ZC3HC1 is a structural element of the nuclear

basket effecting interlinkage of TPR
polypeptides
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ABSTRACT The nuclear basket (NB), anchored to the nuclear pore complex (NPC), is com-
monly looked upon as a structure built solely of protein TPR polypeptides, the latter thus re-
garded as the NB's only scaffold-forming components. In the current study, we report ZC3HC1
as a second structural element of the NB. Recently described as an NB-appended protein
omnipresent in vertebrates, we now show that ZC3HC1, both in vivo and in vitro, enables in
a stepwise manner the recruitment of TPR subpopulations to the NB and their linkage to al-
ready NPC-anchored TPR polypeptides. We further demonstrate that the degron-mediated
rapid elimination of ZC3HC1 results in the prompt detachment of the ZC3HC1-appended TPR
polypeptides from the NB and their release into the nucleoplasm, underscoring the role of
ZC3HC1 as a natural structural element of the NB. Finally, we show that ZC3HC1 can keep
TPR polypeptides positioned and linked to each other even at sites remote from the NB, in
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line with ZC3HC1 functioning as a protein connecting TPR polypeptides.

INTRODUCTION

The nuclear basket (NB) is a delicate fibrillar structure of eightfold-
rotational symmetry that occurs attached to the nuclear side of the
nuclear pore complex (NPC). The NB is common to many eukary-
otes, and it might be present in almost all vertebrate cell types. The
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prototypic version of this structure is composed of rectilinear fibrils
that emanate from the NPC's nuclear ring (NR), bifurcate at their
distal ends, and laterally interconnect with their neighboring fibrils,
thereby forming an arrangement referred to as the NB's terminal
ring. A range of diverse functions has been ascribed to the NB and
some of its attributed components in different cell types and spe-
cies. Among such functions are roles in perinuclear chromatin orga-
nization, gene expression regulation, and nucleocytoplasmic trans-
port (e.g., Krull et al, 2010; Strambio-De-Castillia et al., 2010;
Niepel et al., 2013; Snow and Paschal, 2014; Aksenova et al., 2020;
Ashkenazy-Titelman et al., 2020; Bensidoun et al., 2021). However,
it remains to be unveiled which universal, cell type—spanning func-
tion this structure might have.

The NB scaffold in vertebrates comprises numerous copies of a
protein called TPR (e.g., Cordes et al., 1997; Frosst et al., 2002; Krull
et al., 2004). This large protein features a long, coiled-coil-domi-
nated amino-terminal domain that forms rod-like fibrils and an ad-
ditional carboxy-terminal domain that, for the most part, is intrinsi-
cally disordered and thus considered highly flexible (e.g., Mitchell
and Cooper, 1992; Hase et al., 2001). Vertebrate TPR and its homo-
logues in other phyla are commonly looked upon as the only scaf-
fold-forming elements of these organisms’ NBs, to which several
additional NB-resident proteins merely attach. Among these are, in
vertebrates, the SUMO protease SENP1 (e.g., Schweizer et al.,
2013; Duheron et al., 2017), the cell cycle checkpoint regulators
MAD1 and MAD2 (e.g., Lee et al., 2008; Schweizer et al., 2013), the
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components of the mRNA export complex TREX-2 (e.g., Umlauf
et al., 2013; Wickramasinghe et al., 2014, Aksenova et al., 2020),
and the ubiquitin E3 ligase COP1/RFWD?2 (Yi et al., 2006; Ouyang
et al., 2020). These NB-appended proteins are considered neither
structural elements of the NB nor required for NB assembly. In-
stead, they might use the TPR scaffold as either an operational plat-
form for performing their respective functions or a storage place
from which they can be recruited to other subcellular locations upon
demand.

Recently, protein ZC3HC1 was presented as another TPR-inter-
acting component of the NB, located at the terminal ring of the NB
structure. Although ZC3HC1 is not an essential protein, it likely oc-
curs within most, if not all, vertebrate cell types of different morpho-
genetic origins in which TPR is also present (Gunkel et al., 2021). In
the past, ZC3HC1 had also been described as a nuclear protein with
other functions and as engaging in interactions with other proteins
that are part of neither the NPC nor the NB (e.g., Ouyang et al.,
2003; Bassermann et al., 2005, 2007; Klitzing et al., 2011; lllert et al.,
2012; Gengenbacher et al., 2019). Recently, however, ZC3HC1 was
shown to not interact naturally with such proteins and instead to be
located nearly exclusively at the NB in all of several different cell
types investigated (Gunkel et al., 2021).

Furthermore, in contrast to the other NB-resident proteins,
ZC3HC1 deficiency was found to cause a substantial proportion of
TPR’s normally NB-associated amounts no longer to be present
there. Instead, such TPR polypeptides remained soluble or were no
longer detectable when ZC3HC1 was absent (Gunkel et al., 2021).
Inspection of different cell lines further revealed that their NPC-as-
sociated amounts of TPR consisted of at least two, then similarly
large subpopulations, with one located at the NPC independent of
ZC3HC1 and the other requiring the presence of this protein. How-
ever, it remained unexplained how ZC3HC1 would contribute to the
TPR polypeptides’ positioning at the NB and whether it was thereby
involved in some direct manner or only indirectly.

In the current study, we now present ZC3HC1 as an unantici-
pated novel and second structural component of the NB. We dem-
onstrate that ZC3HC1 functions as a connecting element directly
required to establish stable interconnections between the subpopu-
lations of TPR at the NB and then maintain the integrity of such
higher-order TPR arrangements, at both the NB and sites beyond.

RESULTS

Recently, we found that the knockdown (KD) of ZC3HCT transcripts
by RNA interference (RNAI) or the disruption of all ZC3HCT alleles
by CRISPR/Casn technology had caused substantial amounts of
the NB's scaffold protein TPR to no longer be positioned at the NB
(Gunkel et al., 2021). However, it remained unknown whether these
findings reflected a direct or indirect role of ZC3HCT1, related to ei-
ther the initial recruitment or adhering of distinct TPR subpopula-
tions to the NB or the subsequent stabilization of their interactions
at this site. The current study aimed to unravel which role ZC3HC1
plays in the NB positioning of such additional TPR polypeptides. We
will sometimes refer to those anchored at the NPC in a ZC3HC1-in-
dependent manner as the TPR pool 1 (T1) polypeptides and to
those located at the NE only in the presence of ZC3HC1 as the TPR
polypeptides of pool 2 (T2).

ZC3HC1 in vivo is directly involved in the attraction of
soluble TPR polypeptides that can be additionally
appended to already-NPC-anchored TPR

To gain insight into the course of events leading to the joint resi-
dency of ZC3HC1 and the T2 pool at the NB, we determined
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whether ZC3HC1 can promote the T2 polypeptides’ recruitment to
this site. To this end, we first investigated whether the conspicuous
nuclear amounts of soluble TPR present in some ZC3HC1 knockout
(KO) cell lines could be attached to the NE in vivo if one provided
sufficiently large amounts of newly synthesized ZC3HC1. Ideally,
such amounts would come from induced ectopic expression of
ZC3HC1 so fast that substantial amounts of TPR would not be newly
synthesized within the same short time. This would ensure that pri-
marily the already existing soluble T2 polypeptides would be avail-
able as potential binding partners for the newly appearing ZC3HC1
polypeptides (for further considerations, see Supplemental Informa-
tion 1).

For these experiments, we used Hela and HCT116 ZC3HC1 KO
cell lines (Gunkel et al., 2021) in which we then had tagged all TPR
alleles with superfolder GFP (sfGFP; Pédelacq et al., 2006) and in
which a conspicuous nuclear pool of soluble stGFP-tagged TPR was
present (Supplemental Figures S1 and S2; Supplemental Informa-
tion 2; our unpublished data). The representative data presented in
Figure 1 stem from the TPR-sfGFP-expressing HelLa ZC3HC1 KO
cell line.

To allow for the induced ectopic expression of ZC3HC1, using for
this purpose the Tet-On system (Gossen and Bujard, 1992; Gossen
et al., 1995), we cloned two ORFs encoding different versions of
ZC3HC1 separately into a bidirectional mammalian expression vec-
tor derived from the pTetOne expression vector (Heinz et al., 2011;
Supplemental Figure S3). This setup allowed for constitutive expres-
sion of the Tet-On 3G transactivator and the doxycycline-inducible
expression of the two ZC3HC1 versions, which were tagged with
mCherry to allow for live-cell imaging. One of the expression vectors
encoded the intact wild-type (WT) version of ZC3HC1, and the other
would express a ZC3HC1 mutant carrying a single amino acid (aa)
substitution (C429S) that abolishes its interaction with TPR (Supple-
mental Figure S4).

Next, we cell cycle—synchronized the KO cells and transiently
transfected them with the plasmids in G2 to allow for nuclear uptake
of the vector primarily during postmitotic nuclear reassembly and
commencement of the transactivator’s constitutive expression from
early in G1 onward. The addition of doxycycline, which enabled the
transactivator to initiate transcription of the ZC3HCT transgenes,
followed later in interphase (Figure 1A). From then on, the fate of
the nuclear pool of TPR-sfGFP, in the presence of then steadily in-
creasing amounts of mCherry-ZC3HC1, was analyzed by fluores-
cence microscopy of live cells at different time points (Figure 1, B
and C).

We found that the nucleoplasmic pool of TPR remained unaf-
fected in cells transfected with either the “empty” expression vector
(our unpublished data) or the vector encoding the NE-binding-in-
competent mutant of ZC3HC1, with this holding for all time points
investigated. Even in cells with conspicuous amounts of the C429S
mutant, there was no increase in TPR signal intensities at their NEs
(Figure 1B).

By contrast, in those cells expressing the intact ZC3HC1, we
found the gradually intensifying appearance of mCherry-ZC3HC1
at the KO cells" NE to come along with a concomitant increase in
the NE-associated TPR signal intensities. The latter was accompa-
nied by a seemingly steady diminishment of the nucleoplasmic TPR
pool, with such soluble TPR eventually no longer visible (Figure 1C).
Furthermore, in many transfected cells, essentially all of these T2
polypeptides were found attached to the NE already as early as
about 30 min to less than 1 h after doxycycline had been added.
Thus, in some instances, this was faster than the time required in
eukaryotic cells for completing the multistep maturation process
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that turns a newly synthesized mCherry polypeptide into a fluores-
cent protein (Merzlyak et al., 2007; Khmelinskii et al., 2012). More-
over, we estimated that during this short time span between induc-
tion of ZC3HC1 synthesis and image acquisition, only 2.5-5% of the
cells’ total amount of TPR would have been newly synthesized
(Supplemental Information 3). The latter meant that most TPR poly-
peptides recruited back to the NE were indeed those that had al-
ready been present as soluble proteins before the synthesis of the
new ZC3HC1 polypeptides.

We repeated these experiments with the TPR-sfGFP-expressing
HCT116 ZC3HC1 KO cell line, which yielded essentially identical
results. Specifically, all of the initially soluble T2 polypeptides were
recruited back to the NEs shortly after the induction of WT ZC3HC1
expression, while in cells expressing the C429S mutant, such nu-
cleoplasmic TPR remained soluble (our unpublished data).

