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Abstract

Upon Nuclear envelope (NE) fragmentation in the prometaphase the
nuclear and cytosolic proteomes blend and must be redefined to re-
instate homeostasis. Using a molecular GFP ladder, we show that in
early mitosis, condensed chromatin excludes cytosolic proteins. When
the NE reforms tightly around condensed chromatin in late mitosis,
large GFP multimers are automatically excluded from the nucleus.
This can be circumvented by limiting DNA condensation with Q15, a
Condensin Il inhibitor. Soluble small and other NLS-targeted proteins
then swiftly enter the expanding nuclear space. We then examined
the proteasome, located in cytoplasm and nucleus. A significant frac-
tion of 20S proteasomes is imported by importin IPO5 within 20 minutes
following reformation of the nucleus, after which import comes to an
abrupt halt. This suggests that maintaining the nuclear-cytosol distri-
bution after mitosis requires chromatin condensation to exclude cyto-
solic material from the nuclear space and specialized machineries for
nuclear import of large protein complexes such as the proteasome.

Infroduction

Compartmentalization between the cytoplasm and nucleus is the de-
fining characteristic of eukaryotic organisms, or those composed of
‘true’ cells. This separation in eukaryotic cells is afforded by the com-
plex double-membrane structure of the nuclear envelope. Exchange
of materials across this barrier occurs primarily through the nuclear
pore complex (NPC), which allow passive diffusion of substances up
to asize of roughly 70kDa, although recent work suggests that specif-
ic NPC qualities can infer some flexibility to this cut-off (Popken et al,
2015; Timney et al, 2016). Generally, molecules above that size cut-off
are disallowed entry from the cytoplasm into the nucleus, unless they
possess signal sequences, such as an nuclear localization signal (NLS),
or bind to nuclear import carriers to specifically license active trans-
port via the NPC(Chook & Suel, 2011; Goldfarb et al, 2004; Naim et al,
2007; Timney et al., 2016; Wang & Brattain, 2007). In addition to the in-
herited genome and other nucleic acids, nuclei contain a proteome
distinct from that of the cytoplasm. All nuclear proteins are synthesized
by cytosolic or ER-associated ribosomes and must subsequently cross
the NE barrier to reach their site of action. The resulting compartmen-
talization allows separation of coupled processes in space and fime
to support optimal functioning of cells(Hung & Link, 2011; Stelma et al,
2016; Wang & Li, 2014).

In mammalian cells (and the majority of primitive Eukaryotes) the nuc-
leoplasm/cytoplasm dichotomy is challenged at the onset of mitosis.



In prophase, when the NE fragments in preparation for chromosom-
al alignment and segregation, soluble nuclear and cytosolic proteins
can suddenly occupy the same cellular space as the barrier between
these compartments is lost. The question then is how the original lo-
calization of these two protein pools is restored once the NE reforms in
cytokinesis with support of ESCRT-IIl and spastin(Guttinger et al, 2009;
OImos et al, 2015; Prunuske & Ullman, 2006; Vietri et al, 2015; Vietri et
al, 2016). One option is that, while nuclear constituents benefit from
NLS-dependent targeting, those proteins and complexes normally
found in the cytosol, such as for instance the ribosome, could become
erroneously captured by the nascent nuclear space and must then
find a way out(David et al, 2012). This would then imply nuclear inclu-
sion of the tIRNA machinery and more, as required for full franslation
and it is likely that such mix-ups would be disfavoured. Whether and
how this occurs, is studied here.

Results

Chromosomal condensation ensures exclusion of soluble cyto-
solic material from the newly formed nucleus post mitosis.

To visualize the fate of soluble proteins as a function of size, we con-
structed an incremental ladder of GFP multimers ranging from mono-
to hexaGFP stably expressed in MelJuSo cells (Fig. S1A). Under steady
state conditions, mono-, di- and triGFP filled both nuclear and cytoso-
lic compartments, while penta- and hexaGFP were restricted to the
cytosol (Fig. 1A). Quantification of fluorescence over the two com-
partments showed an equal distribution of mono-, di- and triGFP, as
opposed to reduced nuclear distribution of tetraGFP and near com-
plete nuclear exclusion of penta- and hexaGFP (Fig. 1A). These ob-
servations are consistent with the accepted notion that the NPC al-
lows passive diffusion of proteins up to 50-70 kDa, but restricts larger
cargoes unless they harbor an exposed NLS(Lange et al, 2007; Nigg.
1997), as illustrated by the predominantly nuclear localization of SV40
NLS-heptaGFP (Fig. 1A).

To follow the fate of cytosolic GFP during mitosis—and their return
to the appropriate compartment of residence—we co-expressed
mCherry-LaminA to visualize the timing of NE breakdown and refor-
mation in conjunction with a DNA dye, SIR-DNA, to visualize the mitotic
process. (Moriuchi et al, 2016). To simultaneously differentiate mitotic
stages during time-lapse imaging, chromosomes were labeled with
the far-red dye SiR-DNA. We first followed the distribution through mito-
sis of the GFP dimer that locates in both nucleus and cytoplasm during
interphase (Fig. 1B, Video 1). We found that diGFP was excluded from
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Figure 1. Condensed chromatin as physical barrier for soluble proteins during mitosis.

