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Nuclear envelope budding (NEB) is a recently discovered alterna-
tive pathway for nucleocytoplasmic communication distinct from the
movement of material through the nuclear pore complex. Through
quantitative electron microscopy and tomography, we demonstrate
how NEB is evolutionarily conserved from early protists to human
cells. In the yeast Saccharomyces cerevisiae, NEB events occur with
higher frequency during heat shock, upon exposure to arsenite or
hydrogen peroxide, and when the proteasome is inhibited. Yeast
cells treated with azetidine-2-carboxylic acid, a proline analog that
induces protein misfolding, display the most dramatic increase in
NEB, suggesting a causal link to protein quality control. This link
was further supported by both localization of ubiquitin and
Hsp104 to protein aggregates and NEB events, and the evolution
of these structures during heat shock. We hypothesize that NEB is
part of normal cellular physiology in a vast range of species and that
in S. cerevisiae NEB comprises a stress response aiding the transport
of protein aggregates across the nuclear envelope.
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he nucleus is the most prominent organelle in eukaryotic

cells, enclosing most of the cellular genetic material within a
double lipid bilayer called the nuclear envelope. These two
membranes arose as a critical evolutionary step distinguishing
eukaryotes from prokaryotes and restricting which molecules
come into contact with the cellular DNA. As the nuclear enve-
lope is not permeable to most of the molecules inside the cell,
special structures called nuclear pore complexes (NPCs) exist on
its surface that allow highly selective translocation over the nu-
clear membrane (1-3). Molecules smaller than 30 to 40 kDa can
passively penetrate the NPC from the cytoplasm into the nucleus
and vice versa, whereas bigger molecules require interaction with
nuclear transport receptors and form importin/exportin com-
plexes that are guided through the pores (4-8).

Since its discovery in 1954, the NPC has generally been ac-
cepted as the only means of communication between the cyto-
plasm and the nucleoplasm (9). However, herpes simplex virus
replicates in the nucleoplasm and is released into the cytosol via
an outward budding of the nuclear envelope (10-13). This dem-
onstrates another pathway for nuclear export, and there have been
several observations suggesting that nuclear envelope budding
(NEB) also occurs in healthy cells, with different interpretations of
this mechanism being suggested (14-27). These observations were
made in a diverse set of organisms but primarily using cells that
are under differentiation (embryonic cells), and various termi-
nologies were given to describe the NEB process (SI Appendix,
Table S1). The most recent reports were made in healthy devel-
oping Drosophila melanogaster larvae, in the sea urchin gastrula,
and in the budding yeast Saccharomyces cerevisiae (28-32). Pre-
vious studies have shown that budding events in D. melanogaster
contain large ribonucleoprotein granules, but whether this func-
tion is consistent in other cell types remains unknown (28, 31).
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Evidence that material can be exported from the nucleus through
NEB has sparked speculation that other large cargoes, such as
protein aggregates, could be removed from the nucleus by a similar
mechanism (33). Protein misfolding can be highly toxic to the cell
and therefore multiple stress-induced mechanisms have evolved to
cope with proteotoxicity (34-36). Cells experiencing large-scale
protein misfolding exhibit DNA mutagenesis, which is one of the
first steps toward carcinogenesis (37), demonstrating the impor-
tance of protein quality control in the nucleus (38). Despite the
cell’s primary protein quality control factors, such as chaperones
and the ubiquitin—proteasome system, being active in the nucleus,
protein aggregates still form under stressful conditions such as heat
shock, because these processes cannot fully cope with the quantity
of misfolded proteins (39). In most occasions, protein aggregates
will enter the nucleus for degradation but cases of nuclear mis-
folded proteins being transported out of the nucleus to be degraded
in the cytoplasm have also been reported (39). Nuclear protein
aggregates greatly exceed the 39-nm size limit of active trans-
portation through the NPCs (40, 41), implying that an alternative
pathway for their export is required if they are to be transported
over the nuclear envelope.

As well as transporting material from the nucleus to the cy-
toplasm, NEB can also result in the transfer of a portion of the
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inner nuclear membrane (INM) to the outer nuclear membrane,
which is continuous with the endoplasmic reticulum (ER). In
addition to protein quality control mechanisms in the nucleus
and cytoplasm, the ER is equipped with its own set of degradation
pathways, to contend with the large quantity of newly synthesized
proteins entering the ER (42). Protein degradation in the ER is
highly dependent on the ubiquitin—proteasome system and facili-
tates removal of both misfolded soluble and membrane proteins
(43). Similarly, degradation of INM proteins can occur via bio-
chemically similar pathways to ER-associated degradation of
membrane proteins (44). Several branches of INM-associated
degradation exist, each relying on a different E3 ubiquitin ligase
to recognize and tag misfolded substrates through ubiquitination
steps (45-47). These reflections pose the question: Does NEB
provide an escape valve needed for clearance of aggregated nu-
clear proteins? To address this issue, we have examined the NEB
pathway of S. cerevisiae under five different stress conditions, all of

A Effect of heat shock in S. cerevisiae
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which caused an increase in NEB events. We also show the
presence of NEB in five different evolutionarily distant organisms
(Homo sapiens, Caenorhabditis elegans, Saccharomyces cerevisiae,
Schizosaccharomyces pombe, Trypanosoma brucei) under normal
growth conditions, which reveals the evolutionary conservation of
the NEB pathway. Our findings provide evidence that NEB is part
of the cell’s natural stress response and an important pathway to
consider when studying nuclear transport, especially with regard to
the protein quality control system.