Given that expression vectors often end up within a transfected
cell's nucleus in high numbers (Cohen et al., 2009; Glover et al.,
2010), rapid synthesis of high amounts of ZC3HC1 was not unrealis-
tic, with imaginable theoretical ZC3HC1 copy numbers exceeding
those of the T2 polypeptides already after a short time (Supplemen-
tal Information 3). Still, we could not yet tell whether the depletion
of a nuclear pool of soluble TPR and its reattachment to the NE had
been paralleled by ZC3HC1 attachment to the same NEs in amounts
proportional to those of TPR. In other words, it remained to be de-
termined whether the NE binding of soluble TPR-sfGFP and
mCherry-ZC3HC1 could eventually reach a state in which both pro-
teins’ total amounts at the ZC3HC1 KO cells’ NEs would be similar
to those at the NEs of the WT cells, which would point at similar
copy number relationships.

To address this question, we repeated the experiments de-
scribed in Figure 1, A and C, yet this time started with a cell popula-
tion composed of the TPR-sfGFP-expressing Hela ZC3HC1 KO
cells and Hela WT cells naturally expressing the nontagged TPR
and nontagged ZC3HC1 polypeptides. This mixed population was
then transfected with the expression vector encoding mCherry-
ZC3HC1. Because the cells were never all transfected, this allowed
for directly comparing the endogenous ZC3HC1 amounts at the
NEs of nontransfected WT cells with those of mCherry-ZC3HC1 at
the NEs of transfected ZC3HC1 KO cells in which all nuclear TPR-
sfGFP had been reattached to the NE. For this purpose, the cells
were immunolabeled with ZC3HC1 antibodies and with mCherry-
specific single-domain antibodies (sdAbs) to enable detection of
the ectopically expressed ZC3HC1 polypeptides with mature and
still immature, nonfluorescent mCherry tags. Consequently, the use
of such sdAbs, in combination with the KO cells being identifiable
via their GFP-tagged TPR polypeptides, allowed for better identifi-
cation of a transfected KO cell and distinguishing it from both non-
transfected and transfected WT cells.

We found that in the transfected KO cells, in which the preex-
isting nuclear pool of sfGFP-TPR had been gradually and then
quantitatively reattached to the NE, the NE-associated amounts
of mCherry-ZC3HC1 had risen concomitantly too. Moreover, in
some of the transfected KO cells, the amounts of sfGFP-TPR even-
tually located at the NE appeared to have doubled (Figure 1D).
These KO cells likely represented those in which the initially solu-
ble pool, and thus the total amount of TPR, had been larger than
the population’s mean cellular amount. Notably, such quantitative
rerecruitment of soluble sfGFP-TPR to the NE had been accompa-
nied by the NE association of mCherry-ZC3HC1 in amounts that
eventually appeared indistinguishable from the amounts of non-
tagged ZC3HC1 present at the NEs of the nontransfected WT
cells (Figure 1D).
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One can summarize the conclusions from these in vivo rerecruit-
ment experiments as follows. First, the actual rerecruitment of the
soluble TPR polypeptides occurred seemingly proportional to the
NE association of the mCherry-ZC3HC1 polypeptides. Eventually,
this resulted in some cells being in a steady state in which relative
and absolute copy numbers of both proteins at the KO cell's NE
were similar to those of the endogenous proteins in the WT cell.
Second, we could now essentially rule out a scenario in which the
ZC3HC1-dependent attachment of T2 polypeptides to the NPC-
anchored TPR pool 1 would be possible only during the formation
of entirely new NBs, with the latter impossibly assembled in large
numbers in only 30-60 min. Along the same line, it was now clear
that the NE appendage of the ZC3HC1-dependent T2 polypeptides
could be temporally uncoupled from the ZC3HC1-independent
NPC association of TPR pool 1. And finally, these findings meant
that the synthesis of ZC3HC1 and TPR polypeptides does not need
to happen simultaneously and that potential early interactions be-
tween ZC3HC1 and TPR in the cytoplasm are not a prerequisite for
later appendage to the NB.

Thus far, we considered it proven that ZC3HC1 polypeptides are
directly involved in a process in which TPR polypeptides are re-
cruited from a soluble nuclear pool and appended to those T1 poly-
peptides already anchored at the NPCs. However, it was still un-
known whether the localization of ZC3HC1 at the NB was due to a
direct interaction first with the T1 polypeptides, followed by the re-
cruitment of the second TPR pool, or whether ZC3HC1 was merely
co-recruited together with the T2 polypeptides. In the latter case,
one could imagine that only the binding to T2 polypeptides would
allow ZC3HC1, once it had entered the nucleus, to adopt a confor-
mation that would enable it to bind to T1 polypeptides. Alterna-
tively, one could also not yet exclude a scenario in which only the
binding to a ZC3HC1 polypeptide in solution would allow the T2
polypeptides to adopt and maintain some distinct conformation
that would render them capable of interacting with T1 polypep-
tides. Thus, while we knew that soluble forms of ZC3HC1 and TPR
could, in principle, be coimmunoprecipitated (Gunkel et al., 2021),
we could not tell whether such an interaction in solution would be a
prerequisite for the two proteins’ subsequent binding to the NB. In
other words, we did not yet know whether ZC3HC1 and the T2 poly-
peptides would need to bind concomitantly to the NB or whether
such binding could also happen in a stepwise manner.

ZC3HCT1 first bound to the NPC-anchored TPR pool 1 in
vitro allows for subsequent attraction and appendage of
additional TPR pool 2 polypeptides
Studying how ZC3HC1 contributes to the approximate doubling of
the NE-associated TPR amounts thus came along with the following
questions: Can ZC3HC1 bind directly to the already NPC-anchored
TPR pool 1 independently of and thus uncoupled from binding to the
T2 polypeptides? And, if so, would the ZC3HC1 polypeptides, once
bound to the NB's TPR pool 1, allow for the attraction of additional
TPR polypeptides from a soluble pool, as one might then expect?
To address these questions, we established the following ex-
perimental setup. Hela ZC3HC1 KO cells expressing nontagged
native TPR were grown in slide wells commonly used for live-cell
imaging, to which they tightly adhered during all subsequent treat-
ments. These cells were detergent permeabilized and then washed
to remove all traces of soluble T2 polypeptides. The resulting NPC-
lamina scaffolds of the NEs (Figure 2A1 and Supplemental Figure
S5A), devoid of ZC3HC1 and TPR pool 2 but possessing the NPC-
associated TPR pool 1, were then used as assembly platforms, with
the latter exhibiting only minor residual autofluorescence in the
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recruitment to the NE. (A) Timeline displaying the chronological order of procedures in this experiment schematically.
Note that after transfection in G2, the all-in-one vectors encoding the constitutively expressed transactivator and either
a doxycycline-inducible WT or mutant version of mCherry-tagged HsZC3HC1 (see also Supplemental Figure S3) were
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the actual reporter gene expression (here, the WT version depicted) by adding doxycycline at about 11 h postmitosis.
(B) Live-cell fluorescence microscopy of TPR-sfGFP-expressing HeLa ZC3HC1 KO cells transfected with an all-in-one
vector encoding the mutant version C429S of ZC3HCT1, inspected 120-150 min postinduction with doxycycline. The
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520-530 nm wavelength range and essentially none between 540
and 590 nm.

Onto such platforms, we would add mCherry-tagged versions of
ZC3HC1, with the one representing the intact protein and the other,
again as a control, the C429S mutant incapable of TPR interaction.
These two ZC3HC1 variants had been ectopically expressed in
HEK293T cells, and from these, we prepared cell extracts that were
essentially free of TPR, while each contained one of the two ZC3HC1
variants (Figure 2A2). To this end, we applied a relatively gentle ex-
traction procedure, using digitonin in concentrations also allowing
for NE perforation, which resulted in releasing large enough
amounts of the recombinant ZC3HC1, primarily located within the
HEK293T cells’ nuclei, together with only minor amounts of soluble
TPR (Figure 2B). The latter, usually hardly detectable in the extracts
of nontransfected HEK293T cells, likely represented a consequence
of ZC3HC1 overexpression (see also Gunkel et al., 2021). However,
to fulfill the requirements for this experimental setup and allow it to
be sufficiently informative, even these relatively few TPR polypep-
tides needed to be removed quantitatively by immunodepletion
(Figure 2B). Furthermore, bearing in mind that the concentrations of
the mCherry-tagged WT and C429S mutant proteins differed to
some extent within the final cell extracts, we determined that their
concentrations exceeded those of minor amounts of also present
soluble endogenous ZC3HC1 (Supplemental Figure S5, B and C; for
approximations of intracellular concentrations, also see Supplemen-
tal Information 4). Finally, after adding the TPR-free extracts to the
slide wells with the NE scaffolds lacking endogenous ZC3HC1 and
thus devoid of all ZC3HC1-dependent TPR, the specimens were im-
mediately inspected by fluorescence microscopy and then further
monitored for a certain period of time.

The addition of those extracts containing the ZC3HC1 mutant
C429S did not lead to enriched mCherry fluorescence specifically at
the NE scaffolds within a predefined time span (Figure 2C). Nonspe-
cific binding to various subcellular structures, never observed with
mCherry-tagged WT ZC3HC1, was seen only after prolonged incu-
bation (our unpublished data, but also see Supplemental Informa-
tion 4). By striking contrast, within seconds after adding the WT
version of ZC3HC1, we noted mCherry fluorescence specifically ac-
cumulating at the NEs. After a few minutes, this NE-associated fluo-
rescence reached a seemingly constant brightness, indicative of a
steady-state level of interactions between the ZC3HC1 polypep-
tides and some definite number of ZC3HC1 binding sites provided
by the T1 polypeptides (Figure 2D). Moreover, while the extracts for
the experiments shown here had been adjusted to contain similar
concentrations of the mCherry-tagged WT and C429S mutant ver-
sion, essentially identical results were also obtained when using
these proteins in a range of other concentrations too (our unpub-
lished data).