(A) Confocal images of MelJuSo cells stably expressing the linear GFP multimers ranging from
mono to hexaGFP (green) as well as hexaGFP with a nuclear localization signal and SV40
NLS-heptaGFP are shown. Corresponding pixel plot analyses depicting fluorescence intensities
(normalized to the average) as measured along the dotted white lines are given below the
images. Triangles denote the start of each line profile. Scale bars 20um. (B,C) Select confocal
z-slices and orthogonal slices from time-lapse experiments collected at 124 s intervals of MelJu-
So cells stably expressing diGFP (B) or hexaGFP (C) (green) along with mCherry-LaminA (red)
and stained with SIR-DNA (blue). At each timepoint, eight different z-stacks (as indicated in the
side view in lower 5 panels) were made to define the location of chromatin. Data shown are
representative of 4 independent acquisitions. Pixel plofs of the green signal over the dotted
green lines are shown below. Nuc shows the position of the nucleus, as marked by SiR-DNA.
Scale bars, 20um Related to Videos 1 and 3. (D) Select confocal z-slices and orthogonal slices
from time-lapse experiments collected at 124 s intervals of MelJuSo cells stably expressing SV40
NLS-heptaGFP (green) along with mCherry-LaminA (red) and stained with SiR-DNA (blue). At
each timepoint, eight different z-stacks (as indicated in the side view in 5 panels on the right)
were made to define the location of chromatin. Stills correspond fo Video 4. Images shown
are representative of 3 acquisitions. Corresponding pixel plot analyses depicting fluorescence
intensities (normalized to the average) as measured along dotted green lines are given below
the images. Triangles denote the start of each line profile, nuc = the position of the nucleus, as
marked by SiR-DNA. Scale bars, 20um. (E) Volumetric analysis of cellular DNA (marked using
SiR-DNA) as a function of fime during representative time-lapse experiments of MelJuSo cells
at different phases of mitosis. Graph displays the average (black line) and SD (red lines) of the
nuclear volume in um3 of 10 cells.

condensed chromosome density up to and including anaphase (=45
min), similar as observed for microinjected fluorescent Dextran (Swan-
son & McNeil, 1987). However, 8 min later (=53 min), coincident with
the return of the DNA-associated LaminA signal, diGFP once again
filled the nuclear as well as cytoplasmic space. The same pattern of
behavior was observed for monoGFP (Fig. S1B, Video 2). To compare
mitotic behavior of proteins below the NPC size cut-off with those
above this threshold, we evaluated mitotic cells expressing hexaG-
FP (Fig. 1C, Video 3). Similar to its smaller counterparts, hexaGFP was
excluded from the condensed DNA space during early mitosis. How-
ever, by contrast to diGFP (Fig. 1B), hexaGFP did not enter the ex-
panding nascent nucleus after NE reformation (Fig. 1C, t=50 min).
Since we visualized chromatin using SiR-DNA, we were also able to
determine its volume across different phases of mitosis (Fig. 1D). This
reveals that condensed chromatin during mitosis has a 3-fold smaller
volume, which might explain the restricted space for small proteins
to enter the condensed chromatin space. The sharp drop represents
the actual chromosome division, which is then followed by an expan-
sion of the DNA volume that will progress until it reaches a volume
corresponding to the mother nucleus. These initial experiments reveal
that soluble proteins belonging in the cytosol (small and large alike)
are excluded from the space occupied by condensed chromosomes
during most of mitosis. Then, in late mitosis, smaller proteins like the
GFP dimer rapidly diffuse in the nuclear space following NE reforma-

tion (as timed by LaminA) concomitant with the expansion of nuclear
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volume (Fig. 1E), similar as recently observed (Cai et al, 2018). Con-
versely, proteins larger than the limit of diffusion through the NPC re-
main excluded from the nuclear volume even as the nascent nucleus
swells. Together, these observations suggest that cells have evolved
a physical mechanism to avoid erroneous capturing of cytoplasmic
materials inside the nuclei of newborn cells.If soluble cytosolic proteins
are excluded from the nuclear space during mitosis, what is then the
fate of soluble nuclear proteins? To address this, we fused hexaGFP to
a bipartite nuclear localization sequence (NLS) of nucleoplasmin and
heptaGFP to monopartite NLS of SV40 (Kalderon et al, 1984; Nigg, 1997)
and followed the resulting NPM NLS-hexaGFP and SV40 NLS-heptaG-
FP through mitosis (Fig. 1D and $2C; Video 4 and Video 5). Strikingly,
the presence of SV40 NLS enabled a small fraction of SV40 heptaGFP
to blend with the condensed chromatin up to and during anaphase
(t=54 min). Stably expressing SV40 NLS-heptaGFP cells clearly lack the
exclusion conferred by chromosomal condensation. This suggests a
closer proximity of heptaGFP to the condensed chromosomes now
that its decorated with an NLS. Following NE reformation, the small
portion of chromatin blended SV40 NLS-heptaGFP is likely encapsu-
lated in the nascent nucleus (t=56 min), while the remaining cytoso-
lic pool of SV40 NLS-heptaGFP was rapidly imported into the nucleus.
Conversely, when studying NPM NLS-hexa-GFP, we observed slight en-
richment of NPM NLS-hexaGFP on condensed chromosomal material.
The NLS sequence apparently affects the interaction with chromatin
components, as a variable fraction locates in the condensed chroma-
tin space. Nevertheless, these observations suggest that unlike soluble
cytoplasmic proteins, a small fraction of soluble nuclear proteins con-
taining SV40 or NPM NLS are in close proximity of condensed chroma-
tin during mitosis while the majority of NLS-hexaGFP or NLS-HeptaGFP
locates outside the condensed chromatin space. When the nucleus
reforms around condensed chromatin, it is followed by nuclear ex-
pansion(Lu et al, 2011) and these NLS-containing proteins then swiftly
are imported in the nucleus.

