure 7).

There are several noteworthy aspects about the requirement for
Nup153 during NE formation. First, we show that this role is impor-
tant only for a subset of NE proteins, so it is not linked to a general
expansion of the NE compartment. Second, those proteins affected
by impairment of Nup153 function are primarily ones that are con-
sidered “noncore” residents (LBR, SUN1, LAP2f, lamin B1, and la-
min B2). Thus, unexpectedly, even at a time when core and noncore
domains no longer persist, these two categories of NE proteins
differ in targeting requirements. It is likely too simplistic to view this
as strictly a core/noncore dichotomy, but nonetheless these findings
point to unexpected functional distinctions in NE protein-targeting
requirements at this step of nuclear assembly. Third, loss of Nup153
does not impact the initial steps of nuclear formation, nor does it
persist at interphase except in the case of LBR targeting. This sug-
gests that building and maintaining the NE is a multiphase process
with distinct molecular steps mediating targeting of membrane and
membrane-associated proteins.

This study provides a framework for understanding distinct fac-
ets of nuclear assembly and builds the groundwork for mechanistic
dissection of the particular role(s) played by Nup153 during these
steps. Nup153 has many attributes that may be key, including its

Thymidine

Molecular Biology of the Cell



Early Anaphase

romatin

P =

Integral INM

Late Anaphase

Telophase

SUN2, LEM2
B-type lamins

Interphase

FIGURE 7: Summary model of observations. After the genome
segregates in early anaphase, nuclear envelope proteins dispersed
throughout the mitotic ER seed the formation of the nascent nuclear
envelope at the chromatin surface. By late anaphase, INM proteins
form distinct core and noncore domains at NE. As cells exit late
anaphase and enter telophase, these transient domains redistribute
as midzone microtubules condense into a midbody structure. During
the progression from late anaphase to telophase, Nup153 is required
for the continued targeting of primarily noncore INM proteins. At
interphase, INM protein targeting occurs independently of Nup153
with the exception to-date of LBR.

ability to bind a wide range of partner proteins; e.g., transport
factors, SUMO proteases, lamins, and chromatin architectural pro-
teins (Nakielny et al., 1999; Hang and Dasso, 2002; Zhang et al.,
2002; Al-Haboubi et al., 2011; Vagnarelli et al., 2011; Chow et al.,
2012; Kadota et al., 2020). The altered delivery of particular proteins
to the NE may contribute further to the NE assembly phenotype.
For instance, SUN1 has been implicated in chromatin decondensa-
tion and nuclear growth (Chi et al., 2007), thus its defective recruit-
ment to the newly forming NE may alter the capacity for other pro-
teins to recruit to this site.

Interference with Nup153 function also results in an active ab-
scission checkpoint that controls the timing of the last step in cyto-
kinesis (Mackay et al., 2010). This checkpoint is guided by Aurora B
kinase activity, which prevents completion of abscission (Steige-
mann et al., 2009; Mackay et al., 2010; Petsalaki and Zachos, 2021).
It is tempting to speculate that NE expansion is under surveillance
at this juncture and that defects in this step of nuclear assembly
sustain Aurora B activity. While we did not always observe NE pro-
tein mislocalization in cells halted with checkpoint activity at the
midbody stage, this defect may have different manifestations and
further studies are required to delineate whether NE protein target-
ing is required to satisfy the abscission checkpoint. The partnership
of Nup153 with Repoman (Vagnarelli et al., 2011), a scaffolding fac-
tor for PP1 phosphatase that in turn often opposes Aurora B (Liu
et al, 2010; Nasa et al., 2018), points to a potential connection
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between Nup153 function and both nuclear assembly and the
abscission checkpoint that warrants further study in this context
as well.