Furthermore, upon washing these NEs to remove all unbound
mCherry fluorescence, using the detergent-free NB-stabilizing (NB-
s) buffer here called assembly buffer, the NE-associated mCherry-
ZC3HC1 was not similarly removed. This finding too pointed to
some ZC3HC1:T1 interactions that could last for some time even
when T2 polypeptides were absent (Supplemental Figure S6). How-
ever, we also noted that these ZC3HC1 interactions with the NE
platforms were not similarly long-lasting for all of the appended
mCherry-ZC3HC1 polypeptides. We found some of those initially
attached to the NE scaffolds swiftly detaching again when washed
in assembly buffer, eventually resulting in only about half of the ini-
tially NE-appended amount of ZC3HC1 durably remaining bound

nucleoplasmic pool of TPR-sfGFP remained unaffected, being indistinguishable in appearance from that of neighboring
untransfected cells. Bar, 10 pm. (C) ZC3HC1 KO cells like those in B but transfected with an expression vector encoding
the mCherry-tagged intact WT version of ZC3HC1 capable of binding to the NE. These cells were inspected either
30-60 min or 120-150 min postinduction. Microscope settings were identical at the different time points, as was the
degree of mCherry signal enhancement that was done only after image acquisition. The exemplifying micrographs show
a selection of transfected cells with different amounts of the ectopically expressed protein. Note that these images
cannot claim to represent a proper time course experiment that allows for correlating timespan with gradual protein
accumulation within transfected cells at different time points, simply because plasmid copy numbers per cell likely vary
significantly between cells. Nonetheless, already after short time lengths, the nuclear pool of GFP-tagged TPR was
notably diminished or no longer detectable (two exemplifying nuclei marked by arrowheads). The latter was even so in
those transfected cells (several demarked by arrows) in which the amounts of ZC3HC1 synthesized until then were
barely detectable via their mCherry tags at standard microscope settings, likely due to the relatively slow and here not
yet completed mCherry maturation, which in turn also prompted the presentation of electronically brightness-enhanced
images. Bar, 10 pm. (D) IFM of cell-cycle-synchronized cells transfected with the all-in-one mCherry-ZC3HC1 expression
vector and treated with doxycycline as outlined in A, yet having started with a mixed population of TPR-sfGFP-
expressing ZC3HC1 KO cells and HeLa WT cells expressing ZC3HC1 and nontagged TPR. Such mixed populations
allowed for comparing the amount of endogenous ZC3HC1 at the WT cell’s NE relative to that eventually occurring at
the ZC3HC1 KO cell’s NE, here focusing on those KO cells in which the mCherry signal intensity at the NE seemed to
have reached a maximum. Cells shown here were harvested 120 min postinduction and then detergent-permeabilized
before fixation. The latter allowed for removing 1) the soluble pool of TPR still existing in the nontransfected KO and 2)
the surplus of soluble mCherry-ZC3HC1 for which no further binding sites existed at the NEs of the transfected cells,
which, in turn, allowed for a better assessment of signal intensities at only the NEs. The cells were then fixed with FA
before being labeled with a HsZC3HC1 antibody and a sdAb specific for mCherry. Micrographs showing sfGFP-tagged
TPR and antibody-labeled ZC3HC1 are also shown colorgraded to display differences in pixel intensities via a color LUT,
with areas harboring WT cells, two transfected KO cells (KO+), and some nontransfected KO cells (KO-) marked
accordingly. Note that the intensities of ZC3HC1 immunolabeling at the WT cells’ NEs (marked by arrowheads in the
color-graded micrograph on the right side) and at the NEs of those ZC3HC1 KO cells that had been ectopically
expressing mCherry-ZC3HC1 (white arrows) were very similar. As an aside, also note again that TPR signal intensities at
the NEs of those KO cells ectopically expressing ZC3HC1 (see KO+ cells in the color-graded micrograph on the left)
were notably higher than at the NEs of those neighboring cells on the same coverslip that had remained nontransfected

(KO-) and lacked mCherry fluorescence (yellow arrows). Bar, 10 ym.
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arrowhead and represented the mCherry-ZC3HC1—containing cell extract eventually used for the interaction
experiments. For further comparison, additional lanes were loaded with materials released from the TPR beads during
the second of two successive washing steps (W) and those eventually eluted from these beads with SDS-containing
sample buffer (E). Most lanes were loaded with the respective amount from the same number of HEK293T cells (4 V),
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to the T1 polypeptides (Supplemental Figure Sé). Such detachment
of a certain amount of mCherry-ZC3HC1 differed from what one
could observe with similarly detergent-extracted HelLa WT cells har-
boring endogenous ZC3HC1 and both pool 1 and pool 2 of TPR.
When we kept such detergent-extracted WT cells in the same as-
sembly buffer, the NE association of ZC3HC1, as part of likely more
complex assembilies involving ZC3HC1 and both pools of TPR, was
not notably affected by similarly long incubations (our unpublished
data, but see also further below).

Nonetheless, having demonstrated that ZC3HC1 can bind to the
NE independently of the T2 polypeptides, we then asked whether
these bound ZC3HC1 polypeptides would allow for the recruitment
of additional TPR polypeptides and for keeping them tethered there
at the NE. To this end, we prepared cell extracts from sfGFP-TPR-
expressing Hela ZC3HC1 KO cells in which a large proportion of
such tagged TPR was occurring throughout the nuclear interior as a
soluble pool (Figure 3A and Supplemental Figure S2D). After high-
speed centrifugation, such ZC3HC1-deficient extracts were also free
of trace amounts of NE fragments (Figure 3B) while containing large
amounts of exclusively soluble sftGFP-tagged TPR (see also Supple-
mental Information 4).

Given that especially GFP fluorescence in cultured cells can be
contaminated to some extent by cellular autofluorescence
(Niswender et al., 1995), we had first assessed the threshold beyond
which one could discriminate GFP signals from autofluorescence.
For this purpose, we had inspected the detergent-extracted Hela
ZC3HC1 KO cells, then only in assembly buffer, for the relative levels
of residual autofluorescence at different wavelengths. Microscope
settings, subsequently chosen for obtaining the experiments’ origi-
nal micrographs, and the degree of subsequent electronic signal
enhancement were then kept the same for the corresponding im-
ages presented in Figure 3, C and D. With these settings, essentially
no autofluorescence was detected in the original micrographs rep-
resenting the mCherry excitation wavelengths, while some autofluo-
rescence had to be taken into account as background at wave-
lengths that would excite GFP (Figure 3C).

When we then incubated the NE scaffolds devoid of ZC3HC1
and T2 polypeptides with the stGFP-tagged TPR polypeptides only,
this did not result in any pronounced accumulation specifically at the
ZC3HC1-deficient NEs. At some of these NEs, hardly any or no sf-
GFP fluorescence was detectable at all, while at others, the sfGFP
levels were only marginally enhanced relative to the autofluores-
cence (Figure 3C). Whether this reflected some weakish interactions
between the sfGFP-tagged TPR polypeptides and other NE pro-
teins, or perhaps even some weak direct interactions between the
different TPR populations, could not be resolved in the current study.

Clearly, however, when the NE scaffolds had already been
loaded with mCherry-ZC3HC1, meaning that such ZC3HC1 had first
been allowed to interact with the available TPR pool 1 binding sites,

followed by removing the nonbound ZC3HC1 surplus and briefly
washing these NE scaffolds, and only then incubating them with the
sfGFP-tagged TPR polypeptides, we found that the latter markedly
accumulated at the NE (Figure 3D; for further details, see Supple-
mental Information 5).

To assess how lasting and robust these in vitro interactions were,
now between ZC3HC1 and both pools of TPR, we again allowed
mCherry-ZC3HC1-loaded NE scaffolds to attract steady-state levels
of sfGFP-TPR, followed by again washing these NEs with buffer and
then keeping them therein for many hours. While they were some-
times moderately reduced after prolonged periods, we recurrently
found the NE-associated levels of sfGFP and mCherry fluorescence
still prominent. After 10-12 h of incubation in the cell extract-free
buffer at room temperature (RT), the washed NE’s fluorescence lev-
els were often indistinguishable from those of the same experi-
ment's sfGFP-TPR-loaded NEs directly after extract removal and
brief washing (Figure 3E and our unpublished data). This finding
suggested that the interplay between ZC3HC1 and the different
TPR pools had allowed for a lasting NE positioning of the T2 poly-
peptides and those ZC3HC1 polypeptides enabling this.

Altogether, we interpreted the in vitro data in such a way that
ZC3HC1 polypeptides, once attached to the NPC-appended pool 1
of TPR, allow for the subsequent recruitment of T2 polypeptides
and promote interactions with those of pool 1. It was also already
tempting to consider ZC3HC1 as a structural element that would
either stabilize the interactions between the NB's different TPR pop-
ulations or even function as a direct interconnector between them.
However, at this point, we could not yet draw this conclusion be-
cause we could not yet exclude another scenario, which would re-
semble the relationship between the NPC protein NUP153 and the
NPC-anchored TPR pool 1 polypeptides (for further details, see
Supplemental Information 6). In this scenario, ZC3HC1 again would
enable the establishment of higher-order arrangements between
the T1 and T2 populations, reminiscent of the role of NUP153 in
enabling arrangements between the T1 polypeptides and other
NPC components. However, just as NUP153 appears to be dispens-
able for the NB's integrity once the T1 polypeptides occur NPC an-
chored (Supplemental Information 6), ZC3HC1 would no longer be
needed to maintain the integrity of NB structures composed of T1
and T2 polypeptides, once these have been assembled. Thus, so
long as it remained uncertain whether ZC3HC1 is needed for main-
taining the T2 polypeptides’ arrangements at the NB, we would not
yet declare ZC3HC1 a structural NB element.

ZC3HC1 in vivo is directly required for keeping TPR
subpopulations attached durably to those TPR polypeptides
that occur NPC anchored independently of ZC3HC1
The uncertainty regarding the potential role of ZC3HC1 as a struc-
tural element was also due to the circumstance that formerly

C429S mutant version of ZC3HC1 incapable of TPR binding or (D) the WT ZC3HC1 protein. Interaction experiments
were performed in parallel in neighboring wells, and images of the unfixed cells, also stained with the DNA dye Hoechst
33342, were acquired with identical microscope settings at 1 and 10 min after adding the cell extracts. Because of the
necessity to omit anti-fade media and the fact that focusing on the equatorial plane of the extracted cells was more
time-consuming than for intact or fixed cells, images taken at different time points were not from identical groups of
cells but only from neighboring groups of the same sample, to avoid pronounced photobleaching. Moreover, reduced
laser power, compared with that for IFM images, was chosen for the image acquisition of the in vitro assembly
experiments, which later was followed by electronic brightness enhancement in the same proportional manner and
identical extent for all of these images (see Material and Methods). Note that no mCherry fluorescence appeared to be
enriched specifically at the NEs treated with the C429S mutant. By contrast, those NE scaffolds incubated with the WT

version for a similarly long time were notably fluorescent. Bars, 10 pm.
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Ectopically expressed ZC3HC1 loaded onto the ZC3HC1-independent pool of NPC-anchored TPR can
attract additionally provided TPR polypeptides, resulting in both types of proteins steadily appended to the NE.
(A) Representative live-cell image of the sfGFP-TPR-expressing HeLa ZC3HC1 KO cell line, next to a schematic
depiction of the high-speed supernatant of a detergent-free extract isolated from such cells containing the soluble pool
2 polypeptides of sfGFP-TPR. Bar 25 um. (B) IBs of a selection of the cellular fractions from the sfGFP-TPR-expressing
ZC3HC1 KO cells. Loaded fractions included the total cell extract (T), the soluble extracts obtained after cell disruption
by gentle sonication and subsequent centrifugation at 20,000 x g (S 20,000) and 200,000 x g (S 200,000), and the
corresponding pellet fractions (P 20,000 and P 200,000). Lanes were loaded with amounts corresponding to the same
number of HeLa ZC3HC1 KO cells. Immunolabelings for TPR, NPC component NUP153, and nuclear lamina component
LMNB, the two latter proteins shown for comparison, were on different parts of the Ponceau S-stained membrane
shown here and on an identically loaded duplicate. Note that the 200,000 x g supernatant, marked with an arrowhead
and representing the cell extract with the soluble sfGFP-TPR categorized as pool 2 polypeptides and eventually used for
the interaction experiments, was virtually free of LMNB and NUP153. This finding indicated that the solution did not
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observed phenotypes, such as the appearance of soluble TPR pools
following the destruction of ZC3HCT transcripts by RNAi or after
CRISPR/Cas?n-mediated disruption of the ZC3HCT alleles (Gunkel
et al., 2021), had manifested themselves only time delayed. In other
words, before RNAI had eventually resulted in notably diminished
ZC3HC1 protein amounts or before having accomplished the un-
avoidably lengthy process of isolating ZC3HC1 KO cell clones,
these cells had passed through mitosis. However, because verte-
brate NBs are disassembled at the outset of mitosis and need to be
postmitotically reassembled again from soluble components, one
could then not unambiguously distinguish between a direct or an
indirect role for ZC3HC1 in either the recruitment or appendage of
the TPR polypeptides or in keeping them bound to the NB. While
recruitment and appendage experiments (Figures 1-3) had now al-
lowed for a close spatiotemporal correlation between ZC3HC1
availability and the resulting NB positioning of the T2 polypeptides,
we still needed a similarly conclusive direct correlation between in-
duced ZC3HC1 deficiency and the resultant impact on these
ZC3HC1-dependent TPR polypeptides once they occurred ap-
pended to the NB.