Limiting chromosomal condensation by Q15 compromises solu-
ble proteome homeostasis

To test whether nuclear exclusion of larger cytosolic proteins following
NE reformation (as observed in Fig. 1C) requires the preceding exclu-
sion of these materials as a result of chromosomal density, we aimed to
limit chromatin condensation and then followed the fate of hexa-GFP
that is excluded from the nucleus under unmanipulated situations. To
this end, we synthesized a condensin inhibitor Anilinoquinazoline 15



(Q15) (Shiheido et al, 2012) that targets hGAP-G2 (a subunit of Con-
densin Il) and thus limits chromosomal condensation (Hirano, 2005). In
cubation of MelJuSo cells expressing hexaGFP in the presence of Q15
for 48 hrs yielded many dead cells, which is not unexpected when mao-
nipulating chromatin condensation. However, a significant number of
cells that survived contained hexaGFP in the nucleus as opposed to
the cells treated with DMSO (Fig. A,C and D, video 5 and video §6).
Time-lapse microscopy of cells over mitosis suggests that, when com-
pared to DMSO treated hexaGFP expressing cells, Q15 treatment lo-
cates a fraction of hexaGFP in the periphery of the chromatin in mito-
sis (Fig. 2B). Once decondensation commences, hexaGFP is allowed
to diffuse in the decondensating chromatin space and is trapped in
the newly formed nucleus. This assumes that Q15 does not permeabi-
lize the NE. We treated stably expressing hexaGFP expressing cells with
Q15 for 48 hr and bleached the nuclear hexaGFP signal. If Q15 would
have permeabilized the nucleus, cytosolic hexaGFP would have re-
stored fluorescence in the nucleus. However, no recovery of fluores-
cence was observed over a 30 minutes time period post bleaching
(Fig. 2E, video 8). This further suggests that a physical parameter (the
condensed state of chromatin during mitosis) is critical for protein ho-
meostasis in nuclear and cytosolic compartments over mitosis.

The 20S proteasome requires a specialized mechanism for nu-
clear import post-mitosis

We then wondered how large protein complexes present in both com-
partments, such as the proteasome, are handled over cell division(Reits
etal, 1997). The 20S proteasome—a protein complex of 750kD—should
be far too large to swiftly diffuse across the NE. To test the dynamics
of proteasome import in and export from the nucleus, we performed
fluorescence recovery after photobleaching (FRAP) experiments to
follow the kinetics of nuclear import of LMP2(Betali)-GFP-labeled pro-
teasomes in MelJuSo cells. LMP2-GFP is stably incorporated into the
20S proteasome and no free LMP2 —-GFP subunits have been detected
(Fig. 3A and B, Video 9)(Reits et al., 1997). Following nuclear bleach-
ing, recovery of nuclear GFP fluorescence from cytosolic proteasome
entering the nucleus was not observed over a 10 min period. In fact,
FRAP experiments did not reveal nuclear import of proteasomes even
overa 3 hrs period (Reits et al., 1997). If proteasomes are excluded from
the condensed chromatin space in accordance with observations for
free soluble proteins, it would imply that newly formed nuclei are de-
void of proteasomes for a considerable fime period post-mitosis(Palm-
eretal, 1994; Savulescu et al, 2011). We therefore followed the fate of
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Figure 2. Soluble proteome dynamics disrupted during mitosis upon Q15 treatment. A,B Select
confocal z-slices and orthogonal slices from time-lapse experiments collected at 124 s intervals
of MelJuSo cells stably expressing hexaGFP (Green) and stained with SiR-DNA (Blue). The cells
were freated with 20uM Q15 (A) or DMSO (B) for 48 hrs. At each timepoint, eight different z-stacks
(as indicated in the side view in lower 5 panels) were made to define the location of chromatin.
Data shown are representative of 3 independent acquisitions. Pixel plots of the GFP signal over
the dotted white lines are shown below. White squares indicate the start of the measurement.

Fluorescence infensities are represented in false colors according fo the ‘look-up’ table in Fiji.
Nuc shows the posifion of the nucleus, as marked by SiR-DNA. Stills correspond to Videos 6 and
7. Scale bars 20um. (C) Quantification of nuclear to cytosolic ratio of 10 pre-mitotic cells and
both their daughter cells from cells that A and B represent. Bars indicate mean + s.d. Statistical
significance was calculated using Student’s t test. ns, not significant, *** p>0,001, **** p<0,0001.
(D) Quantification of cells (% of adherent population) harboring hexaGFP in the nucleus, 150
cells per experiment. Statistical significance was calculated using Student’s t test. Bars indicate
mean +/- s.d. from independent replicates. ***p<0,001. (E) Dynamics of the stably expressing
hexaGFP cells. Cells were treated with 20uM Q15 for 48 hrs. Nuclei of cells harboring nuclear
signal were bleached and followed over a 30 min fime period. Stills correspond to Video 8. Scale
bars, 20um. (F) Quantification of hexaGFP fluorescence over fime in the nuclear compartment
after FRAP. Graph represents the normalized fluorescence of 3 acquisitions and the red dofted
line indicates s.d.

densed chromatin space (=50 min). Strikingly, coincident with cyto-
kinesis, a substantial fraction of labeled proteasomes rapidly entered
the newly formed nucleus demarcated by LaminA (=56 min). Quanti-
fication of the LMP2-GFP signal indicated swift nuclear import for some
20min after nuclear reformation followed by an abrupt termination of
nuclear import. This may coincide with formation of functional nucle-
ar pore complexes and NE reconstruction (Lafarga et al, 2002). Inter-
estingly, nuclear import by LMP2-GFP marked proteasomes after NE
formation was even faster than that of diGFP, which enters the nu-
cleus by free diffusion (Fig. 3D, Video 1). Furthermore, quantifying the
nuclear signal of GFP and for NPM NLS-hexaGFP the cytosolic signal,
we found that proteasomal nuclear import is slightly faster than that
of NPM NLS-hexaGFP, which requires an active NLS-dependent import
machinery (Fig. 3E). Of note, the fluorescence intensity of LMP2-GFP-
labeled proteasome is 10-20% higher in the post-mitotic nuclei than
before, likely as a result of a higher concentration present in the sfill
expanding nucleus (see also Fig. 1E).