Results

NEB Increases in Frequency during Heat Shock in S. cerevisiae. S.
cerevisiae provides a well-understood model system, perfectly
tailored to investigate whether NEB is an active part of the cellular
stress response. An easily applied stress impulse is heat shock, and
we therefore subjected S. cerevisiae cells to a mild constant heat
stress (38 °C) for a time course of up to 90 min (Fig. 14). Cells
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Nuclear envelope budding (NEB) increases in frequency during heat shock in S. cerevisiae. (A) Percentage of nuclei exhibiting NEB (left axis, black bars)

and electron dense content (EDC; right axis, gray bars) as a function of time after cells have been subjected to heat shock (38 °C; n = 63-337). NEB peaked at a
level of 10.3% after 30 min, and EDC exhibited a stable plateau of about 81% between 15 and 45 min. (B) Thin section containing NEB and EDC in heat-
shocked S. cerevisiae cells. The black arrow indicates NEB event, where the outer nuclear membrane clearly protrudes outward and a particle resides within
the perinuclear space. (C) Labeling density of gold particles between untreated and heat-shocked cells (38 °C for 30 min) using an anti-GFP antibody. Both
Hsp104-GFP and guk1-7-GFP were preferentially localized at the EDC areas compared to the rest of the nucleoplasm. (D) Labeling density of Hsp104 using an
anti-Hsp 104 antibody in wild-type and hsp7044 cells subjected to heat shock at 38 °C for 45 min. No gold particles were detected in the mutant strain showing
the specificity of the antibody. (E-G) Representative images and respective models of the immunostained samples quantified in C and D. Hsp104 and guk1-7
are significantly localized to the EDC area, whereas only one gold is detected in the EDC of the hsp7044 mutant. Scale bars: 300 nm (B); 500 nm (E-G).
Abbreviations: EDC, electron-dense content; N, nucleus; NEB, nuclear envelope budding; V, vacuole. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. zero time point
or control group; ns, no significant differences between groups.
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were then cryo-immobilized for electron microscopy (EM) studies,
which are able to simultaneously visualize both NEB events and
protein aggregates, the latter appearing as electron-dense content
(EDC) (48) within the nucleus (Fig. 1B). For each time point,
between 60 and 80 electron micrographs were acquired, each from
a randomly chosen cell section that passed through the cell nu-
cleus. NEB events were identified as electron-dense material lo-
calized between the two nuclear envelopes, causing it to deform,
with a low number of events showing budding of the nuclear
membrane but seeming to lack an electron-dense cargo (SI Ap-
pendix, Fig. S1). A membrane bilayer was often, but not always,
detectable around this material. NEB events commonly had an
internal texture resembling the nucleoplasm (Fig. 1B), but in some
rare events the bud appeared to contain cytoplasmic material in-
cluding ribosomes (SI Appendix, Fig. S1). In one case, a vacuole
was seen engulfing a protrusion of the nucleus. This phenomenon
is termed piecemeal microautophagy of the nucleus and has pre-
viously been described in nutrient-deprived cells (49). Piecemeal
microautophagy has a distinct morphology from the NEB events
and was not included in our quantification.

Morphological variations of NEB (SI Appendix, Fig. S1) could
represent different stages of the same process or different pro-
cesses. Images were scored both for the presence of NEB events
and EDC in the nucleus. Both NEB and EDC increased during
heat shock, prior to decreasing near the end of the time course,
which potentially reflects a cellular adaptation to the new tem-
perature (Fig. 14). EDC reaches a maximum (83.3% of sections)
after 15 min and stays relatively stable at this level until 90 min,
at which point it is only present in 60.5% of sections (Fig. 14).
NEB events were found in 2.4% of cellular sections in undis-
turbed cultures, but this fraction significantly increased to 10.3%
after 30 min of heat shock. The effect of a stronger heat shock
treatment (42 °C for 30 min) was examined to detect a possible
correlation of the NEB frequency to the level of stress. NEB
frequency was also here significantly increased in comparison
to the control as 16.6% of the nuclear sections displayed NEB
(SI Appendix, Fig. S2).

To verify that the observed EDC in the nucleus are protein
aggregates, immuno-EM against the disaggregase Hsp104 (50)
and the model misfolding protein temperature-sensitive mutant
guk1-7 (51) was performed. In these experiments, the secondary
antibody is coupled to a gold particle for visualization using EM.
Both Hsp104 and guk1-7 localized to the EDC material upon heat
shock (Fig. 1 C, E, and F; n = number of examined structures). As
a control, an anti-Hsp104 antibody was used to label the EDC in
heat-shocked wild-type and spl04A cells to validate the specificity
of the labeling. High labeling density of the EDC could be de-
tected in the wild-type strain, whereas in the Aspl04A strain almost
no unspecific gold particles were found (Fig. 1 D and G).

The concurrent increase in frequency of NEB and protein
aggregation strengthens the hypothesis that NEB may indeed have
an important function during normal cellular stress response. This
apparent correlation between the frequency of NEB with heat
shock motivated us to test whether this pathway is solely affected
by heat shock or whether cells react in a similar fashion under
different stress conditions.