We considered it possible that degron-based technologies could
achieve sufficiently rapid ZC3HC1 elimination and allow for the
manifestation of phenotypes without cells passing through mitosis.
Thus, we created yet further CRISPR/Cas9-edited cell lines, of which
one would allow for the inducible degradation of the then degron-
tagged ZC3HC1 polypeptides, while the other, for comparison,
would similarly permit degrading TPR.

To this end, we constructed an insertion cassette, referred to as
sfGFPLYMIAA which encoded a double tag comprising an auxin-in-
ducible degron (AID)-tag (Li et al., 2019) and sfGFP. We positioned
this AID-tag (mIAA7) within loop 9 of sfGFP, where we had found it
fully functional as a degron while only marginally attenuating sfGFP’s

ability to fluoresce (Supplemental Figure S7A, our unpublished
data, and see further below).

In addition, we had integrated another cassette, which allowed
for constitutive expression of the AFB2 (auxin signaling F-box 2 pro-
tein) gene from Arabidopsis thaliana (Li et al., 2019), into the ge-
nome of the HCT116 cell line, which we used from then on as the
master cell line (MCL; Supplemental Figure S7, B and C). We chose
HCT116 as the first cell line for performing such ZC3HC1 degrada-
tion experiments because it is nearly diploid, had been used in the
prequel study on ZC3HC1 (Gunkel et al., 2021), and had already
been proven suitable for AID tagging and auxin-inducible target
degradation (Natsume et al., 2016).

Targeting the ZC3HC1 and TPR alleles in this HCT116 MCL, we
isolated homozygous cell lines in which all TPR (Supplemental
Figure S8) or all ZC3HC1 polypeptides (Supplemental Figure S9)
possessed the sfGFPYMAA tag. Immunofluorescence microscopy
(IFM) revealed that the NE-attached amounts of the tagged poly-
peptides in most cells were seemingly indistinguishable from those
of the corresponding tag-free polypeptides at the progenitor cell
line's NEs (Figures 4A1 and 5A1), indicating that the tag allowed for
largely quantitative NB association of both TPR and ZC3HC1. While
we occasionally observed minor differences in the cell populations’
total amounts of tagged and nontagged polypeptides when the 5’
end of some genes, including TPR, had been tagged, we found
such minor variations not to affect the outcome of the here pre-
sented degradation experiments.

Next, we triggered TPR degradation in the sfGFPLMAAZTPR cell
line by adding auxin, which resulted in essentially all TPR degraded
within less than 90 min (Supplemental Figure S10A and further be-
low). In addition, this had come along with ZC3HC1 displaced from
the NE and then present only in soluble form within the nucleo-
plasm (Figure 4, A2 and B). Thus, in line with former TPR RNAI

contain tiny NE and NPC fragments, which one might have expected due to the sonication process. Furthermore, it
neither contained considerable amounts of NUP153 as the only other known TPR-binding protein reported to play a
role in binding TPR subpopulations to NPCs. (C) Fluorescence microscopy of the detergent-extracted ZC3HC1 KO cells
in the complete absence of ZC3HC1, both before (no load) and after incubation with the ZC3HC1-free but sSftGFP-TPR-
containing cell extract at RT (120 min). Note that the images of the not-loaded cells labeled “mCh channel” and “GFP

|"

channe|

actually reflected the degree of autofluorescence of detergent-extracted Hela cells at different wavelengths.

With the microscope settings chosen, essentially no autofluorescence was detected at the mCherry excitation
wavelengths, while only some autofluorescence was notable at wavelengths that would excite GFP. These microscope
settings were kept the same also for corresponding images in D and E. Further note that after incubations of up to

120 min with the sfGFP-TPR extract, there was hardly any sfGFP fluorescence detected at some of the ZC3HC1-
deficient NEs, while it was only marginally enhanced at others beyond the autofluorescence background in this
wavelength range. Bar, 10 pm. (D) Fluorescence microscopy, with microscope settings as in C, but here of NE scaffolds
that had first been loaded with the mCherry-tagged WT version of HsZC3HC1, followed by the removal of the unbound
surplus of mCherry-ZC3HC1 by brief washes with assembly buffer (preloaded specimen). Soluble sfGFP-TPR
polypeptides were added immediately after the last wash, using the same sfGFP-TPR aliquot as for C, with interaction
experiments shown as C and D performed almost simultaneously in parallel in neighboring wells, with the double-
loaded specimens shown here also imaged after 120 min. Note that the sfGFP-tagged TPR polypeptides had specifically
and conspicuously accumulated at the NE scaffolds preloaded with mCherry-ZC3HC1. As an aside, one needs to
mention that sfGFP-TPR signal intensities at the NEs of the permeabilized cells would not have been able to reach the
levels in a WT cell expressing all pool 1 and pool 2 TPR polypeptides as tagged with sfGFP, because all pool 1 TPR
polypeptides within the ZC3HC1 KO cells, here used as binding platforms, were untagged. Bar, 10 pm. (E) Fluorescence
microscopy of initially ZC3HC1-deficient NE scaffolds that had been loaded with mCherry-ZC3HC1 first, then briefly
washed in assembly buffer, immediately incubated in an sfGFP-TPR-containing cell extract for 150 min, washed again,
and then kept within the same assembly buffer for at least 10 h. In this experiment, distinct from the one in D, the
specimens were inspected at different time points, revealing gradual accumulation of the sfGFP-TPR polypeptides at
the mCherry-ZC3HC1-loaded NEs until seemingly reaching a steady-state level of TPR at such NEs. Note that this
binding appeared rather persistent following the extract removal and brief washing (“after wash”), with only moderate
reduction of the NE-associated sfGFP and mCherry fluorescence even after prolonged incubation in cell extract-free

buffer at RT overnight. Bar, 10 um.
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Auxin-induced TPR degradation in a homozygous sfGFPYMAA7.TPR cell line results in the detachment and
solubilization of NB-bound ZC3HC1. (A) IFM of cells from the HCT116 progenitor MCL expressing the naturally tag-free
TPR and cells of the homozygous HCT116 progeny line, in which all TPR polypeptides occur N-terminally tagged with
sfGFPYMIAA7 Cells had been cocultured and synchronized as mixed populations together on the same coverslip,
followed by an additional incubation of 1 h in the absence (A1) or presence (A2) of auxin. Specimens were then

double-immunolabeled for TPR and ZC3HC1 and analyzed in parallel, using identical microscope settings. Arrowheads
mark the nuclei of some MCL cells, i.e., those expressing the tag-free version of TPR, while arrows point at some of the
progeny cells’ nuclei, i.e., those with the sfGFP-tagged TPR. Note, in A1, that the amounts of sfGFP-MA47tagged TPR
appended to the NEs did not notably differ from the amounts in the neighboring tag-free cells. Further note, in A2, that
auxin treatment resulted in the complete elimination of any visible NE-associated GFP and TPR immunostaining in those

cells that had been expressing the tagged version of TPR, while the MCL cells’ untagged TPR polypeptides remained
unaffected. In particular, note that eliminating the tagged TPR had caused ZC3HC1 to be no longer detectable at the
NE but distributed throughout most of the nuclear interior instead. Bar, 10 ym. (B) IB of cell extracts obtained from the
sfGFPYmAATTPR HCT116 cells treated with auxin, or only with DMSO, for 1 h. Similar numbers of cells of the two
differently treated batches had then been extracted with TX-100 in parallel, resulting each in a fraction of soluble
proteins (S) and a corresponding pellet fraction (P) also containing the NPCs and normally, that is, in the absence of
auxin, the complement of NB proteins. Equal portions of each fraction’s whole amount were loaded for SDS-PAGE and
IB. Incubations with HsTPR and HsZC3HC1 antibodies, and HsNUP153 antibodies for comparison, were on different
parts of the Ponceau S—stained membrane shown here and on another one with identical loadings. Note that TPR was
no longer detectable after auxin treatment. Moreover, ZC3HC1, mainly part of the LNN-enriched pellet fraction of cells
not treated with auxin, had been released into solution upon auxin-induced TPR degradation, while the exclusive
presence of NUP153 within the NPC-NB-enriched fraction had remained unaffected.

experiments indicating that TPR represents the only anchor point for
ZC3HC1 at the nuclear periphery (Gunkel et al., 2021), the current
result confirmed that all ZC3HC1 polypeptides longer-lastingly po-
sitioned at the NE are located there only because of their interac-
tions with TPR.

Of further note, TPR degradation had also resulted in the de-
tachment of other known TPR binding partners from the NE, here
exemplified by IFM for MAD1, GANP, and SENP1 (Supplemental
Figure S11). Strikingly, though, while the detachment of some NB
components, like ZC3HC1, was found to correlate temporally strictly
with TPR's degradation, this was not the case for others, here exem-
plified by GANP. At some early points, when essentially all TPR had
already been degraded and virtually all ZC3HC1 had been concom-
itantly detached from the NE, almost all GANP polypeptides were
still occurring NE positioned (Supplemental Figure S12), from where
they then only gradually detached over time. Such degron-based
investigations thus allowed for assigning the NB-associated proteins
to distinct categories, with ZC3HC1 exemplifying those proteins
whose NB residency in proliferating culture cells appears to be
solely TPR dependent. Others, like GANP, appear to engage in ver-
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satile interactions with yet other proteins at the nuclear periphery,
with some of the latter on their own capable of keeping an NB-asso-
ciated protein positioned at the NE for some time. Nonetheless, in
the end, all of the proteins so far regarded as ratified NB compo-
nents, including GANP, had in common that they could not lastingly
remain positioned at the NPC when TPR was absent (Supplemental
Figure S11; our unpublished data; for further details, also see Sup-
plemental Information 7).

However, the result we regarded as the most informative was
obtained after having triggered the degron-mediated degradation
of ZC3HC1, which resulted in its essentially complete degradation
within 90 min. Most strikingly, such disappearance of ZC3HC1 was
accompanied by roughly half the total amount of NE-appended TPR
no longer occurring attached to the NE (Figure 5A2). Instead, a con-
spicuous amount of TPR was then found distributed within the nu-
cleoplasm (Figure 5A2).