Importin-5 conducts the post mitotic nuclear import of the 20S
proteasome.

These observations can only be explained by an active nuclearimport
mechanism for the proteasome operational only for some 20 minutes
following NE reformation. This system is then critical for rapid delivery of
proteasomes in the newly formed nucleus allowing normal propaga-
tion of proteasome dependent degradation of a plethora of nuclear
substrates. Such a system is unknown. One opftion is that cells possess
a pre-defined nuclear proteasome subset that then simply returns
to its original location post-mitosis by conventional nuclear import.
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Figure 3. A wave of nuclear import of the 20S proteasome during mitosis

(A) Dynamics of the LMP2-GFP labelled proteasome. The nucleus of MellJuSo cells stably ex-
pressing LMP2-GFP was photobleached and the recovery of nuclear fluorescence was followed
over a 10 min time period. Scale bar, 20um. Stills correspond to Video 9. (B) Quantification of
LMP2-GFP fluorescence with time in the nuclear and cytosolic compartments after FRAP. Graph
represents the normalized fluorescence intensities of four acquisitions and the red dofted line
indicates s.d. (C) Time-lapse confocal microscopy of MelJuSo cells stably expressing LMP2-GFP
and co-expressing mCherry-LaminA. DNA was stained with SiR-DNA. Cells were followed for 16
hrs at 124 s infervals. At each timepoint, eight different z-stacks (as indicated in the side view
in lower five panels) were made fo define the location of chromatfin. Scale bar, 20um and for
zoom-in (right panel), 10um. Sfills correspond to Video 10. Profile plofs on the right represent
normalized fluorescence intensities measured along the green dotted line of the corresponding
image. The fluorescence infensities were normalized using the average fluorescence intensity of
the measurement. The friangles denote the beginning of measurement of line profile plots. Nuc
defines the location of the nucleus. (D) The rafio of normalized GFP intensities measured at loca-
fion of SiR-DNA fluorescence in MelJuSo cells stably expressing diGFP, NLS-hexaGFP or LMP2-GFP
through mitosis. The plot is a representative of é acquisitions for each condition. (E) Quantifica-
fion of the half-time of nuclear import (1(1/2)) of GFP signal over SiR-DNA of MelJuSo cells stably
expressing LMP2-GFP, NPM NLS-hexaGFP or diGFP through mitosis. Quantification was performed
on 12 cells. Bars indicate mean + s.d. Statistical significance was calculated using Student’s T test.
ns, not significant, ** p>0,01, *** p<0,001.

To examine whether this is the case, we photobleached the nucle-
us of MelJuSo cells containing LMP2-GFP-labeled proteasomes and
followed the remaining (cytosolic) fluorescence pool through mito-
sis (Fig. 4A; Video 11). While proteasomes were again excluded from
condensed chromatin prior to cytokinesis (=34 min), the original cy-
tosolic pool of proteasomes now occupies both the cytosolic and nu-
clear compartments post-mitosis (Fig. 4B). This excludes the presence
of a nucleus destined proteasome pool and implies a specialized
mechanism active during a short phase late in mitosis and is respon-
sible for the rapid targeting of proteasomes to newly formed nuclei.
Another option would be that the proteasome dissociates in its free
subunits that then diffuse in the nucleus to form a new proteasome.
Since active proteasome subunits (including LMP2-GFP) contain a
prosequence that is removed when the subunit is incorporated into
the active proteasome, mature proteasome subunits would not be re-
incorporated into proteasomes (Jager et al, 1999; Li et al, 2016; Pante
& Kann, 2002). In addition, we noted that the proteasome is entering
the nucleus faster than diGFP that entfers the nucleus by simple diffu-
sion, again suggesting active nuclear import. In combination, these
data propose a unique nuclear import system for the proteasome that
is be active in a short time window immediately after NE formation.