Insights into the NE repertoire at parental and micronuclei. A
theme that has been observed for micronuclei is their distinctive
repertoire of NE proteins. This composition, which is often rich in
core domain proteins and sparse in noncore proteins (Liu et al.,
2018), leads to aberrant nuclear architecture and fragility and, in
turn, a high potential for the collapse of NE integrity at micronuclei
that is thought to contribute to genomic instability in tumors (Hatch
etal., 2013; Zhang et al., 2015; Liu et al., 2018). Indeed, micronuclei
lacking lamin B were specifically found to be prone to DNA damage
(Kneissig et al., 2019). Our results here indicate that the low num-
bers of nuclear pore constituents, and low levels of Nup153 in par-
ticular (Hatch et al., 2013; Liu et al., 2018), at micronuclei may con-
tribute to this pathological biogenesis in a way that was not
previously recognized. Specifically, the role that Nup153 plays in
ensuring noncore NE residents are recruited to nascent nuclei may
be reduced at micronuclei and, at least in certain cases, there may
not be an alternative route at interphase that allows this deficiency
to recover, as we have seen happens in parent nuclei.

Notably, in cases where micronuclei form via a route that does
not preclude noncore protein recruitment and NE expansion, the
resulting NE are more stable and these micronuclei are not associ-
ated with tumorigenesis (Sepaniac et al., 2021). Such a situation is
seen in KIF18A knockout mice, in which micronuclei arise following
chromosome misalignment. It has been proposed that the proximity
of these micronuclei to ER membrane stores near the mitotic spin-
dle may promote the formation of stable NE. It will be of interest to
determine whether recruitment of Nup153 is enhanced under these
circumstances and plays a role in facilitating targeting of noncore
residents to create a more robust NE. Ultimately, expanding our
knowledge of requirements for INM protein recruitment throughout
the cell cycle will clarify how cells maintain genomic stability and will
lend insight into how this process goes awry at micronuclei.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Cell culture and lines

Hela cells were a gift from Maureen Powers (Emory University) and
RPE-1 cells (RRID:CVCL4388) were a gift from Bruce Edgar (Univer-
sity of Utah) and the identity of both cell types was confirmed by STR
profiling. HeLa and RPE-1 cells were grown in DMEM supplemented
with 10% fetal bovine serum (FBS) at 37°C with 5% CO,. RPE-1 cells
are immortalized by the presence of hTERT, expression of which was
maintained by continued hygromycin treatment. Hela cells stably
expressing LEM2-mCherry alone and GFP-lamin B2 and LEM2-
mCherry together were established previously (von Appen et al.,
2020). Hela cells stably expressing H2B-mCherry were established
previously (Mackay et al., 2010) and used to generate cells coex-
pressing the GFP-lamin B2 construct from Bob Goldman (North-
western University). Cells expressing BFP-Secé1B were generated
from a construct from Gia Voeltz obtained through Addgene (plas-
mid #49154; http://n2t.net/addgene:49154; RRID:Addgene_49154;
Zurek et al., 2011). Stable cell lines were established by transfecting
plasmids using lipofectamine 2000 or lipofectamine 3000 (Invitro-
gen), as per the manufacturer’s instructions, and selecting for puro-
mycin or G418 resistance. Single colonies were expanded and
screened for expression. Cell lines stably expressing Tet-inducible
GFP or GFP-tagged Nup153-C were established and protein

Nup153 and nuclear assembly | 9


https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e22-05-0189

expression was induced as previously described (Mackay et al.,
2010). DLD1 cells were established previously and maintained as
described (Aksenova et al., 2020).

Auxin-mediated Nup153 degradation

DLD1-Nup153AP cells were plated at 140K per well on glass cover-
slips and cultured for 8 h in the absence or presence of 5 mM thymi-
dine (Calbiochem). Indole-3-acetic acid (1 mM; referred to here as
auxin; Sigma-Aldrich) was then added to half of the cells from each
condition and cells were cultured an additional 15 h, continuing with
and without thymidine. Cells were fixed for immunofluorescence.
Parallel cultures in six-well dishes seeded with 700K cells were
treated identically and whole cell lysates for immunoblot.