The more precise quantification of the residual signal intensi-
ties forimmunolabeled TPR at the ZC3HC1-deficient NEs revealed
a reduction by more than half and sometimes up to about 60% of
the total NE-associated TPR amounts present before ZC3HC1
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Auxin-induced rapid and quantitative ZC3HC1 degradation in a homozygous ZC3HC1-sfGFPYMAA cel| [ine
results in the concomitant detachment of large amounts of NB-positioned TPR. (A) IFM of cells from the HCT116
progenitor MCL expressing the naturally tag-free ZC3HC1 and cells of the homozygous HCT116 progeny line, in which
all ZC3HC1 polypeptides were C-terminally tagged with sfGFPLMA47_ Cells had been cocultured and synchronized as
mixed populations together on the same coverslip, followed by an additional incubation of 90 min in the absence (A1)
or presence (A2) of auxin. Specimens were then double-immunolabeled for ZC3HC1 and TPR and analyzed in parallel,
using identical microscope settings, with staining for TPR also shown color graded to display differences in pixel
intensities via a color LUT. Arrowheads mark the nuclei of some MCL cells, i.e., those expressing the tag-free version of
ZC3HC1, while arrows point at some of the progeny cells’ nuclei, i.e., those with the sfGFP-tagged ZC3HC1. Note, in
A1, that the amounts of sfGFPYMA47tagged ZC3HC1 appended to the NEs did not notably differ from the amounts in
the neighboring tag-free cells. Further note, in A2, that auxin treatment resulted in the elimination of NE-associated
GFP and immunostaining for ZC3HC1 in those cells that had been expressing the tagged version of ZC3HC1, while the
MCL cells” untagged ZC3HC1 remained unaffected. In particular, note that eliminating the tagged ZC3HC1 had caused
a conspicuous reduction in the intensity of TPR immunolabeling at the NE, with a significant amount of TPR then
distributed throughout most of the nuclear interior. Bar, 10 pm. (B) Quantification of signal yields for immunolabeled
TPR at the NEs, following the incubation with auxin of the same mixed population of HCT116 cells expressing the
tag-less and the sfGFPLY™AA7tagged ZC3HC1. Randomly chosen NE segments for quantifications (sfGFP-™AA7tagged:
n=97; tag-less: n = 50) via ImageJ were essentially from all labeled cells in equatorial view within several randomly
chosen images, all of which were from the same specimen that also provided the micrograph for A2. Box plots display
the relative signal intensity values, with the arithmetic means marked by x, with the ones for the cells not treated with
auxin set to 100%, and with the SDs provided. Note that the mean TPR signal yield for the KO cells’ ZC3HC1-free NEs
was only about half the WT cells’ corresponding value. (C) IB of cell extracts obtained from ZC3HC1-sfGFPLImIAA7
HCT116 cells treated with DMSO or with auxin for 90 min. Applying conditions maintaining NB integrity, cells had been
extracted with TX-100, resulting in fractions of soluble (S) and nonsoluble proteins (P), with equal portions of each
fraction’s whole amount then loaded for IB. Incubations with HsTPR and HsZC3HC1 antibodies, and HsNUP153
antibodies for comparison, were on different parts of the Ponceau S—stained membrane shown here and on another one
with identical loadings. The asterisk marks a cross-reaction unrelated to ZC3HC1. Note that ZC3HC1 had been largely
degraded after the 90-min treatment with auxin, accompanied by a minor increase in the TPR amount detectable within
the soluble cell fraction, while the presence of NUP153 within the pellet fraction had remained unaffected.
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degradation (Figure 5B). This degree of reduction differed moder-
ately, but seemingly reproducibly, from the diminishment by about
40-50% that one could determine for TPR's NE-associated
amounts in the ZC3HC1 KO cells of different cell lines, including
HCT116, or after having achieved ZC3HC1 deficiency by RNAi
(Gunkel et al., 2021; our unpublished data). However, we did not
regard these differences as inconsistent with each other, as will be
discussed further below.

In its overall microscopic appearance, the redistribution of no-
table amounts of TPR from the NE into the nucleoplasm upon in-
duced ZC3HC1 degradation appeared to be essentially indistin-
guishable from what we had already seen in WT cells after several
days of ZC3HC1 RNAi and in ZC3HC1 KO cells. However, in at
least one aspect, the current result differed from the two latter
cases in which most soluble TPR likely had never been NB associ-
ated. In the ZC3HC1 RNAi and ZC3HC1 KO cells, such soluble TPR
could readily be extracted by standard cell fractionation protocols
using detergent-containing NB-s buffers (our unpublished data
but see Figure 1D and Supplemental Figure S1F). By contrast,
when applying the same fractionation conditions after degron-
mediated ZC3HC1 elimination, the initially NB-associated and
then detached TPR pool 2 was hardly extractable as soluble poly-
peptides (Figure 5C). While one can contemplate why this might
be (Supplemental Information 8), it still needs to be experimentally
determined what causes the detached TPR polypeptides’ poor
extractability.

The main finding of these degron experiments, though, namely
the essentially instantaneous detachment of large TPR amounts
from the NE concomitant to the loss of ZC3HC1, could now no lon-
ger be explained by other imaginable scenarios that RNAi and gene
disruption experiments had not been able to exclude (e.g., Gunkel
et al., 2021, and as discussed further below). Instead, the current
finding firmly argued for some direct role of ZC3HC1 in keeping
subpopulations of TPR appended to the NB also in vivo, with
ZC3HC1 acting thereby as a structural element that stabilizes direct
interactions between the TPR polypeptides or functions as a linker
between them.

Such ZC3HC1-dependent interconnecting of TPR polypeptides
would not even need to occur at the NB proper, as revealed by an
experiment combining NUP153 RNAi and degron-mediated
ZC3HC1 degradation (Figure 6). KD of NUP153 was already known
to cause local subcellular accumulations of TPR in either cytoplasmic
or nuclear foci, which formerly had been referred to as aggregates
(Hase and Cordes, 2003). With such foci now also found positive for
ZC3HC1 (Figure 6 and our unpublished data), and with such TPR-
containing foci never seen upon KD or KO of ZC3HC1 (e.g., Gunkel
et al., 2021; our unpublished data), we wondered whether ZC3HC1
might even play a direct role in keeping TPR agglomerated in such
foci.

To address this question, we performed NUP153 RNAi in the
ZC3HC1-sfGFPYmAAT cell line. In the resulting NUP153-deficient
cells, and in the absence of auxin, this again came along with TPR
and ZC3HC1 mostly no longer NPC appended but colocalizing in
multiple foci instead, with most here located in the cytoplasmic
compartment (Figure 6). Strikingly then, upon treatment with auxin,
apparently resulting in the degradation of most of the initially foci-
positioned ZC3HCT1, the foci too were essentially no longer visible.
Their disappearance, in turn, was accompanied by the apparent re-
lease of the initially there-located TPR into solution, the nuclear im-
port of the then-soluble TPR polypeptides, and their distribution
throughout the nucleoplasm in such an absence of NUP153 and
ZC3HC1 (Figure 6).

12 | P. Gunkeland V. C. Cordes

Altogether, these experiments have proven that ZC3HC1 is a
structural element that allows for the interconnection of large
amounts of TPR and is essential for keeping such TPR ensembles
place bound, irrespective of whether they occur at their natural sites
at the NB or even at artificial ones elsewhere within the cell.

DISCUSSION

ZC3HC1 is a novel, second structural element of the NB

In the current study, we have demonstrated that protein ZC3HCT1 is
a bona fide structural element of the NB by dissecting the process
leading to the NB residency of the ZC3HC1-dependent TPR poly-
peptides. Specifically, we have systematically scrutinized whether
ZC3HC1 is involved 1) in recruiting such TPR amounts to the NB, 2)
in appending them to TPR polypeptides already present at the
NPC, and 3) in then keeping the additional ones stably NB
associated.

The combination of different experimental approaches allowed
for addressing the temporal order of the interactions underlying the
reciprocal dependence of ZC3HC1 with TPR. These included as-
sembly experiments, both in vivo and in vitro, which allowed for
studying these interactions in a stepwise manner. Furthermore, the
inducible, rapid, and complete degron-mediated degradation of
ZC3HC1 made it possible to assess this protein’s contribution to
maintaining the TPR subpopulations’ residency at the NB. All these
approaches had in common that they allowed for a close spatiotem-
poral correlation between the addition or removal of ZC3HC1 and
the resultant impact on the ZC3HC1-dependent pool of TPR and its
NB association.

While former findings based on RNAi-mediated ZC3HC1 KD
and ZC3HC1 gene disruption had already revealed that the pres-
ence of ZC3HC1 in cultured cells is required for subpopulations of
TPR to occur appended at the NB (Gunkel et al., 2021), it had re-
mained elusive how ZC3HC1 would contribute to such a positioning
of TPR pool 2 polypeptides. The formerly observed ZC3HC1 defi-
ciency phenotypes had manifested themselves only time delayed,
with the cells first having run through mitosis and thus through NB
disassembly and reassembly. Therefore, it had not been possible to
unequivocally attribute to ZC3HC1 a role in either the recruitment
and appendage or the stable positioning of such additional TPR
amounts at the NB.

Such uncertainty and caution in data interpretation were not un-
founded because we had also noted that other proteins appeared
only transiently involved in some stages of the NB assembly process
(our unpublished data). While some of these interactions might be
required for adopting specific TPR conformations and NB arrange-
ments as a prerequisite for further assembly steps, none of these
other proteins could so far be classified as structural components of
the NB, unlike ZC3HC1.

Another reason for caution was the example of the multifaceted
relationship between TPR and the NPC protein NUP153. This nu-
cleoporin was, until then, the only other of TPR's published direct
binding partners that had been shown to play a role in the NB as-
sembly process. NUP153 is thereby either directly or indirectly in-
volved in recruiting TPR pool 1 polypeptides and in attaching them
to those NPCs that are assembled either after mitosis or in inter-
phase (Walther et al., 2001; Hase and Cordes, 2003; Mendjan et al.,
2006; Sabri et al., 2007; Mackay et al., 2010; Umlauf et al., 2013;
Vollmer et al., 2015; Larrieu et al., 2018; Supplemental Information
6). On the other hand, though, NUP153 was seemingly no longer
required by TPR once the latter had been anchored to the NPC's NR
(Lussi et al., 2010; Duheron et al., 2014; our unpublished data),
which appeared to be in line with NUP153 and TPR having different
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CTRL RNAi (3d)

NUP153 RNAI (3d)

without auxin with auxin (4 h)

HCT116 ZC3HC1-sfGFPLOMInIAA7 cells
a-TPR (1462-1500)

a-NUP153 (21-36)

without auxin with auxin (4 h)

Ensembles of degron-tagged ZC3HC1 and TPR, remote from the NB due to NUP153 deficiency, are rapidly
disassembled upon auxin-induced ZC3HC1 degradation, which results in TPR polypeptides being unleashed again. IFM
of ZC3HC1-sfGFPYMAA7 HCT116 cells treated with nontarget control (CTRL) or NUP153 siRNAs and, at day 3
posttransfection, with DMSO or with auxin for 4 h, with specimens then analyzed in parallel, using identical microscope
settings. Upon NUP153 RNA, only traces of NUP153 immunolabeling were present at most of the cells’ NEs; the usually
bright NE staining for NUP153 was visible only in cells that had remained nontransfected (some marked by yellow
arrows), here shown as a reference. In the NUP153-deficient cells, NE staining for TPR and ZC3HC1 was conspicuously
reduced, with the latter two proteins then colocalizing, in the absence of auxin, in numerous, here primarily cytoplasmic
foci (some marked by arrowheads). Note that ZC3HC1 and such foci were hardly detectable anymore (some small
remnants encircled) after auxin treatment, with TPR then appearing distributed throughout the NUP153- and ZC3HC1-

deficient cells’ nucleoplasm (some marked by white arrows). Bar, 10 um.

anchor points at the NR (Supplemental Information 6). However, be-
cause NUP153 RNAIi phenotypes relating to TPR:NUP153 interac-
tions at different points of the cell cycle had also varied depending
on cell type, duration of the RNAi experiment, and time point of
inspection, the various cause-effect relationships observed upon
such NUP153 RNAI also had to be interpreted with caution, until
recently. Eventually, clarification was provided by a groundbreaking
study (Aksenova et al., 2019, 2020) in which a degron-tagged ver-
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sion of Nup153 had been rapidly eliminated by induced degrada-
tion, thus causing an immediate phenotype. These experiments
proved that NUP153, while required for NB formation and processes
leading to NPC appendage of TPR, was indeed not essential for
maintaining the TPR polypeptides’ anchoring to the NPC.