Targeted nuclear import is driven by members of the karyopher-
in family(Chook & Suel, 2011; Goldfarb et al., 2004; Yang & Musser,
2006). Only a limited number of specific substrates have been de-
fined for these importers, and none have thus far been described
to mediate import of proteasomes to the nucleus in mammali-
an cells (Chook & Suel, 2011; Kimura et al, 2013; Pumroy & Cingola
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ni, 2015; Stelma et al., 2016). It is likely that one or more karyopherins
are involved in proteasome import after NE closure. To test this, we
silenced importin expression using pools of small interfering RNAs (siR-
NA), followed by fixation and immunostaining for the endogenous pro-
teasome. Comparison of nuclear to cytosolic fluorescence intensities
identified Karyopherin A1 (KPNAT) and Importin-5 (IPO5) as candidates
for nuclear proteasome import (Fig. S2A). We then deconvoluted the
SIRNA pools to confirm that silencing of IPO5 indeed reduced nuclear
import of proteasomes in two different cell lines (Fig. 4C Fig. $2B). The
efficiency of IPOS5 depletion was validated by immunoblot (Fig. 4D).
To assess whether expression of IPO5 would alter during mitosis, we
determined IPOS levels by Western blot, along with a marker (cyclin
B1) that is degraded at a later phase of mitosis. Cells were synchro-
nized, then released and samples were analyzed at the time points
post-block release, as indicated (Fig 4E). No notable effect on IPOS
expression is detected, IPO5 may also alter its location in the short fime
window post-NE formation. We fixed and stained MelJuSo cells for
IPO5 and LaminA/C and analyzed different phases in mitosis for their
relative expression. In GO/G1 phase up to the late anaphase, IPO5 ap-
pears to localize primarily outside the nucleus. However, the nuclear
localization of IPO5 increased as soon as LaminA/C appeared around
the condensed chromatin (Fig. 4G) to return to a mainly cytosolic
distribution shortly after this phase (for quantification, Fig 4H). These
data suggest that IPOS alters its activity during a short phase in mitosis
and could then participate in the nuclear location of proteasomes
Yet only a fraction of proteasomes are imported during this short
phase. It is possible that IPOS would be present in limiting amounts for
more complete nuclear deposition of proteasomes. If so, IPOS over-
expression should increase the number of nuclear proteasomes. To
test this, we ectopically expressed N-terminally GFP-tagged IPOS in
MelJuSo (Fig. 41 and J) and Hela cells (Fig. $2C and S2E), followed
by fixation and immunostaining for the 20S proteasome. We quanti-
fied the fluorescent signal and plotted the ratio between that in the
nuclear and cytosolic compartments. Overexpression of IPO5, unlike
another karyopherin family member KPNB1(Chook & Suel, 2011), in-
deed increased nuclear proteasome levels relative to the cytoplasm.
To exclude that ectopic IPOS expression would also accelerate nucle-
arimport of proteasomes in GO/G1 phase, we performed FRAP exper-
iments. We expressed mCherry-IPOS5 in expressing LMP2-GFP cells and
bleached GFP-proteasomes in the nucleus (Fig. S2E, Video 11). No re-
covery of signal in the two hours following bleaching was observed,
implying that IPOS overexpression does not accelerate nuclear import
of (GFP-labelled) proteasomes in GO/G1 phase. Collectively, this iden
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Figure 4. Importin-5 facilitates late mitotic nuclear import of 20S proteasomes.

(A) Time lapse confocal microscopy of MelJuSo cells expressing LMP2-GFP. The nuclear protea-
somes were photobleached and cells imaged at 124s infervals. Side view in lower 4 panels from
8 z-stacks. Stills correspond to Video 11. Images are representative of two acquisitions. Scale
bars, 20um. (B) Quantfification of the nuclear vs cytosolic fluorescence of cells from A. Bars show
mean +s.d.; n=6 Bars indicate mean + s.d. Statistical significance was calculated using Student’s
t test. ns, not significant, ** p>0,01 (C) Confocal image of MelJuSo cells transfected with siRNA
confrol or siRNA against IPOS5. After 72 hrs, cells were fixed and stained for 20S proteasomes.
DNA detected by DAPI staining. Fluorescence intensities are in false colors as indicated by the
‘look-up’ table. Profile plots on the right represent normalized fluorescence intensities measured
along the white-dotted line. Nuc = the position of the nucleus marked by DAPI. See also Figure
S$2B Scale bar, 20um. (D) Silencing efficiency in MelJuSo (MJS) and Hela cells of IPOS was de-
fermined by Western blot analysis for IPO5 and LaminA. (E) Western blot analysis of IPOS levels
in wild type MelJuSo cells during mitosis. MelJuSo cells were synchronized for 16 hrs with 75 ng/
ml nocodazole. Affer a shake off to collect cells arrested in mitosis, cells were washed twice
with PBS and reseeded. CyclinB1 served as an indicator for mitosis and LaminA/C as loading
confrol. (F) MelJuSo and Hela cells were fransfected with siConftrol or individual siRNAs for [IPOS.
Cells were fixed and stained for 20S proteasomes. The nuclear/cytosolic ratio of fluorescence is
depicted from 35 cells per siRNA condition, bars show mean+s.d. of three independent experi-
ments. (G) Confocal images of wildtype MelJuSo cells. The cells were fixed and stained for IPOS5,
LaminA/C and DNA was stained with DAPI. Images represent two acquisitions. Scale bars, 20um.
(H) Quantification of nuclear to cytosolic rafio of endogenous IPOS in several phases of the cell
cycle from cells from G. The nuclear/cytosolic ratfio of fluorescence is depicted from 15 cells per
phase per replicate, bars show mean+s.d. of 2 replicates. (I) MelJuSo cells were fransfected with
GFP-IPOS and stained for 20S proteasomes. The fluorescence intensities are shown in false colors.
Right profile plot represents normalized fluorescence intensities measured along the white-dot-
tedline. The fluorescence infensities were normalized using the average fluorescence intensity of
the measurement. Nuc= position of the nucleus. Scale bar, 20um. (J) Quantification of nuclear/
cytosolic ratio of 20S proteasomes in cells ectopically expressing GFP, GFP-KPNB1 or GFP-IPOS.
30 cells per experiment were quantified, bars show mean+s.d. of three independent replicates,
infensities were normalized using the average intensity of GFP. Statistical significance calculated
using Student’s t test. ns, not significant; *p>0,05; **P<0,01; ***P<0,001