Hydrogen Peroxide and Sodium Arsenite Stressors Also Increase NEB
Frequency. Cells may encounter a variety of stress conditions, and
each of them has a different impact on the cell (52). To inves-
tigate whether additional cellular stresses also correlated with an
increased frequency of NEB events, we challenged S. cerevisiae
cells with multiple stress stimuli. A natural stimulus is aging,
which causes a significant induction of stress response pathways
in S. cerevisiae (35, 53) and has previously been seen to trigger an
increase in “nuclear herniations” (54). Several factors are re-
sponsible for a measurable decline in cellular and physical func-
tions of aged cells, with one of them being aggregated misfolded
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proteins (55). We isolated replicatively aged biotinylated S. cer-
evisiae cells, using streptavidin magnetic beads, from the young
unbound population (56) and cryo-immobilized the cells. In old
yeast cells, the frequency of NEB events was found to be 9%
(Fig. 2 A and D; n = 200 sections), which is significantly higher
than an undisturbed S. cerevisiae culture (2.4%; n = 337) (Fig. 14).
However, the remaining younger population also displayed a sig-
nificant increase in NEB events to 6.9% (n = 204 sections;
Fig. 2D), indicating that these cells may also have been stressed by
the mechanical handling steps associated with isolating the old
cells. Thus, we could not confirm the previous finding of signifi-
cantly increased NEB events in old cells in comparison to young
cells (54), in this experimental setup.

Cells of S. cerevisiae were also subjected to 90 min 0.6 mM
H,0, (hydrogen peroxide, oxidative stress) and 60 min 0.5 mM
NaAsO, (sodium arsenite, heavy metal stress). Treated cells, as
well as a control cultures for each condition, were cryo-
immobilized and prepared for analysis by EM. Cells that were
treated with sodium arsenite had a NEB frequency of 6% (n =
249 sections), and cells treated with hydrogen peroxide had a
frequency of 5.9% (n = 204 sections) (Fig. 2 B-D). Both control
samples had lower levels of NEB events, as found in undisturbed
S. cerevisiae (2.4% for the sodium arsenite control for n = 337
and 1.5% for the H,O, control for n = 197; Fig. 2D). From this
set of observations, we conclude that NEB is increased in hy-
drogen peroxide and sodium arsenite stress as well.

NEB Frequency Is Highest under Induction of Protein Misfolding. All
of the stressors examined above have previously been shown to
increase rates of aggregation of misfolded proteins in the cyto-
plasm and within the nucleus (35, 57-59). To investigate whether
or not the observed increase in NEB events is indeed correlated
with proteotoxic stress, we examined S. cerevisiae cells after
treatment with azetidine-2-carboxylic acid (AZC). AZC com-
petes with the amino acid proline during translation and may be
mistakenly incorporated into proteins. Since AZC has one fewer
carbon atom in its ring (four carbon atoms instead of five as in
proline), its incorporation into a polypeptide causes a different
conformation of the amino acid backbone and this results in
aggregation of proteins with nonnative structures (60, 61). Cells
were grown at normal temperature (30 °C) and were treated with
AZC, cryo-immobilized after 30 and 90 min, and prepared for
analysis by EM. Cellular viability upon treatment with all of the
stressors mentioned above was not compromised, as validated
with propidium iodide (PI) staining, indicative of plasma mem-
brane rupture and thus cell death (SI Appendix, Fig. S3).

The NEB frequency was similar in untreated cells and cells
after 30 min of AZC exposure (2.4%, n = 337 sections, and
2.6%, n = 114 sections, respectively; Fig. 2F). However, after
90 min of exposure to AZC, the number of NEB events dra-
matically increased in frequency, reaching 22% (Fig. 2 E and F;
n = 100). This time-dependent increase in NEB after AZC ex-
posure demonstrates a direct link between the NEB pathway and
how the cell accommodates proteotoxic stress.

NEB Events Are Ubiquitinated. Most proteins that are destined for
degradation through the 26S proteasome system must first bind
to a poly-ubiquitin chain (62). Moreover, ubiquitin signaling is
known to target cytosolic proteins and organelles for degradation
by autophagy (63, 64). To probe whether the NEB cargo is tar-
geted for protein degradation via ubiquitin signaling, we per-
formed immuno-EM analysis on S. cerevisiae cells with a polyclonal
antibody that has a stronger affinity to poly-ubiquitin chains than to
monomeric ubiquitin (Abcam; ab19247). In order to stimulate an
increase of the NEB events, cells were subjected to 30 min of heat
shock. Images of 60 randomly chosen cell sections were recorded,
and the number of gold particles per area of various cell structures
were quantified (Fig. 3B). Lipid droplets were used as a negative
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Fig. 2. Four different cellular stressors increase NEB frequency in S. cerevisiae

cells. Thin sections containing NEB events in (A) old cells, (B) cells subjected to

oxidative stress with H,0,, and (C) cells exposed to sodium arsenite. (D) Percentage of nuclei containing NEB events in cells in each stress condition compared
to control cultures grown under normal conditions. Young cells were also examined after separation from old cells and show an increase in NEB compared to
the control, but to a lesser extent than old cells. Cells exposed to H,0, were grown in different media than the other cultures, and therefore were compared
to a different control culture. n is equal to the number of examined sections. (E) Thin section containing a NEB event in cells treated with AZC, a chemical that
causes proteotoxic stress. (F) Percentage of nuclei containing NEB events before as well as 30 and 90 min after treatment with AZC. Cells exhibited a higher
percentage of NEB (22%) after 90 min of exposure to AZC than in any other condition tested. All scale bars: 200 nm. Abbreviations: N, nucleus; NEB, nuclear
envelope budding. Black arrows indicate NEB events. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. control; ns, no significant differences between groups.

control (4 gold particles/um?) (Fig. 3 A and B) and autophago-
somes were chosen as a positive control (67 gold particles/um?).
The nucleoplasm (excluding areas containing EDC) did not differ
from the negative control (4 gold/um?), whereas EDC (protein
aggregates) were labeled fivefold more frequently (21 gold/um?)
(Fig. 34 and B). Similarly, NEB events (17 gold/um?®) were labeled
fourfold more frequently than lipid droplets. In order to achieve a
higher n number for the NEB events, cells were actively traced and
selected based on the presence of NEB events. Most of the gold
particles identified as associated with NEB events had a preference
of localizing in close proximity to the membrane of the bud, but in
other examples it would localize more centrally (Fig. 3B and SI
Appendix, Fig. S3). These results confirm the presence of ubiquitin
in both EDC and the NEB events recorded during heat shock in
S. cerevisiae.