Hence, such dispensability of NUP153 for keeping bound TPR
polypeptides in place, in addition to it not being an NB protein itself
and not depending on TPR for its own binding to the NPC, clearly
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distinguishes NUP153 from ZC3HC1. In fact, the detachment of es-
sentially all T2 polypeptides from the NE upon the degron-medi-
ated rapid elimination of ZC3HC1 manifested the latter, unlike
NUP153, as a structural NB component.

We regard the latter conclusion as not in conflict with the current
study’s finding that the degron-mediated ZC3HC1 degradation led
to somewhat more TPR detached from the NE than upon ZC3HC1
RNAi or in ZC3HC1 KO cells (Gunkel et al., 2021; our unpublished
data). Instead, we consider it conceivable that the rapid elimination
of ZC3HC1 could have even affected the NPC association of some
of the T1 polypeptides that are usually appended to the NPC inde-
pendently of ZC3HC1. Even without an experimental data-based
explanation currently available for these moderate differences, we
can imagine, for example, that a proteasome degrading an AlD-
tagged ZC3HC1 might also consume the one or other T1 polypep-
tide if some of the degron-tagged ZC3HC1 polypeptides might be
very tightly bound to them. We regard such a scenario as not en-
tirely unreasonable, given former findings that a degron-tagged
sdAb can confer degradation of its nontagged binding partner if
tightly bound to it (e.g., Daniel et al., 2018). On the other hand,
however, one should also keep in mind that such codegradation of
nontagged binding partners does not appear to happen for other
pairs of nontagged and degron-tagged interaction partners (e.g.,
Beer et al., 2019). We can thus alternatively also imagine that the T1
polypeptides and the residual NB scaffold, once rapidly stripped of
all ZC3HC1 and T2 polypeptides, might be generally less durable
and more prone to disintegration than NBs built from the ground up
in the absence of ZC3HC1.

The results of the current study’s assembly experiments further
indicated that ZC3HC1 is not merely a structural element required
for keeping T2 polypeptides positioned at the NBs in proliferating
cells but also needed for the actual recruitment and appendage of
such TPR polypeptides. This might appear unavoidable for a struc-
tural protein required for maintaining the integrity of higher-order
protein ensembles because one could imagine that its presence is
also a prerequisite for successful recruitment and appendage of the
other proteins. However, we regard it as appropriate to distinguish
carefully between recruitment, appendage, and maintenance in the
context of the NB's assembly and the maintenance of its higher-or-
der arrangements. Such assemblies of TPR polypeptides appear
more complex and dynamically variable than one might have for-
merly anticipated.

In fact, we can easily imagine that additional proteins exist that
are not essential for the NB assembly process and the initial ap-
pendage of additional TPR amounts to the NB, but that also play, in
addition to ZC3HC1, a role in maintaining the TPR polypeptides’
relative positions, once they occur appended to the NBs. Among
the candidates conceivable are various nucleic acid-binding pro-
teins, including DNA-binding proteins that detach from nuclease-
treated NEs together with TPR, ZC3HC1, and other known NB pro-
teins, upon the disintegration of NBs in different cell types (our
unpublished data). We can now conceive a scenario in which the
one or other protein capable of interacting with both TPR and nu-
cleic acids might additionally stabilize the NB via lateral interactions
with neighboring chromatin, possibly even in a manner varying be-
tween different cell types. Again, however, we currently do not re-
gard such other proteins as additional structural elements of the NB,
unlike ZC3HC1.

A methodological toolbox for NB research
The type of in vivo and in vitro assembly experiments presented
in the current study might also help answer some of the still
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open questions regarding the contributions of several different
proteins, including NB components and other proteins like
NUP153, to specific steps in the NB assembly process. We re-
gard these approaches, in which NE scaffolds are used as assem-
bly platforms for ectopically expressed WT proteins and their
mutant versions, as suitable for providing insight into how the
stepwise interactions between the NPC and NB components
and the other NB-interacting proteins take place. While it will
not be possible to generate CRISPR/Cas9-edited KO cell lines
for every NPC, NB, and NB-associated protein of interest, be-
cause some of them are essential, NEs can also be cleared of a
target protein by the protein’s RNAi-mediated KD or its degron-
mediated degradation, once a corresponding CRISPR/Cas9-ed-
ited cell line is available. For example, in the case of NUP153,
one could create NEs free of NUP153 and NBs via degron-medi-
ated coelimination of NUP153 and TPR, which could then be
used for the stepwise readdition of recombinant versions of
NUP153 and NB components.

We can also imagine using the NE scaffolds, then with complete
NBs, as platforms suited for screening and identifying proteins that
interact with the NB only as a structural entity. Circumstantial evi-
dence (our unpublished data) suggests that some transiently NB-
interacting proteins can interact with some of the NB's components
only when these are part of the NB's higher-order structural arrange-
ments. Such interactions would thus not be readily identifiable by
conventional affinity chromatographic approaches or by other
means merely based on pairwise interactions, for example, as with
yeast two-hybrid methodology.

Furthermore, concerning the NB research-related genes of inter-
est and their tagging with the sfGFPY™AA7 cassette, one can imag-
ine how the resulting cell lines can be used versatilely. Apart from
the induced rapid degradation of the tagged proteins, to study re-
sulting phenotypes, such lines will also allow for the standardized
use of GFP-specific sdAbs, not only for the immunoprecipitation of
the tagged proteins but also for their visualization at higher resolu-
tion by superresolution microscopy.

Beyond that, we propose using such sfGFPY™AY_expressing cell
lines, especially when corresponding cell lines of different germ lay-
ers and tissue origins are available to be used in parallel, to gain
further insight into the standard and the cell-type-specific repertoire
of proteins that interact with the NB and its appended structures.
Such distinction will be achievable, for example, by mass spectrom-
etry, when inspecting the protein composition of the lamina-NPC-
NB (LNN)-enriched materials isolated from such cells before and
after induced degradation of different NPC and NB proteins. This
has been exemplified in the current study by the degron-mediated
degradation of TPR and resulting loss of NB proteins like ZC3HC1
from such LNN materials.

Systematically investigating this in not only one but several cell
lines, including correspondingly CRISPR/Cas9-edited stem cells,
should contribute to further distinguishing between those proteins
that one would rate as universal NB-resident components and those
that reside at the NBs of only specific cell types. Furthermore, apply-
ing several different LNN isolation procedures in parallel might also
provide the inventory of those proteins that only transiently interact
with the NB yet exhibit some enrichment at this site. Moreover, sys-
tematically comparing populations of quiescent and cell-cycle-syn-
chronized cells should provide insight into possibly cell-cycle-
phase-specific interactions between the NB components and other
proteins. Finally, such sfGFPY™AY_expressing cell lines might en-
able studies of potential changes in the NB's interactome under dif-
ferent cellular stress conditions.
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Altogether, such subtractive proteomics and interactomics based
on degron-mediated target protein elimination would complement
and exceed a related approach of comparing NEs with and without
NBs in which the latter had been detached by physicochemical
means from the NEs of Xenopus oocytes, resulting in the initial iden-
tification of ZC3HC1 as an NB-resident protein (Gunkel et al., 2021).

The open questions of how and how many of the
nonessential ZC3HC1 polypeptides keep which numbers

of TPR polypeptides bound where at the NB in what type

of arrangements, and why

The current study does not yet permit unambiguously telling how
ZC3HC1 exerts its function as a structural element required for
keeping the T2 polypeptides bound at the NB, as the data do not
yet allow for unambiguously distinguishing between different sce-
narios. On the one hand, ZC3HC1 could be a protein whose interac-
tion with T1 polypeptides would force the latter into a specific con-
formation, only thereby forming a platform that would allow for
direct interactions between T1 and T2 polypeptides. Alternatively,
ZC3HC1 may form, for example, a flange or socket that would allow
for some direct interaction between the T1 and T2 polypeptides,
with possibly the latter mounted on the former. On the other hand,
though, it is also tempting to imagine ZC3HC1 as an interconnector
positioned between the different populations of TPR polypeptides,
with such a setup then not necessarily requiring any direct contact
between TPR pools 1 and 2. However, which of these scenarios, not
all of which would be mutually exclusive, will eventually hold will
have to be the topic of studies still to come.

Such studies will also need to delineate those parts of ZC3HC1
and TPR that enable them to engage in such a relationship. In addi-
tion, they will have to provide the total copy numbers for those
ZC3HC1 and TPR polypeptides that engage in such interactions at
the NB, as only such numbers will eventually allow sketching which
type of arrangements and constellations among these proteins at
the NB will be numerically possible.

Furthermore, because the current evidence already hints at dif-
ferent subpopulations of TPR that occur NB associated, their copy
numbers, too, need to be known. While the current study refers to
at least two major TPR subpopulations, which we called T1 and T2
for simplification, data from further experiments, in which we have
systematically disassembled the NB stepwise in more detail, have
hinted at even further subpopulations within those of T1 and T2. For
example, in the case of the T1 pool, this could mean that it might
actually be composed of two equally large subpopulations, T1a and
T1b (Gunkel et al., 2021; our unpublished data). Similarly, circum-
stantial evidence, in both the recent study (Gunkel et al., 2021) and
the current one (Supplemental Figure Sé), points to also the exis-
tence of ZC3HC1 subpopulations. These appear to engage in differ-
ent interactions with TPR and the NB, with each ZC3HC1 subpopu-
lation perhaps having a distinct task while acting cooperatively, or
instead sequentially, in the TPR assembly processes. The data of
systematic cell fractionation and NB disassembly experiments (Gun-
kel et al., 2021; our unpublished data) also hint at NB-associated
ZC3HC1 subpopulations with different dissociation characteristics,
and at some point, the copy numbers for each of these different
subpopulations will also need to be determined.