Discussion

We have visualized a largely ignored aspect of mitosis: the resto-
ration of the cytosolic and nuclear proteomes after NE reformation.
Given the conserved nature of nuclear/cytoplasmic compartmen-
talization across species, its fidelity must be critical to the progeny’s
success. With commencement of mitosis, fragmentation of the NE
eliminates the barrier between the nucleus and cytosol, resulting in
a mixed soluble proteome. Our data provide a simple explanation
for how cells repartition soluble proteins destined for either their cy-
tosolic or nuclear compartments. We suggest that soluble proteins
are generally excluded from the condensed chromatin space in
mitosis. These data are in line with recent findings suggesting that
small nuclear pores are present in the reforming NE starting from
anaphase onset. The NPC pre-pores would allow free diffusion of cy-
tosolic material if condensed DNA would not act as a physical bar-
rier(Otsuka et al, 2018). A fraction of proteins are decorated with
an NLS. We tested hexaGFP with two different NLS sequences, that
had poor to low affinity for chromatin or nuclear import factors rec-
ognizing these signals. However, the majority of NLS-containing pro



teins is in the cytosolic volume immediately after the NE is reformed
and is imported into the nucleus when nuclear expansion begins.
We propose a simple model describing the maintenance of the nu-
clear and cytosolic proteomes during the cell cycle After nuclear
disintegration, disintegration, the soluble nuclear and cytosolic pro-
teome mixes. The chromatin is condensed to a density that excludes
even small proteins such as GFP. Around the condensed chromatin
the nuclear envelop is formed then physically excluding cytosolic pro-
teins from the nuclear space. The nucleus will then start expanding to
its original volume. Proteins with an NLS are at the same fime rapidly
re-imported from the cytosol in the nucleus and homeostasis of the
soluble proteome is restored.

In this study we used the proteasome as an example of a macromol-
ecule that exists in both cellular compartments. During mitosis the pro-
teasome is also excluded from condensed chromatin and must be
reimported into the nucleus to provide the machinery for protein turn-
over to new cells. Since nuclear import of the proteasome is slow (Reits
et al., 1997), either new cells first live without nuclear proteasomes or
another system for nuclear import of the proteasomes should exist. The
NE is tightly sealed immediately after NE formation as illustrated by the
effective exclusion of hexaGFP from the nuclear space. Proteasomes
are much larger and should then also be excluded from the nucle-
us, at least through passive diffusion. It is also possible that a fraction
of proteasomes are predestined for the nucleus. The 20S proteasome
has been suggested to possess a NLS, but whether that is responsible
for nuclear import of proteasomes is unclear(Knuehl et al, 1996; Ned-
erlof et al, 1995; Ogiso et al, 2002).Yet, FRAP experiments exclude a
specific nuclear pool of proteasomes. Instead, we observe a rapid
and short import of proteasomes into the nuclear space after NE for-
mation. The import is faster than free diffusion of diGFP which suggests
that this should be an active system that is operational for only some
20 min post-NE formation. This is followed by a considerably slower nu-
clear import event of proteasomes. We show that at least one com-
ponent of the large karyopherin family, IPOS, supports nuclear protea-
some import. Despite extensive attempts, we failed to identify factors
specifically marking proteasomes for IPO5-mediated nuclear import
due to the difficulty of ‘catching’ factors active only 20 min post-NE
formation. Yeast studies to nuclear import of proteasomes identified
N-acetylation by SIRT family members as a factor controlling this pro-
cess (van Deventer et al, 2015). Yeast does not fragment its nucleus
during division and we do not know whether this modification is also
relevantin nuclearimport of proteasomes immediately after NE forma-
tion. N-acetylation may then affect multiple substrates including IPOS.
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Which —if any- of these substrates may be critical in mammalian cells,
isunclear. IPOS has been implicated in nuclear import of beta-caten-
in (Goto et al, 2013), MSI1 (Sutherland et al, 2015), CBEP3(Chao et al,
2012) and influenza polymerase subunit PB1(Hutchinson et al, 2011),
and these proteins are likely delivered to the nucleus in response to
specific signals or infection. Because we excluded a dedicated nu-
clear proteasome fraction, dedicated biochemical events involving
either the proteasome, IPOS5 or other proteins should be operational
during the first and final stages of mitosis that would drive the prote-
asome in the nucleus during some 20 min after NE formation. IPOS is
likely rate limiting in this process but not necessarily directly interacting
with the proteasome. However, it is likely that additional factors will
be involved in the nuclear import of the proteasome. Of note, the
proteasome may be representative of other nuclear complexes, in-
cluding possibly the spliceosome, RNA polymerases, or other large
protein complexes without obvious NLS, that reside and function in
the nucleus. This new biology has to be developed. We visualized an
unexplored but critical aspect of the cell biology of mitosis that may
be manipulated in order to control the life of mitotic cells. The nuclear
exclusion of large cytosolic proteins after mitosis is the result of a phys-
ical process, the condensed state of mitotic chromatin that excludes
these molecules. As the NE forms around the condensed chromatin
before expansion, such cytoplasmic proteins are automatically ex-
cluded from the nuclear space. Proteins with an NLS will be located in
the cytosol after NE formation and then swiftly imported back into the
nucleus. The proteasome as a prototype large protein complex with-
out clear NLS then requires specific import processes including IPOS5 for
nuclear import. This process is operational during a short period late in
mitosis. Mulfiple processes then control protein complex homeostasis
over mitosis in cells.