Proteasome Inhibition Increases NEB Event Frequency. If our hy-
pothesis were correct that NEB could function to remove mis-
folded proteins from the nucleus that cannot be accommodated
by the proteasome, then the inhibition of the proteasome should
alter the NEB event frequency. To investigate this, the protea-
some was inhibited using two different methods. First, we treated
pdr5A cells (65), deficient in a drug efflux pump with the MG132
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drug, which is known to partially inhibit proteasomal activity (66).
This treatment led to an observed NEB frequency of 7% (n = 200),
a significant increase compared to the control group (2.5%; n =
200) (Fig. 3C). In order to achieve a stronger proteasomal inhi-
bition, the Rpn4 transcriptional activator of genes encoding pro-
teasomal subunits (43, 67) was deleted and the derived strain was
prepared for analysis. Inhibition of the proteasome was confirmed
by performing Western blots against ubiquitin, since decreased
proteasome activity will result in an increase of ubiquitinated
proteins (Fig. 3D). Most of the observed NEB events (11 of 15) in
the rpn4A cells had a distinct electron-dense appearance and no
obvious membrane surrounded this electron-dense material
(Fig. 3E). In comparison to wild-type cells, which displayed a NEB
frequency of 2.4% (n = 337), rpn4A cells had NEB events in 15%
of the sections (n = 100) (Fig. 3C). These results suggest that NEB
pathway is an alternative to the ubiquitin—proteasome system.

NEB Structures Contain Hsp104-GFP. To probe for the presence of
aggregated proteins within NEB, we performed immuno-EM in
heat-shocked cells (38 °C for 30 min) with an anti-GFP antibody
in cells expressing Hsp104-GFP. Even though Hsp104 is not an
aggregate per se, it is a well-characterized chaperone that lo-
calizes to aggregated proteins in the nucleus and the cytoplasm,
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13) as a positive control. EDC (n = 192) and NEB events (n = 12) exhibited an increase in labeling compared to lipid droplets and the nucleoplasm (n = 42),
which was defined as area within the nucleus not containing EDC. (B) Thin sections labeled with the anti-ubiquitin antibody ab19247. To the Bottom of each
micrograph, a model is drawn to help distinguish gold particles. Two labeled NEB events are shown in the first two panels, and an EDC containing gold
particles is shown in the third panel. (C-E) Proteasomal inhibition triggered a significant increase in NEB events with 73% of them having a distinct electron-
dense appearance. (Fand G) Immunogold labeling of an anti-GFP antibody of an Hsp104-GFP strain was quantified as the amount of gold particles per square
micrometer. Lipid droplets (negative control; n = 41) and EDC (positive control; n = 50). NEB events (n = 10) exhibited an increased labeling density in
comparison to the negative control. All scale bars: 200 nm. Abbreviations: APS, autophagosomes; EDC, electron-dense content; LD, lipid droplet; N, nucleus;

Np, nucleoplasm; and NEB, nuclear envelope budding. The white arrow indicates NEB.

where it acts as a disaggregase (68-70), and supports the degra-
dation of ubiquitinated membrane proteins in the ER-associated
degradation pathway (71). In comparison to the negative control
(lipid droplets, 1.7 gold/ pm?), NEB events were highly labeled by
gold particles (122 gold/pmz) comparable to the positive control
(EDC, 144 gold/um~) (Fig. 3 F and G). This finding is consistent
with either a function of NEB in transporting misfolded nuclear
proteins to the cytoplasm, or INM proteins to the ER for
degradation.

NEB Structures Are Not Misassembled NPCs. It has been suggested
that NEB events are misassembled NPCs (54, 72). When certain
key genes required for NPC assembly are deleted, herniations of
the nuclear envelope similar to NEB events are observed (73,
74). These types of herniations have a distinct morphology with a
“neck resembling” formation between the vesicle and the INM,
which was revealed to be a defective NPC by subtomogram av-
eraging (75). These NPC-exposing herniae are then degraded by
autophagy (75, 76). In addition, NPCs assemble via an inside-out
mechanism during which the INM evaginates slightly, although
functional NPC assembly does not resemble NEB (77).

To clarify whether our observed NEB could also be mis-
assembled NPCs, we performed immuno-EM using an antibody
that recognizes four NPC components (Nup62, Nup153, Nup214,
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and Nup358) on both undisturbed S. cerevisiae cultures as well as
the aged cells. In the undisturbed culture, the majority (67%) of
NPCs observed were labeled by gold particles (positive control;
n =95) (Fig. 4 4 and E) and only 16.7% of lipid droplets (negative
control; n = 82). Only in one case was a NEB event labeled
(16.6%; n = 6) (Fig. 4C), whereas all other NEB events were
unlabeled (Fig. 4 B, C, and E). In the old yeast cells, 81% of the
observed NPCs were labeled by gold particles (positive control;
n =100) (Fig. 4 D and E), whereas only 8% of lipid droplets were
labeled (negative control; n = 100) (Fig. 4E). In contrast, only one
atypical NEB event was labeled by a gold particle (10%; n = 10)
(Fig. 4E).