Another question among the central ones regarding the NB's
architecture in the proliferating human cell is how the ZC3HC1-re-
cruited TPR populations are arranged and positioned relative to
those TPR polypeptides that are anchored to the NPC indepen-
dently of ZC3HC1. In the one scenario, one can imagine both pools
representing components of the same structure commonly re-
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garded as the prototypic NB, with both the T1 and T2 polypeptides
perhaps even longitudinally aligned. On the other hand, it is tempt-
ing to envision the T2 polypeptides as attached to the NB in such a
manner that would allow them to project away from the NB and
reach out further into the nuclear interior, similar to arrangements
described for NBs in Xenopus oocytes (e.g., Gunkel et al., 2021).
However, to address this and further questions regarding the NB's
assembly blueprint and final architecture, one will need to dissect
the NB assembly process in further molecular detail and study fur-
ther mutant versions of ZC3HC1 and those of TPR. Moreover, one
will also need to microscopically visualize the arrangement of the
different TPR subpopulations relative to each other and ZC3HC1.
The emerging novel methodologies in superresolution microscopy
might now allow for resolving these proteins’ positions relative to
the NPCs in different human cell lines.

Perhaps the most pressing question is why evolution has de-
cided to stick with ZC3HC1 in a wide range of species, even though
the protein appears to be dispensable for all those species in which
the corresponding homologue hitherto has been eliminated experi-
mentally (Gunkel et al., 2021, and references therein). For example,
such dispensability also holds for Saccharomyces cerevisiae Pm|39p,
a protein that binds to the yeast's TPR homologues Mip1p and
Mlp2p (Palancade et al., 2005) and that we found to be the budding
yeast's sole homologue of ZC3HC1 (Gunkel et al., 2021; our unpub-
lished data). Moreover, even evolution itself has sometimes allowed
for again discarding an initially present ZC3HC1 homologue, with
this having happened and seemingly still happening within some
subphyla, orders, or even families of organisms. Such an evolution-
ary fate of ZC3HC1 can be reconstructed, for example, in insects.
Here, almost all orders, including Diptera and thus also Drosophila,
lack an apparent ZC3HC1 homologue, while it is unambiguously still
present in some species of other insect orders and while likely func-
tionally intact ZC3HC1 homologues are omnipresent in all other
subphyla of the Arthropoda (Gunkel et al., 2021; our unpublished
data).

Such findings raise the question of what the additional amounts
of TPR are good for in those organisms in which ZC3HC1 acts as a
structural element appending them to the NB; and conversely, why
ZC3HC1-deficient organisms have adapted to getting along with-
out such additional amounts of TPR, provided that such species
have not come up with some protein functionally analogous to
ZC3HC1 or some other mechanism of appending more TPR to their
NBs.

Recently, several tasks have been outlined that one could imag-
ine for the ZC3HC1-dependent populations of TPR polypeptides
(Gunkel et al., 2021). For example, apart from potential contribu-
tions to the NB's overall structural stability, one scenario suggested
that ZC3HC1 allowed for increasing the number of TPR polypep-
tides for the sake of these acting as either transient or more lasting
binding sites at the NB for yet other molecules, with the copy num-
bers of such additional TPR polypeptides perhaps even modifiable
upon demand. Among the TPR-interacting candidate molecules in
such a scenario, one could imagine proteins involved in transcrip-
tion regulation, replication, and perinuclear chromatin organization.
Such interactions would be in keeping with numerous studies in
which the NB and TPR homologues have been found engaging in
different types of interactions with NB-neighboring chromatin and a
subset of genes. For example, such findings hold for metazoans and
Arabidopsis (e.g., Mendjan et al., 2006; Skaggs et al., 2007; Krull
et al., 2010; Vaquerizas et al., 2010; Myers et al., 2016; Zhang et al.,
2016; Pérez-Garrastachu et al., 2017; Yang et al., 2017; Raich et al.,
2018; Su et al., 2018; Boumendil et al., 2019; Cohn et al., 2020;
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Aleman et al., 2021; Kosar et al., 2021; Uhlifova et al., 2021; Wu
et al., 2021; our unpublished data). Similarly, they also hold for S.
cerevisiae, with its TPR homologues Mlp1p/MIp2p and proteins as-
sociated with them (Casolari et al., 2004; Cabal et al., 2006; Diep-
pois et al., 2006; Schmid et al., 2006; Brickner et al., 2007; Luthra
et al., 2007; Tan-Wong et al., 2009; Bermejo et al., 2011; Texari
et al., 2013; Garcia-Benitez et al., 2017).

This scenario, though, leads us back to the question of why
ZC3HC1-deficient organisms like Drosophila, in which interactions
between Drosophila’'s TPR homologue Mtor and the autosomes and
male X-chromosome occur nonetheless (e.g., Mendjan et al., 2006;
Vaquerizas et al., 2010; Raich et al., 2018; Aleman et al., 2021),
would not require more TPR appended to their NBs, and why such
organisms do well or perhaps even better without them. The an-
swers to such fundamental questions might eventually explain why
evolution has decided that we and other species, by contrast, should
rather hang on to ZC3HC1 as a second structural element of the NB.

MATERIALS AND METHODS

Antibodies

All specifications regarding antibodies used in this study are pro-
vided in Supplemental Table S1. Among these are novel HsTPR an-
tibodies, all raised in rabbits, that were used for immunoaffinity de-
pletion of TPR from human cell extracts (see below). One of these
TPR antibodies was obtained after immunization with a chemically
synthesized peptide, corresponding to HsTPR aa 2147-2163 and
phosphorylated at S2155. The others were obtained after immuni-
zation with recombinant fragments of HsTPR, followed by isolating
subpopulations of peptide-specific antibodies from the resulting
sera, using sets of overlapping peptides for affinity chromatography,
as recently described for collections of XITPR peptide antibodies
(Gunkel et al., 2021).

Cell culture, auxin treatment, RNAI, synchronization, and
transfections

All cell lines used in this study, including those generated by CRISPR/
Cas9 editing, and their growth conditions, including types of media
used, are listed in Supplemental Table S2. Cell cycle synchronization
was performed as described (Gunkel et al., 2021). To initiate auxin-
induced degradation, we first added the auxin indole-3-acetic acid
(15148; Sigma-Aldrich) from a 500 mM stock solution in dimethyl
sulfoxide (DMSO) to the cell-free cell culture medium at a concen-
tration of 0.5 mM, followed by incubation at 37°C and 5% CO, for
30-60 min. The stock solution had been freshly prepared or frozen
for no longer than 1 week and then thawed. Next, the prewarmed,
auxin-supplemented medium was used to replace the medium of
the cells. A prewarmed medium supplemented with auxin-free
DMSO was applied concomitantly to the control population cells.
Transfections of HCT116 cells with small interfering RNAs (siRNAs;
Silencer Select negative controls #1 and 2 [#4390843 and #4390846]
and Silencer Select siRNAs targeting HsNUP153 [s19374
[CGAAAAUCUCUCUACCGAU] and s19376 [CAGUCUAAACUAC-
GAAAUA]]; Ambion, Austin, TX) were performed as described
(Gunkel et al., 2021). For the transfections of HelLa with mammalian
expression vectors presented in Figure 1, we used PolyJet (Signa-
Gen Laboratories, Frederick, MD) as the transfection reagent, fol-
lowing the manufacturer’s instructions. For transfections of Hela
and HCT116 cells in the course of the gene-editing procedures, see
further below. For large-scale transfections of the adherent HEK293T
cells for the ectopic expression of proteins for the in vitro assembly
experiments, we followed a transfection protocol (Reed et al., 2006)
using linear 25 kDa polyethylenimine (PEl; Polysciences Europe
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GmbH, Hirschberg, Germany). We adjusted this protocol for 10 cm
culture dishes with about 50-70% cell density, with these and further
modifications already described (Gunkel et al., 2021), yet harvesting
cells in the current study 16-21 h after the initial transfection.

IFM and live-cell imaging of cultured cells

For standard IFM, cells were fixed for 30 min with 2.4% of freshly
prepared and methanol-free formaldehyde (FA) in phosphate-buff-
ered saline (PBS), followed by quenching with 50 mM NH,4Cl in PBS
and permeabilization with 0.25% Triton X-100 (TX-100) in PBS for 5
min. In cases in which detergent-permeabilization was carried out
before FA fixation (Figure 1D), cells were treated with 0.25% TX-100
in a temporarily tNB-s buffer for 3 min, the latter here composed of
PBS to which MgCl, was freshly added to a final concentration of 10
mM. This step was followed by fixation in tNB-s buffer and then by
quenching with NH4Cl in PBS, yet omitting subsequent treatments
with detergents. Blocking and antibody incubations were performed
with 1% bovine serum albumin (BSA) in PBS, with Hoechst 33342 (1
pg/ml) for DNA staining added during the incubation with fluoro-
phore-coupled secondary antibodies. The immunolabeled speci-
mens were mounted in SlowFade Gold or Diamond Antifade Moun-
tant (Invitrogen, Carlsbad, CA), the latter used for FA-fixed
GFP-tagged specimens and the subsequent inspection of their GFP
signals too. For live-cell imaging, cells were grown on four- or eight-
well ibidi glass-bottom (#1.5H) p-slides (ibidi, Martinsried, Ger-
many), using either Leibovitz's L-15 medium (Sigma-Aldrich) or the
live-cell imaging medium FluoroBrite DMEM (Gibco). An improved
version of SiR-Hoechst (Bucevicius et al., 2019), kindly provided by
Grazvydas Lukinavi¢ius (Max Planck Institute for Multidisciplinary
Sciences, Géttingen, Germany), was used for DNA staining of living
cells. All cells, that is, the immunolabeled and the intact live cells,
were inspected with a Leica TCS SP5 or SP8 confocal laser-scanning
microscope (Leica Microsystems, Wetzlar, Germany) equipped with
a 20x and a 63x oil immersion objective (Leica Microsystems). The
color lookup table (LUT), named C3_linear-protanopic-deuteran-
opic, was obtained from the NeuroCyto Lab (University of Marseille,
France; https://sites.imagej.net/NeuroCyto-LUTs).