Materials and Methods

Cell Culture and Constructs

MelJuSo cells were cultured in IMDB (ThermoFischer Scientific, USA) sup-
plemented with 10% FCS and HelLa cellsin DMEM (ThermoFischer Scien-
tific, USA) with 10% FCS. All cells were tested regularly for mycoplasma
contamination and checked for contamination by other cells through
morphological analysis. MelJuSo cells stably expressing LMP2-GFP were
previously described(Reits et al., 1997). A MelJuSo cell line was used to
generate the stably expressing cell lines with constructs for monoGFP,
diGFP, triGFP, tetraGFP, pentaGFP hexaGFP, NPM NLS-hexaGFP and
SVA0NLS-heptaGFP. Acryptic startsite in GFP aswas the startmethionine



was removed in the following GFP multimer using the following prim-
ers: 5'- CCCAAGATCTCTTGTACAGCTCGTCCAT-3', 5'-CCCAGGATC-
CGIGAGCAAGGGCGAGGAG-3' and 5'-CCCAGAATTCTCACTTIG-
TA CCCAGAATICTCACTTGTACAGCTCGTICCATGC-3'. These were
cloned into a C1-mGFP vector using Bglll, BamHI and EcoRl restriction,
respectively. This was accomplished by generating a GFP without a
start and stop codon and cloning it behind a wild type GFP lacking
a stop codon. This was continued until hexaGFP was reached. For
NLS-hexaGFP, an NLS sequence from Nucleoplasmin and from $V40
was cloned at the N terminus of the heptaGFP coding sequence using
the following primers: for NPM 5'- CTAGCCACCATGGTGAAACGAC-
CAGCAGCAACAAAGAAAGCAGGACAAGCAAAGAAAAAGAA-
GA-3' and 5'-CTAGTICTTCTTTTTCTITGCTIGTCCTGCTITCTTTGTTGCT-
GCTGGTICGITTCACCATGGTGG-3' into C1 6GFP vector using Nhel
and Spel restriction sites and for 2xSV40 5'-CTAGGCCACCATGC-
CAAAAAAAAAAAGTTA-3' and 5’ -CTAGTAACTITTCTTTTTITITITGGCAT-
GGTCG-3' info C1 6GFP vector using Nhel, this was repeated to ob-
tain 2xSV40 NLS. pBABE-puro-GFP-wt-LaminA was a kind gift from Tom
Misteli(Scaffidi & Misteli, 2008) (Addgene plasmid # 17662) and cloned
info a C1-mCherry expression vector using primers 5'-CCCAAGATC-
TATGGAGACCCCGICCCAGC-3" and 5'-CCCAGAATTCGCGGC-
CGCITACATGATGCTGCAGTICT-3'. IPOS was cloned from the OR-
Feome collaboration library cssbBroadEn_10938 using the primers
5'-CCCACTCGAGCCATGGCGGCGGCCGCG-3' and §5'-CCCAGG-
TACCTCACGCAGAGITCAGGAGCTCCTGAAT-3' infto mGFP-C1 and
mMmCherry-C1 Vector with Xhol and Asp718I restriction sites. KPNB1T was
cloned fromIMAGE 3352610 using the primers 5'-CCCAGAGCTCCCAT-
GGAGCTGATCACCATICT-3' and 5'- CCCAGGATCCTCAAGCITG-
GITCTTCAGTIT-3' info mGFP-C1 vector using Sacl and BamHI restric-
tion sites. Shrimp Alkaline Phosphatase (ANZA, Thermofisher, USA) was
used in cloning SV40-NLS-hexaGFP. All constructs were sequence ver-
ified.

Reagents and antibodies

Anilinoguinazoline 15 was synthesized as previously described and
used at a concentration of 20uM for 48 hours(Shiheido et al., 2012).
Nocodazole at a concentration of 75ng/ml was used to synchronize
MelJuSo cells (Cayman Chemicals, USA). For live cell DNA staining, sir-
DNA 700 was added to cells 20 min before the start of imaging (Spi-
rochrome, Switzerland). For detection of human 20S proteasome by
microscopy we used rabbit anti-20S (Enzo, USA) at a dilution of 1:100.
This antibody recognizes many proteasomal subunits (betab/beta?,
betal, betab, betadi and beta?). For Western blot analysis of GFP we
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used rabbit anti-GFP at a dilution of 1:1000 (Rocha et al, 2009).Im-
portin-5 (Karyopherin beta3) was detected by Western blot analyses
using mouse anti-human IPOS5 at a dilution of 1:1000 (Santa Cruz, USA).
Rabbit anti-human Lamin A/C, at a dilution of 1:1000 (Santa Cruz, USA)
was used for staining a loading control. Mouse anti-CyclinB1, at a di-
lution of 1:1000, was used to determine mitotic phase (Santa Cruz,
USA). Secondary antibodies for microscopy were goat anti-mouse Al-
exa-488 goat, anti-rabbit Alexa-568 and anti-mouse Alexa-568 at a
dilution of 1:400 (Life Technologies, USA). For detection of the primary
antibodies by Western blot, goat anti-mouse 800CW IRDye, (1:10.000)
and goat anti-rabbit 680RD IRDye (1:10.000) (LI-COR, USA) were used.

Transfection

For ectopic expression, MelJuSo and Hela cells were transfected us-
ing Effectene (Qiagen, Germany) according to the manufacturer’s
instructions. For siRNA-mediated silencing, cells were reverse trans-
fected with DharmaFECT transfection reagent #1 (Dharmacon, USA)
and 50nM siRNA. Three days later the cells were fixed, stained and an-
alyzed by confocal microscopy or Western blot. siRNAs for the screen
were extracted from a human siGENOME siRNA library genome smart
pool (Dharmacon, USA). For further studies, we used siRNA for IPOS
under code MQ-017318-02-0005 (Dharmacon, USA).

Western blotting

For whole cell lysate analyses, cells were lysed directly in SDS-sample
buffer (2% SDS, 10% glycerol, 100mM DTT, 60mM Tris-HCI pH 6.8 and
0.01% bromophenol blue) and boiled for 10 minutes. Proteins were
subsequently separated by SDS-PAGE and transferred to a nitrocel-
lulose membrane (GE Healthcare, The United Kingdom). Blocking of
the membrane was done in PBS supplemented with 5% (w/v) skim milk
powder (OXOID, Netherlands). The membranes were imaged using
the Odyssey Imaging System Clx (Li-COR, USA). Original Western blot
images are presented in figure S3.