To further support this distinction between NEB and hernia-
tion, a comparison of the detailed morphology of NEB events with
the previously reported herniations was accomplished through
dual-axis electron tomography of the nuclear envelope in S. cer-
evisiae. This analysis showed that the selected NEB event was
completely enveloped in a lipid bilayer and wedged in between the
two nuclear membranes (Fig. 4 F and G). Moreover, the three-
dimensional (3D) reconstruction revealed that the vesicle con-
tained between the lipid membranes was complete and was not
attached to either nuclear membrane by a “neck” with only the
outer nuclear membrane extending toward the cytoplasm. As
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Fig. 4. NEB structures are not misassembled NPCs. Inmunogold labeling, with the Mab414 antibody, which recognizes four different NPC proteins, was
performed on thin sections of cells grown under normal conditions (A-C) and old cells (D). To the Right of each micrograph, a model is drawn to help
distinguish the locations of gold particles. (F) Percentage of labeled NPCs (positive control), lipid droplets (negative control), and NEB events are plotted. Data
for unstressed cells is shown in black, and for old cells in gray. Lipid droplets and NEB events were rarely labeled in contrast to the highly labeled NPCs. (F) A
25-nm-thick slice of NEB in a tomographic reconstruction of S. cerevisiae. Both nuclear membranes are clearly visible surrounding a vesicle within the per-
inuclear space. In all slices of the tomogram, the membrane of this vesicle is complete and not continuous with either nuclear membrane. (G) Three-
dimensional model of the NEB event contained in F. Nuclear membranes are presented in orange color and the transporting material in pink. n is equal
to the number of examined structures. Scale bars: 200 nm (A-D); 100 nm (F and G). Abbreviations: APS, autophagosomes; LD, lipid droplet; N, nucleus; NEB,
nuclear envelope budding; and NPC, nuclear pore complex. Black arrows indicate NEB events; asterisks indicate NPCs. *P < 0.05, ***P < 0.001 vs. NPCs

(positive control).

such, this morphology was strikingly different to that previously
identified as associated with the misassembly of NPCs (77). It is
also noteworthy that the 3D reconstruction did not show an ob-
vious connection of the NEB events with the ER, separating these
two compartments. A different morphology of nuclear envelope—
ER connections in comparison with the NEB events can also be
seen in the acquired thin sections of nuclei (SI Appendix, Fig. S5).
As such, both the immuno-EM results and the 3D morphology of
NEB events suggest that the partial or incomplete assembly of
NPC and NEB are distinct structures. However, the possibility that
a small fraction of the protrusions quantified as NEB events in this
study may be better assigned NPC-related structures remains.

The NEB Pathway Is Part of Normal Cellular Function from Humans to
Protists. To gain insights into the evolutionary conservation of
NEB, we imaged and quantified NEB events in thin sections of
nuclei in human mast cells (HMC-1), C. elegans nematodes, two
yeast species (S. cerevisiae and S. pombe), as well as the parasitic
protozoan T. brucei using EM (Fig. 54). Since the HMC-1 nu-
cleus has a diameter of ~8 pm (Fig. 5B), we chose to examine
sections corresponding to a little more than one nuclear volume
(8-pm/70-nm-thick sections ~ 114 serial sections/nucleus). By the
same logic, the number of thin sections examined corresponded
to approximately four total nuclear volumes of 7. brucei and S.
pombe and five nuclear volumes of C. elegans and S. cerevisiae
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cells. For C. elegans, images of nuclei were acquired from in-
testinal cells and oocytes.

In HMC-1 cells, three morphologically different categories of
NEBs were observed (Fig. 54). The most commonly observed
morphology was outward protruding buds, occurring in 7.3% of
nuclear sections (n = 9; Fig. 5 4 and B), which will hereafter be
referred to as type 1 NEB. In a few cases of type 1 NEB events,
both the outer and inner membranes expand toward the cyto-
plasm with electron-dense material partially wrapped by the
nuclear envelope bud and the protrusion is open to the nucle-
oplasm (Fig. 5B). In most of the type 1 NEB events, however
(n = 6), the electron-dense material is clearly located between
the two membranes with only the outer membrane expanding
toward the cytoplasm. The second type of NEB events observed
had the inner nuclear envelope expanding toward the nucleo-
plasm. These were termed type 2 NEB events and occurred in
3.3% of sections. Finally, for type 3 NEB events, the transported
material is situated between the nuclear membranes with no clear
protrusion in either direction. This occurred in 2.5% of sections.
Some thin sections of nuclear envelopes contained more than one
bud, revealing that NEB can occur at multiple sites on the same
nucleus (SI Appendix, Fig. S1).

NEB events are observed to occur in all five organisms ex-
amined (Fig. 54) but with varying frequency. The lowest fre-
quency of NEB events was in S. cerevisiae (2.5%; n = 161
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Fig. 5. The NEB pathway is part of normal cellular function from humans to
protists. Thin sections containing nuclei were examined for the presence of
NEB events in five different organisms in wild-type cells grown under normal
conditions. (A) Percentage of nuclei containing NEB events. NEB events were
either outward protruding (type 1), inward protruding (type 2), or did not
protrude more in either direction but clearly contained a particle in the
perinuclear space (type 3). NEB was observed in (B) HMC-1 cells (n = 122), (C)
C. elegans (n = 138), (D) T. brucei (n = 119), (E) S. cerevisiae (n = 161), and (F)
S. pombe (n = 101) by EM. Scale bars: 2 um (B), 200 nm (C and F), 500 nm (D),
and 300 nm (E). Abbreviations: HMC-1, human mast cell line 1; N, nucleus;
NEB, nuclear envelope budding. Black arrows indicate NEB events.

sections), followed by S. pombe (6.9%; n = 101 sections), T.
brucei (8.4%; n = 119 sections), C. elegans (11.6%; n = 138
sections), and most frequently in HMC-1 cells (13.1%; n = 122).
Only type 1 NEB events were identified in all organisms other
than HMC-1 (Fig. 5 B-E), except for a single event in S. pombe
that we classified as type 3 (Fig. 5F). The morphology of the NEB
events varied between and within species, with some buds being
small and having indistinct electron-dense material whereas other
events were large and had a membrane surrounding the material.
The average size of the NEB events did not show a large variation
between species except for HMC-1 cells, which yielded distinctly
larger buds (SI Appendix, Fig. S6).