Cell fractionation and immunoblotting

Fractionation of confluent, not synchronized populations of HCT116
cells to obtain, for immunoblotting (IB), a fraction of soluble proteins
released upon extraction with TX-100 and a nonsoluble LNN-en-
riched fraction, was in principle as described (Gunkel et al., 2021),
with only minor modifications. We thereby applied conditions that
allow for maintaining the interactions of TPR and ZC3HC1 with the
NBs and the LNN-enriched material. In brief, washed cells of lines
HCT116 MCL and sfGFPYmIAAZTPR, which had been treated with
auxin or not, were sedimented by 800 x g centrifugation for 3 min.
Next, the cells were resuspended in 20-22°C-warm NB-s solution
containing 41.5 mM KCl, 8.5 mM NaCl, 5 mM MgCl,, 2.5 mM eth-
ylene glycol bis(2-aminoethyl)-tetraacetic acid (EGTA), 2 mM dithio-
threitol (DTT), 10% sucrose, 20 mM HEPES, pH 7.5, 0.25% TX-100,
and cOmplete EDTA-free protease inhibitor cocktail (Roche, Basel,
Switzerland), followed by incubation for 4 min. The cell suspensions
were then centrifuged at 20,000 x g and RT for 3 min. Cells of line
HCT116 ZC3HC1-sfGFPY™AA7 were handled similarly, except for in-
cubating them, after having treated them in parallel with and with-
out auxin, in the NB-s buffer containing TX-100 for 15 min. The frac-
tionations of Hela and HEK293T cells for the assembly assays
presented in Figures 2 and 3 were performed as explained further
below, and SDS-PAGE and IB were as described recently (Gunkel
et al., 2021).
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In vitro assembly experiments with ZC3HC1-deficient NEs
and fluorescent protein-tagged ZC3HC1 and TPR
polypeptides

For preparing TPR-free cell extracts with either the mCherry-tagged
WT or C429S mutant version of ZC3HC1, up to about 1.4 x 108
adherent HEK293T cells were transiently transfected with corre-
sponding expression vectors (see Supplemental Table S3) and har-
vested 16-21 h later. Cells were sedimented by a 3 min centrifuga-
tion at 1000 x g and resuspended in an NB-s buffer, here called
assembly buffer, composed of 88 mM KCI, 22 mM NaCl, 10 mM
MgCly, 10 mM potassium sodium phosphate (4:1 molar ratio of
KoHPO4/KH,PO4:NayHPO,/NaH,PO,), pH 6.8. The cells were then
recentrifuged at 1500 x g and RT for 2 min, resuspended at a volume
ratio of about 1:4 between pellet volume and solution, in assembly
buffer supplemented with cOmplete Mini EDTA-free protease inhibi-
tor cocktail (Roche) and 0.05% digitonin, for permeabilization at RT
for 3 min. They were subsequently centrifuged at 20,000 x g and RT
for 2 min, followed by recentrifuging the resulting supernatants at
200,000 x g and at 4°C for 10 min. The then obtained solutions were
rotated at RT for 20 min together with protein A-coupled magnetic
Dynabeads (Invitrogen, Carlsbad, CA) that had been loaded before-
hand with a collection of five different rabbit antibodies targeting
different parts of HsTPR (see Supplemental Table S1). Such loading
was performed in the assembly buffer containing 0.02% Tween-20 at
RT for 15 min, followed by several washes in the same buffer. For the
immunodepletion of such soluble HEK293T extracts, then generally
corresponding to still about 5-9 x 107 cells, a total of up to about
18-21 pg of anti-TPR immunoglobulin Gs was used, with each of the
five different HsTPR antibodies contributing different amounts, rang-
ing between 2.9 and 5.8 pg. The antibodies’ corresponding total of
copy numbers coupled to the magnetic beads was calculated to ex-
ceed the maximally expectable total numbers of soluble TPR dimers
within the cell extracts at least 200-fold. Following the magnetic re-
moval of the beads, the solutions were directly used for the interac-
tion experiments; yet later on, they were always controlled by IB to
have been devoid of TPR. The ZC3HC1-free cell extracts containing
the sfGFP-tagged TPR polypeptides, on the other hand, were ob-
tained from one of the sfGFP-TPR-expressing HeLa ZC3HC1 KO cell
lines in which substantial amounts of TPR that usually occur NE as-
sociated in WT cells are distributed throughout the nuclear interior in
a soluble form instead. To this end, about 1 x 108 cells from subcon-
fluent populations, that is, from such in which cell sizes were still no-
tably larger than in highly confluent populations of Hela, were first
washed in assembly buffer. They were then sedimented by centrifu-
gation at 1000 x g for 3 min, resuspended in assembly buffer, and
recentrifuged for 2 min at 1000 x g. Next, they were resuspended in
assembly buffer, supplemented with cOmplete Mini EDTA-free pro-
tease inhibitors, at a volume ratio of about 1.25:1 between buffer and
pellet volume, the latter though still containing buffer from the pre-
ceding washing step so that the actual ratio between buffer and total
cell volume came rather close to 1.8:1. All steps were performed at
RT. About 5 x 107 cells as 325 pl suspensions in 1.5 ml safe-lock tubes
(Eppendorf AG, Hamburg, Germany) were ruptured by brief pulsed
sonication at RT using the ultrasonic homogenizer SONOPULS
mini20, equipped with an MS 2.0 sonotrode (Bandelin Electronic
GmbH, Berlin, Germany). For such sonication, we applied conditions
(sonotrode immersion depth of 1 mm, amplitude setting 50%, pul-
sating mode, a 15-s total length of operation, with pulses of 0.5 s
separated by pauses of 1 s), which we had heuristically determined
by series of trial-and-error experiments. Such conditions allowed for
an adequate, that is, a probably complete rupturing of the suspended
Hela cells’ nuclei without causing disruption of the NEs primarily into
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fragments no longer sedimentable at 20,000 x g, while at the same
time allowing for minimizing energy input and keeping the mean rise
in temperature within the suspension below 2°C. The cell suspen-
sions were then centrifuged at RT and 20,000 x g for 2 min, followed
by recentrifugation of the resulting supernatant at 4°C and 200,000 x
g for 10 min. Supernatants obtained in such a way, free of any detect-
able NE fragments but containing soluble sfGFP-TPR polypeptides,
were used for the assembly assays straight away. Note that for time
reasons, the preparation of such freshly prepared HEK293T and
Hela cell extracts for their direct use in the assembly experiments
required two persons’ work efforts in parallel. For preparing the NEs
as assembly platforms, HeLa ZC3HC1 KO cells were grown on eight-
well ibidi p-slides with ibiTreat bottom (ibidi) to which Hela cells,
unlike HCT116, tightly adhered during the subsequent treatments.
Populations of 50-70% cell density were then permeabilized with
detergent just before the addition of the cell extracts. To this end, the
cells were incubated for about 2 min to maximally 3 min in the
assembly buffer containing 0.25% TX-100 and Hoechst 33342 (1 pg/
ml), accompanied by gentle rocking, followed by three washes with
detergent-free assembly buffer, with the first wash step for 2 min still
containing the DNA dye, then omitted from the next steps. All sub-
sequent incubations with the mCherry-ZC3HC1- and the sfGFP-TPR-
containing solutions and all washes, using the detergent-free assem-
bly buffer supplemented with cOmplete Mini EDTA-free protease
inhibitors, were performed at RT. After having loaded the nuclei with
the recombinant polypeptides, the specimens were inspected with a
Leica TCS SP8 confocal laser-scanning microscope (Leica Microsys-
tems, Wetzlar, Germany). All images of mCherry fluorescence, re-
spectively those of sfGFP, were acquired with identical microscope
settings and with reduced laser power, as compared with IFM im-
ages, to minimize pronounced bleaching in the absence of anti-fade
media. The signal brightness of all raw images was then enhanced
electronically, which was done in the same manner for each series of
corresponding images. To this end, all corresponding color images
of either mCherry or sfGFP were first assembled into one image and
then converted to the 8-bit grayscale of 0-255. Using the Multiply
command in the Math Submenu of the ImageJ/Fiji software (version
2.0.0-rc-64/1.51t; National Institutes of Health, USA), each pixel
value of this composite image was then multiplied by the same
multiplication factor. This constant multiplication of pixel intensities
was the only image processing conducted for the in vitro assembly
experiments. With less than 0.05% of each image's pixels finally
reaching a value of 255, this procedure allowed the signal intensity
relationships between the electronically brightness-enhanced im-
ages to remain essentially the same as between the corresponding
raw images beyond their background zero values.

Genomic editing in human cell lines

The deletion of ZC3HC1 gene segments in human cell lines, using
CRISPR/Cas9 technology and following the Cas9 double-nickase
approach with pairs of single guide RNAs (sgRNA; Ran et al., 2013a),
was performed as described in detail recently (Gunkel et al., 2021).
This approach was also used for tagging the TPR and ZC3HC1
alleles with the ORF for sfGFP or variants thereof. Novel pairs of
sgRNAs, with sequences complementary to the genomic regions at
which the integration was to occur (for sequences, see Supplemen-
tal Table S4; also see Supplemental Figures S1, S2, S8, and S9), were
once again designed by using the CRISPR Design tool formerly pro-
vided online by the Zhang laboratory (Hsu et al., 2013). The synthe-
sized sgRNAs were then cloned into the bicistronic Cas9n expres-
sion vector pSpCas9n(BB)-2A-Puro (PX462) V2.0 (Ran et al., 2013b)
kindly provided by Feng Zhang (Broad Institute, Cambridge, MA,;
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see Supplemental Table S3). Further details were as described
(Gunkel et al., 2021), except for using only one pair of sgRNAs and
thus two sgRNA/Cas9n vectors in the current study per integration
site. Cultured cells were then transfected with the GFP-donor plas-
mid and the two target site—specific sgRNA/Cas?n vectors, using
PolyJet (SignaGen Laboratories) for transfection of Hela cells and
FuGene HD (Promega Cooperation, Madison, WI) for HCT116, ac-
cording to the manufacturer’s instructions. Three to four days after
transfection, the sfGFP-expressing cells were enriched by sorting via
flow cytometry using a Bio-Rad S3e cell sorter (Bio-Rad Laborato-
ries, Hercules CA). In some cases, this step was repeated with the
first enriched population of GFP-positive cells to sort for the bright-
est ones, often representing those in which the sfGFP ORF had
been integrated into all of the target gene’s alleles. These enriched
populations were then seeded into 10 cm culture dishes at a low cell
density to allow for the growth of monoclonal colonies that could be
manually picked and transferred into 15-well p-slides (u-slide angio-
genesis ibiTreat bottom; ibidi) for further growth. The clones were
screened by live-cell imaging, assessing subcellular GFP localization
and comparing the different clones’ NE-associated GFP brightness
under identical microscope settings. The brightest NE-positive
clones were selected for colony expansion, followed by further anal-
ysis by comparative IFM and IB next to the corresponding progeni-
tor cell line. In addition, all monoclonal populations of the CRISPR/
Cas9-edited KO and GFP-expressing cell strains were analyzed by
genomic PCR and DNA sequencing of subcloned PCR products (for
primers, see Supplemental Table S5). For generating the HCT116
MCL with constitutive AtAFB2 expression, HCT116 WT cells were
transfected with the sgRNA/Cas? vector (kindly provided by Masato
Kanemaki, National Institute of Genetics, Mishima, Japan; see Sup-
plemental Table S3) together with the integration vectors for
AtAFB2-Myc and AtAFB2-Myc-NLS (based on a vector kindly pro-
vided by Elina lkonen, Faculty of Medicine, University of Helsinki,
Helsinki, Finland; see Supplemental Table S3) using the FuGene HD
transfection reagent (Promega). As the integration site for the
AtAFB2 cassettes, we chose Adeno-Associated Virus Integration
Site 1 (AAVS1) safe-harbor locus (Supplemental Figure S7B). Puro-
mycin (5 pg/ml) was added to select for transfected cells that were
grown until monoclonal colonies could be manually picked. IFM was
then used to screen the expanded clones for the presence and sub-
cellular distribution of the Myc-tagged AtAFB2. The eventually se-
lected AtAFB2-expressing HCT116 clone that we found suitable as
the MCL (Supplemental Figure S7C) was used for subsequently inte-
grating the sfGFPLYY™MAA7 cassette into the alleles of any target gene
of interest. For details regarding the design of the sfGFPYMAA7 cas-
sette, see Supplemental Figures S7-S9 and Supplemental Table S3).
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