RNA interference

Hela or RPE-1 cells were transfected with lipofectamine RNAIMAX
(Invitrogen) and final concentration of 10 nM siRNA oligonucle-
otides: siCon, GCAAAUCUCCGAUCGUAGA (Mackay et al., 2009),
si153, GGACUUGUUAGAUCUAGUU, (Mackay et al., 2009), si153-1
(Harborth et al., 2001), si50 (Ogawa et al., 2010), and siTpr (Mackay
et al., 2010), where indicated. Cells were assessed 48 h after trans-
fection for asynchronous experiments.

Hela cell synchronization

At the time of plating or 8 hours after plating cells with siRNA trans-
fection mixture, 2 mM thymidine was added to the cells without
changing medium containing the transfection mixture. After 24 h,
cells were rinsed thoroughly three times with phosphate-buffered
saline before exchanging with complete culture medium without
transfection mixture. To track the kinetics of release from G1/S ar-
rest, cells were assessed 10 and 16 h after thymidine washout. All
other synchronization experiments assessing Nup153-depletion
phenotypes were fixed 16 h following thymidine washout.

Microscopy

For live cell imaging, cells were plated with siRNA transfection mix-
ture on untreated 25-mm glass-bottomed MatTek dishes. After 48 h,
medium was exchanged for phenol-free imaging medium supple-
mented with 10% FBS. Mitotic cells were imaged using spinning
disk confocal microscopy at 37°C with 5% CO, on a Nikon Eclipse Ti
microscope with a 60x objective. Images were acquired using Meta-
morph software. Cells stably expressing GFP-lamin B2 and H2B-
mCherry were imaged every 3 min. Cells stably expressing GFP-la-
min B2 and LEM2-mCherry were imaged 1 h following the addition
of NucBlue (Invitrogen), per manufacturer’s instructions, and imaged
every 15 s. Fixed imaging was performed by laser confocal micros-
copy (Leica SP8; Leica Application Suite X Software), spinning disk
confocal microscopy (Nikon Eclipse Ti; Metamorph), or by widefield
microscopy (Zeiss Axioskop 2 with 63x objective; Zeiss Axiovision
and Zeiss Zen Blue).

Data analysis

Plot line profile analysis was performed on raw images acquired by
spinning disk confocal microscopy using the “Plot Profile” function
in ImageJ.

For comparison of SUNT and SUN2 enrichment at ectopic foci
relative to the NE following Nup153 depletion, nuclei were de-
fined as regions of interest (ROIs) using 4’,6-diamidino-2-phenyl-
indole (DAPI) while ectopic SUN1 was used to define ROls charac-
teristic of the Nup153-depletion phenotype using the Zeiss Zen
Blue semiautomated Image Analysis module. The ratio of mean
fluorescence (arbitrary units) of ectopic to nuclear SUN1 and
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SUN2 were calculated and plotted from three independent
experiments.

To obtain the cytoplasmic to nuclear LBR ratio in cells treated
with either siRNA targeting Nup153 or control siRNA, the fluores-
cence intensity of LBR in the nucleus (identified with DAPI stain-
ing) and in the cytoplasm of midbody stage (identified using tu-
bulin staining) cells was measured using ImageJ. The fluorescence
intensity at the nucleus was measured using a circle 5 pm in di-
ameter placed at the center of each nucleus. The intensity at the
cytoplasm was measured using two circles 5 um in diameter
placed on opposite sides of the midbody. The mean intensities
were measured and used to obtain the cytoplasmic to nuclear
LBR ratios for each cell. Only Nup153-depleted cells that had
ectopic lamin B2 foci were quantified. All plots were generated
using GraphPad Prism.