The morphology of NEB was compared in more detail through
electron tomography reconstructions of NEB events from both S.
pombe and T. brucei. In S. pombe, one event of type 1 NEB was
visualized (Fig. 6 A-C) whereas two type 1 NEB events were
reconstructed from 7. brucei (Fig. 6 D-H). The NEB event that
appeared to have progressed the furthest had distinct regions of
higher electron density surrounding the base of the bud (Fig. 6G,
black arrow). For both S. pombe and T. brucei, the cargoes of the
NEB events were found between, and fully separated from, the
nuclear membranes, and were similar to what was observed in
S. cerevisiae (Fig. 4G). Moreover, the NEB event observed for
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S. pombe clearly displayed the presence of a lipid bilayer that
completely enveloped the cargo (Fig. 6B). However, a clear bilayer
surrounding the transported material could not be ascertained in
the T. brucei tomographic reconstruction. Since in many cases the
transported material appeared to have a vesicle-like structure, we
tested for an involvement of the endosomal sorting complexes
required for transport (ESCRT) pathway known to facilitate the
formation of cellular vesicles, and already implicated in the for-
mation of morphologically similar protrusions of the nuclear en-
velope (78, 79). However, ESCRT components did not appear to
contribute to the formation of NEB events in our experiments
(SI Appendix, Fig. ST).

We conclude that NEB was observed in all species examined
in this study. Our findings combined with previous published
observations are summarized into a phylogenetic tree (Fig. 7),
illustrating how the NEB pathway is evolutionarily conserved
among eukaryotes and is part of normal cellular function in an
evolutionarily diverse sampling of species.

Discussion

NEB has been observed since 1955 as nuclear herniations across
a diverse range of organisms and at different developmental stages.
This phenomenon is well studied with regard to its role in virus
infection and the detailed structure of NEB events has been
revealed using cryo-electron tomography of infected cells (11).
However, NEB remains viewed as an irregularity rather than a
normal route for transport over the nuclear envelope in healthy
mature cells. We present here three different lines of evidence that
NEB is a widely conserved, physiologically normal cellular process
that increases in frequency due to cellular stress and is specifically
activated by an increase in protein aggregation. First, we observed
that five distinct stress conditions—heat shock, hydrogen peroxide,
arsenite, proteasome inhibition, and AZC treatment—all led to an
increase in the frequency of NEB, with the AZC treatment most
prominently activating the NEB pathway among all stressors.
Second, immuno-EM revealed the presence of ubiquitin and
Hspl104, a protein disaggregase, in the cargo of the buds, which
supports our hypothesis that this pathway is involved in protein
degradation. Third, NEB events were detected in every species
examined, from 7. brucei to human cell line HMC-1. Collectively,
these results suggest a role of the NEB pathway in protein quality
control and highlight its evolutionary conservation. These obser-
vations shed light on the cell’s mechanism to cope with proteotoxic
stress and identify a module of the nuclear quality control system.
Moreover, since the NEB pathway is evolutionarily conserved and
is also present in human cells, this work provides a perspective for
studying cellular stress response-related human diseases (80).

Nuclear Budding and the Protein Quality Control System. Although
chaperones and the ubiquitin—proteasome system are known to
clear misfolded proteins from the nucleus (81, 82), the nuclear
protein quality control system is not as well characterized as the
cytosolic and the ER systems (39). Various cellular events and
pathways have been described whereby aggregated proteins and
chaperones are imported from the cytosol and into the nucleus
and these pathways are consistent with observations that 80% of
the proteasomes at steady state are located within the nucleus
(83, 84). An alternative pathway, however, has also been reported
for which ubiquitinated proteins in mammalian cells and in the
nematode C. elegans are transported from the nucleus to the cytosol
via a ubiquitin-associated domain-containing protein (UBIN) (85).

Some proteins that exceed the size limit of the NPCs may
nevertheless enter the complex after a reversible conformational
change in their tertiary structure (86). Although large aggregates
could potentially be transported in a similar manner, it stands to
reason that under conditions of cellular stress, the transportation
of many aggregates through NEB events would provide a more
efficient and therefore advantageous gateway into or out of the
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nucleus. In support of the above supposition, a process called
“piecemeal microautophagy of the nucleus” has been described
in S. cerevisiae in which nuclear envelope buds are released di-
rectly into the vacuole lumen for degradation (49).

Our observations that NEB increases during five different
cellular stresses (heat shock, hydrogen peroxide, arsenite, pro-
teasome inhibition, and AZC exposure) in S. cerevisiae strongly
implicate that NEB is related to the protein quality control
system. Aging has been previously shown to influence the for-
mation of NEB-like events in the perinuclear space (54), with an
apparent increase in replicatively aged cells of about 17% when
compared to the remaining young population (stated as mixed
population). Although the isolation method we used in this study
involved a higher number of isolation steps in comparison with
the aforementioned literature, we were unable to reproduce the
difference in NEB frequency between the old and young pop-
ulation. There was a significant increase in both isolated cell
groups with a stronger effect on the aged cells. Possible reasons
for the inability to reproduce what has been shown before could
be due to the differences in the isolation process. Conclusions
that can be safely extracted are that mechanical stress is also able
to increase NEB frequency and aging most likely creates a fur-
ther stressful environment for the cells.