Confocal microscopy

Cellswere seeded on coverslips and fransfected. 18 hrslater, cells were
fixed in 3,7% formaldehyde for 20 min and permeabilized in 0.01% Triton
X-100 (Fisher Chemicals, USA) for 15 min. Staining was performed with
the antibodies described above. The cell nuclei were stained with DAPI
andthe cellswere mounted onto coverslips with prolong-gold anti-fade
reagent with DAPI (Invitrogen, USA). Images were acquired using either
a Leica TCS SP5 confocal microscope, a Leica TCS SP8 (Leica Microsys



tems, Wetzlar, Germany) at x63 magnification or an Andor Dragon-
fly 505 spinning disk confocal on a Leica DMi8 microscope (Oxford
Instruments, United Kingdom). For live cell imaging, the microscopes
wereequipped with a humidified climate control system at 37°C sup-
plemented with 5% CO2. All sequential images were collected at a
rate of 124 seconds per frame for a period of 16 hrs. Time-lapse imag-
es were segmented using semi-automates procedures in ImageJ and
Matlab (Mathworks, USA). Subsequent quantification was performed
in Matlab by measuring the mean fluorescent intensity. To quantify
the import half-time, we fitted an exponential function to the intensity
data using the curve fitting toolbox of Matlab. All Images were pro-
cessed using Adobe lllustrator and ImageJ.

Statistical analysis and experimental setup

All experiments shown in the paper were performed independent-
ly at least two tfimes. For nuclear to cytosolic ratios numerical values
were calculated and subsequently normalized using either siControl
treated samples or cells expressing GFP. Statistical significance was
calculated using an unpaired student t test. Statistical values are as
following *P<0.05, **p<0.01, ***p<0,001, ****p<0.0001.

Online supplemental material

Figure 1S shows a Western blot analysis of cells stably expressing
the molecular GFP ladder and stills representing Video 2 and NPM
NLS-hexaGFP stills corresponding to video 5. Figure 2S shows confocal
microscopy images MelJuSo cells treated with the siRNA screen and
its quantification and similar images from Hela cells overexpressing
IPOS5 and the quantification of HelLa cells overexpressing IPO5, KPNB1
or GFP as well as confocal data and the quantification of MelJuSo
cells stably expressing LMP2-GFP and overexpressing mCherry-IPOS
subjected to FRAP experiment. Figure S3 shows the uncropped West-
ern blot analysis of figure 4D and 4E.
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Figure S1. Western blot analysis of GFP multimers and tagged proteins and their nuclear and
cytosolic compartmentalization

(A) MelJuSo cells stably expressing mono to hexaGFP or NLS-hexaGFP were lysed an analyzed
by SDS-PAGE and Western blotting for GFP. The position of the marker proteins is indicated. (B)
Time lapse confocal microscopy of MelJuSo cells stably expressing monoGFP. DNA was stained
with SiR-DNA. The cells were imaged for 16 hrs at 125 s intervals. Different z-stacks were made
to define the location of chromatin. Stills correspond to supplemental video 2. The images are
representative of four acquisitions. Profile plots below represent normalized fluorescent intensi-
ties measured along the line of the cell above. The fluorescent intensities were normalized using
the average fluorescence intensities of the measurement. Nuc= the position of the nucleus, as
marked by SiR-DNA. Scale bars 20um
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Figure $2. Karyopherin-alpha and Karyopherin-beta siRNA screen reveals IPO5 and KPNA1 as
potential candidates for proteasome import and the effect of silencing or overexpression on
nuclear localization of the 20S proteasome

(A) Fields of MelJuSo cells fransfected with siControl or an siRNA of a panel directed against
Karyopherin-alpha and Karyopherin-beta family members, as indicated. The cells were stained
for 20S proteasome. Scale bar 50um. (B) HelLa cells were transfected with siControl or one of
three silPOS5 constructs.16 hrs post-tfransfection, cells were stained for 20S proteasome. The fluo-
rescent intensities are shown in false colors as indicated by the ‘look-up’ table in Fiji. Profile plots
on the right represent normalized fluorescent intensities measured along the line of the corre-
sponding image. The fluorescent intensities were normalized using the fluorescent signal intensity
of the measurement. Scale bar 20um. (C) HelLa cells were transfected with GFP, GFP-IPOS, or
GFP-KPNB1 and fixed and stained for 20S proteasome 16 hrs post-transfection. The fluorescent
intensities are shown in false colors as indicated by the ‘look-up’ table in Fiji. Profile plots on the
right represent normalized fluorescent intensities measured along the line of the corresponding
image. The fluorescent intensities were normalized using the average fluorescent intensity of the
measurement. Nuc shows the position of the nucleus, as marked by DAPI. Scale bar 20um (D)
Quantification of nuclear to cytosolic ratio of 20S proteasome fluorescence of cells from C, >30
cells per experiment were quantified, bars show mean + s.d. of two independent replicates,
intensities were normalized using the average intensity of GFP. Ns, not significant, ****P<0,0001
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Figure $3

Uncropped Western blot scans from figure 4F

Video 1
Time-lapse images corresponding to stills of figure 1B

Video 2
Time-lapse images corresponding to stills of supplemental figure
2

Video 3
Time-lapse images corresponding to stills of figure 1C

Video 4
Time-lapse images corresponding to stills of figure 2A

Video 5
Time-lapse images corresponding to stills of figure 3A

Video 6
Time-lapse images corresponding to stills of figure 3C

Video 7
Time-lapse images corresponding to stills in figure 4A
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