Immunofluorescence

Cells were plated on untreated coverslips for experimental ma-
nipulation and fixed in either —20°C methanol for 5-10 min or 2%
paraformaldehyde for 15 min. Primary and secondary antibody in-
cubations were performed in blocking buffer for 1 h at room tem-
perature. Primary antibodies are as follows: rabbit o-aurora B
pT232 (Rockland; 600-401-677); mouse a-lamin A/C (Cell Signal-
ing; 4C11); rabbit a-lamin B1 (Abcam; ab16408); mouse o-lamin
B2 (Abcam; ab8983); hamster a-Lap2o. (gift from Joe Glavy, Univer-
sity of Texas at Tyler); mouse a-Lap2p (gift from Brian Burke, Skin
Research Institute of Singapore); rabbit o-LBR (Abcam; ab32535);
rabbit o-Nup153 (Bethyl; 301-788A); mouse 0-Nup153 (SA1; gift
from Brian Burke); rabbit 0-POM121 (GeneTex; GTX102128); rab-
bit a-SUN1 (Abcam; ab124770); mouse o-SUN2 (gift from Brian
Burke); rat o-RFP (Proteintech; 5f8); rabbit o-tubulin (Abcam;
ab18251); rat a-tubulin (Abcam; ab6160); chicken o-tubulin (Syn-
aptic Systems; 302 206); sheep o-tubulin (Cytoskeleton; ATNO2);
followed by AlexaFluor conjugated secondary antibodies (Ther-
moFisher). Coverslips were mounted on slides using DAPI Prolong
Gold, per manufacturer’s instructions (Invitrogen).

Immunoblotting
Cells were plated in six-well dishes and experimentally manipulated
in parallel with immunofluorescence experiments where applicable.
Cells were harvested by scraping and pelleting by centrifugation.
DLD1 lysates were prepared in RIPA buffer (150 mM NaCl, 0.5% NP-
40, 0.1% SDS, 50 mM Tris-HCL, pH 8, 100 mM NaF, 0.2 mM sodium
orthovanadate) and Hela cell lysates were prepared in NP40 lysis
buffer (250 mM NaCl, 1% NP-40, 50 mM Tris, pH 7.4, 5 mM EDTA,
50 mM NaF, 1 mM sodium orthovanadate). Lysates were cleared by
centrifugation and quantified by Pierce Coomassie Bradford Assay
Reagent (ThermoFisher). Samples were prepared at equal concen-
trations in SDS loading buffer, boiled, and resolved by SDS-PAGE.
Following wet transfer, polyvinylidene difluoride membranes were
blocked in 3% milk in TBS-T (0.1% Tween-20 in Tris-buffered saline).
Primary and secondary antibody incubations were also performed in
3% milk in TBS-T at room temperature for 1 h each. For enhanced
chemiluminescence detection, secondary antibodies conjugated
with horseradish peroxidase (ThermoFisher) were detected using
Western Lightning PLUS ECL (PerkinElmer, Waltham, MA) on Hyblot
CL film (Thomas Scientific, Swedesboro, NJ). Alternatively, second-
ary antibodies conjugated with near-infrared fluorescent dyes (Ab-
cam, Cambridge, UK) were detected using a Li-Cor Odyssey infra-
red scanner.

Lysates from Hela cells transiently expressing GFP-lamin fusions
(a gift from Bob Goldman) following transfection with lipofectamine
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LTX (ThermoFisher) were used to test lamin antibody specificity by
probing immunoblots with mouse a-lamin A/C (Cell Signaling;
4C11), mouse o-lamin B1 (Abcam; ab16408), mouse a-lamin B2
(Abcam; ab8983), and rabbit 0-GFP (Abcam ab290). Nucleoporin
depletion was confirmed using the indicated antibodies: mouse a-
Nup153 (SA1; gift from Brian Burke), rabbit o-Nup50 (custom anti-
body; Mackay et al., 2010), rabbit 0-Nup155 (Genetex; GTX120945),
and rabbit o-Tpr; Bethyl Laboratories; IHC-00099-1). DLD1 lysates
were probed for Nup153 (SA1), mouse o--lamin B2 (Abcam; ab8983),
and o-vinculin (Sigma; V9131).
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