The presence of ubiquitin and Hspl04 in the NEB events
lends further support for this functionality due to the fact that
ubiquitin is involved in many protein quality control pathways
including the ubiquitin—proteasome system and macroautophagy,
and Hsp104 is known to mediate disaggregation of misfolded
proteins (87-89). The large increase in NEB events due to the
AZC treatment reinforces this putative role of NEB as a cellular
stress response. Since AZC acts upon protein conformational
stability directly without influencing other parameters such as the
external temperature or membrane fluidity, these experiments
constitute a more targeted challenge for the protein quality con-
trol system. Additionally, in a previous study where aggregated
proteins were identified after cellular stress induced by AZC, ar-
senite, and hydrogen peroxide treatment, AZC had the largest
number of affected proteins among the stressors (58). A strong
effect of AZC on the folding of proteins could explain why NEB is
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Fig. 6. Three-dimensional (3D) architecture of NEB events of S. pombe and
T. brucei visualized with electron tomography. (A and D) The 1.5-nm-thick
slices of S. pombe and T. brucei tomographical reconstructions showing NEB
events (black boxes). A second NEB event in T. brucei, not clearly visible in
the presented tomographic tilt, is located on the left lower part of the nu-
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NEB events in S. pombe and T. brucei. In S. pombe, a lipid bilayer is sur-
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(acquired at the tomographic tilt that allowed best visualization of this NEB
event). Electron-dense particles are observed around the neck of the bud
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more prominent in the AZC-induced stress response when com-
pared to the cellular response to other stressors.

Finally, the connection between proteasomal activity and NEB
frequency supports the association with the protein quality control
system. Inhibition of proteasomal activity showed a clear increase
in NEB events, which could be translated as a cellular attempt to
cope with a large number of misfolded proteins or proteins that are
normally degraded by the proteasome. Most of the NEB events
recorded in the rpn4A strain had a distinct morphology compared
to NEB events triggered by other stressors. This observation may
reflect a difference in the nature and composition of the trans-
ported material, indicating that NEB may well be involved in more
than one cellular activity.

The Distinction between NEB Events and Defective NPCs. Deleting
key genes required for NPC assembly can induce nuclear enve-
lope “herniations” that appear somewhat similar in structure to
NEB events (73-76, 90, 91). These herniations are believed to
arise from the outer nuclear membrane sealing above the defec-
tive NPC, thereby capturing the transported material between the
NPC and the nuclear envelope and creating a bulge resembling a
budding vesicle. If this phenomenon underpinned our observed
NEB events, the intermembrane vesicle should be connected to
the INM where the defective NPC is located. A connection be-
tween the INM and intermembrane vesicle resembling a “neck”
would also be a plausible intermediate state in the formation of a
vesicle from the INM that encloses nuclear material. Such neck-
like connections between the INM and contents of the bud were
previously observed in strains deficient in TorA, an ER protein
with ATPase activity, and various Nups that lead to defective
NPCs (31, 73, 74). Furthermore, the size of the necks seen in NEB
events after hyperactivation of Chm7, a component of the
ESCRT-III-like complex, and misassembled NPCs were com-
pared previously, and it was concluded that while appearing sim-
ilar, both features were morphologically distinct (79). Neck-like or
NPC-Hlike structures connecting the intermembrane vesicles to the
INM were not visible in any of our acquired tomograms, sug-
gesting that our tomograms contain buds in which the inter-
membrane vesicle or material has fully formed and these buds are
not the result of NPC malformation. In addition to these mor-
phological differences revealed by 3D tomographic reconstruc-
tions, the immuno-EM assay demonstrated that the NEB events
were not associated with NPCs since only 2 of the 16 observed
events in this assay were labeled for NPC proteins.

The Evolutionarily Conserved Nature of NEB. We observed NEB
events within the cells of all species we examined including an-
imals, fungi, and protozoa. There is a thread stretching back
through the scientific literature that shows that NEB events have
repeatedly been observed in animals, plants, and protists (SI Ap-
pendix, Table S1). The genetic diversity of these observations is
summarized in Fig. 7, which presents a phylogenetic tree illus-
trating that NEB events have been observed for 18 different
species within the eukaryotic domain. Therefore, despite NEB not
being widely recognized as a means of nuclear transport, these
observations combine to create a compelling argument that NEB
is an evolutionarily conserved phenomenon of eukaryotic cells.
From our sequence of experiments using the model system S.
cerevisiae, we concluded that NEB events facilitate the removal
of aggregated proteins from the nucleus. This pathway could
potentially also support the cotransportation of other cellular
components required for protein degradation. Since NEB em-
bodies an alternative route for transport over the nuclear enve-
lope that has been largely overlooked, our observations highlight
an opportunity for discovery in eukaryotic cell biology where a
broad range of interconnected questions may emerge. It will be
necessary to determine whether the frequency of NEB is also
increased by cellular stressors in human cells, and in particular
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additional cellular stress associated with aging. One issue is the
important role of protein aggregation within a variety of neu-
rodegenerative diseases such as Alzheimer’s and amyotrophic
lateral sclerosis (ALS) (80, 92). Should NEB also be an under-
appreciated mechanism for the clearance of protein aggregates
in human neurons, then this potentially has far-reaching neuro-
logical implications.

Materials and Methods

Please refer to SI Appendix, Tables S3-S6 for detailed information on ma-
terials and methods. Briefly, the information is as follows.

Experimental Models.

HMC-1 cells. HMC-1 (93) cells were cultured in Iscove’s modified Dulbecco’s
medium.

Trypanosoma brucei. Procyclic T. brucei strain 427 was cultured in SDM-79
media with 20% fetal bovine serum. Cultures were prepared and main-
tained at a concentration of 5 x 10° and 1 x 107 cells per mL (94-96).
Schizosaccharomyces pombe. Logarithmically growing wild-type fission yeast S.
pombe was grown at 30 °C in YE5S medium (97-99).

Caenorhabditis elegans. The C. elegans wild-type strain was the Bristol N2
variety. The worms were cultured on normal growing media plates (NGM
plates) and the E. coli strain OP50 was used as a food source.
Saccharomyces cerevisiae. Wild-type cells of S. cerevisiae (BY4741) were cul-
tured in YPD media at 30 °C (100). A strain with endogenous HSP104
C-terminally tagged with GFP (101) was used for old cell isolation, heat
shock, and sodium arsenite experiments. The deletion mutants hsp7044 and
rpn4A are from the YKO collection (EUROSCARF). Strains used for investi-
gating involvement of the ESCRT pathway in NEB and the pdr5A strain are
from this study (see yeast strains list in S/ Appendix, Table S4). For the hy-
drogen peroxide experiment, cells were grown in synthetic complete media
(with yeast nitrogen base, without amino acids, pH 5.5, complete supple-
ment mixture of amino acids and 2% glucose).

High-Pressure Freezing for EM and Tomography. All samples used in this study
has been high-pressure frozen (Leica EM PACT1/2 or Wohlwend Compact 3)
followed by freeze substitution in 2% uranyl acetate dissolved into acetone.

For tomography, serial semithick sections of about 210-250 nm (S. pombe)
and 350 nm (T. brucei and S. cerevisiae) were cut and poststained with 2%
UA in dH,O followed by Reynold’s lead citrate. Gold particles (15 nm) were
applied to both sides of the grid as fiducial markers.

All other samples were sectioned in 70-nm thin sections and placed on
either copper slot or mesh grids. Sections were stained with 2% UA and
Reynold'’s lead citrate (102).

Immuno-EM. For the immunolabeling experiments, the same high-pressure
frozen samples embedded in HM20 resin were used, a benefit of that short
FS protocol (103). Grids with 70-nm-thick sections were fixed in 1% para-
formaldehyde in PBS for 10 min and blocked with 0.1% fish skin gelatin and
0.8% BSA in PBS for 1 h. For primary antibody labeling, samples were in-
cubated for 2 h or overnight with the appropriate antibody, followed by a
1-h incubation with a secondary gold antibody. Glutaraldehyde (2.5%) was
applied to sections for 1 h followed by contrast staining as described above.

Image Acquisition and Electron Tomography. All thin sections were imaged at
120 kV either on a LEO 912 OMEGA (Zeiss) equipped with a 2k x 2k VELETA
Olympus CCD camera or on a Tecnai T12 transmission electron microscope
equipped with a Ceta CMOS 16M camera (FEI). Tomograms were acquired
with the use of serial EM (104) on a Tecnai F20 and F30 microscopes oper-
ated at 200 and 300 kV. The tomographic reconstruction was performed
using the IMOD software package (105).

Isolation of Old Yeast Cells. Isolation of old yeast cells was performed according
to Smeal et al. (56) with some modifications in order to reduce mechanical
stress and improve the cell morphology for EM (S/ Appendix, Table S6).

Stress Treatments of S. cerevisiae. Cells were grown at 30 °C to mid-
exponential phase. For a mild heat shock, the culture was shifted to 38 °C
and samples were collected after 0, 5, 15, 30, 45, and 90 min (106). The more
severe heat shock was performed at 42 °C for 30 min. Cells were exposed to
0.6 mM hydrogen peroxide for 90 min, 0.5 mM sodium arsenite for 60 min,
or 1 mg/mL AZC for 30 and 90 min.
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Proteasome Inhibition. The rpn44 and a wild-type strains were grown to mid-
exponential phase and high-pressure frozen. The pdr54 strain was grown to
mid-exponential phase prior to addition of either 50 yM MG132 (#C2211;
Sigma-Aldrich) dissolved in DMSO or an equivalent volume of DMSO. A
60-min incubation at 30 °C followed before cells were prepared for high-
pressure freezing.

Analysis of Polyubiquitination. Mid-exponentially grown yeast was washed
once in distilled water and resuspended in 1 mL of lysis buffer. One hundred
microliters of cleared lysate were mixed with the same volume of 2x
Laemmli buffer and incubated for 15 min at 95 °C. The samples were then
applied for SDS-PAGE and immunoblotting following standard protocols.
Blots were decorated with an anti-ubiquitin antibody. Clarity Western ECL
Substrate and a ChemiDoc XRS+ Imaging System were used for detection.

Analysis of Cell Death. Loss of membrane integrity was assessed with Pl
staining as previously described (107).

Confocal Microscopy. For visualization of nuclei, yeast cells were harvested
and resuspended in DRAQ5 staining solution. Specimens were analyzed with
a ZEISS LSM700 microscope. Micrographs were analyzed and processed with
the open-source software Fiji (108).

Phylogenetic Tree. A phylogenetic tree was generated based on the National
Center for Biotechnology Information taxonomy browser for scientific names
and visualized by the EvolView online software (https:/www.evolgenius.info/
evolview/#login).

Statistical Analysis. The frequency of NEB events was calculated as the number
of events per number of thin sections of nuclei. For the NPC immuno-EM
assay, different cell compartments were categorized as labeled or not la-
beled based on the presence or absence of gold particles. For the statistical
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