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Abstract

Senescence of nondividing neurons remains an immature concept,
with especially the mechanisms of
senescence-like phenotypes and the role of proteins associated
with neurodegenerative diseases in triggering neuronal senescence
remaining poorly explored. In this study, we reveal that the
nucleolar polyglutamine binding protein 3 (PQBP3; also termed
NOL7), which has been linked to polyQ neurodegenerative dis-
eases, regulates senescence as a gatekeeper of cytoplasmic DNA
leakage. PQBP3 directly binds PSME3 (proteasome activator
complex subunit 3), a subunit of the 11S proteasome regulator
complex, decreasing PSME3 interaction with Lamin B1 and thereby
preventing Lamin B1 degradation and senescence. Depletion of
endogenous PQBP3 causes nuclear membrane instability and
release of genomic DNA from the nucleus to the cytosol. Among
multiple tested polyQ proteins, ataxin-1 (ATXN1) partially
sequesters PQBP3 to inclusion bodies, reducing nucleolar PQBP3
levels. Consistently, knock-in mice expressing mutant Atxn1 exhibit
decreased nuclear PQBP3 and a senescence phenotype in Purkinje
cells of the cerebellum. Collectively, these results suggest homo-
logous roles of the nucleolar protein PQBP3 in cellular senescence
and neurodegeneration.
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Introduction

The nucleolus has an indispensable role in cell viability and
ribosomal RNA (rRNA) transcription from ribosomal DNA
(rDNA) (Boisvert et al, 2007). Unlike other organelles, the
nucleolus is not encapsulated by a lipid bilayer membrane but
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instead is an assembly of multiple nucleolar intrinsically disordered
proteins (IDPs) together with RNAs, and is sequestered by liquid-
liquid phase separation (LLPS) (Feric et al, 2016; Shin and
Brangwynne, 2017; Mitrea et al, 2018; Jin et al, 2023). Based on
electron microscopy findings, the nucleolus is further divided into
the granular component (GC), fibrillar center (FC), and dense
fibrillar component (DFC) substructures (O’Sullivan et al, 2013).
Multiple proteins, such as nucleolin, fibrillarin, nucleophosmin
(NPM1), and Pescadillo ribosomal biogenesis factor 1 (PES1), are
localized to distinct substructures of the nucleolus. For example,
fibrillarin is a marker of the DFC (Yao et al, 2019) while nucleolin,
NPM, and PES1 are distributed in the GC (Biggiogera et al, 1990;
Boulon et al, 2010).

Previously we aimed for identifying common disease modifier
proteins in a group of nine neurodegenerative diseases called polyQ
disease that share expansion of polyQ repeat in causative proteins
due to CAG repeat expansion in their gene mutations (La Spada
et al, 1994; Zoghbi and Orr, 2000), and discovered polyglutamine
binding protein 3 (PQBP3) in yeast two-hybrid (Y2H) screening of
the human brain ¢cDNA library (Imafuku et al, 1998; Waragai,
1999). PQBP3 was later identified via proteomic analysis as a
component of nucleolus and named nucleolar protein 7 (NOL7)
(Ahmad et al, 2009). The other new polyQ-binding proteins
discovered by Y2H screening include PQBP1 and PQBP5/NOL10.
PQBPI is an intrinsically disordered protein (IDP) (Rees et al,
2012; Takahashi et al, 2009; Mizuguchi et al, 2014; Okazawa, 2018)
and, in the nucleus, regulates transcription and splicing of mRNAs
encoding cell cycle regulators in neural stem cells and mRNAs
encoding regulators of synapse function in mature brain neurons
(Okazawa et al, 2002; Ito et al, 2015a, 2015b). Consistently,
congenital mutations of the human PQBPI gene cause intellectual
disability and microcephaly (Kalscheuer et al, 2003; Stevenson et al,
2005), and acquired PQBP1 dysfunction causes neuronal synapse
loss in Alzheimer’s disease (Tanaka et al, 2018). In the cytoplasm,
PQBP1 functions as an intracellular receptor for human immuno-
deficiency virus 1 (HIV1) (Yoh et al, 2015, 2022) and tau (Jin et al,
2021), activating the cGAS-STING pathway and proinflammatory
responses of innate immune cells (Yoh et al, 2015, 2022; Jin et al,
2021).
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PQBP5 was identified as a nucleolar protein by mass spectro-
metry analysis simultaneously with PQBP3/NOL7, and named
nucleolar protein 10 (NOL10) (Ahmad et al, 2009). In our recent
study, we delineated the physiological and pathological functions of
PQBP5/NOLI0 (Jin et al, 2023). Briefly, like PQBP1, PQBP5/
NOL10 is also an IDP, and functions as an anchor protein to
maintain the structure of the nucleolus; in the absence of PQBP5/
NOL10, other nucleolar proteins are dispersed into the nucleo-
plasm (Jin et al, 2023). Moreover, PQBP5/NOLI10 is sequestered to
the inclusion bodies of polyQ disease proteins, which is the
common mechanism of the polyQ category of neurodegenerative
diseases (Perutz, 1999; Wanker, 2000; Chai et al, 2002; Stenoien
et al, 2002; Kim et al, 2002). The resultant depletion of nucleolar
PQBP5/NOL10 causes disappearance of the total nucleolus
structure in brain neurons (Jin et al, 2023).

Genetic mutations of PQBP3/NOL7 have been implicated in
various types of cancers, including melanoma, breast carcinoma,
leukemia, lymphoma, osteosarcoma, retinoblastoma, nasopharyngeal
carcinoma, and cervical cancer (Pinho et al, 2019; Hasina et al, 2006;
Dogi et al, 2012; Li et al, 2021). Abundant evidence demonstrating a
significant function of the nucleolus in the physiological and
pathological roles of PQBP3/NOL7, as well as the involvement of
PQBP1 and PQBP5/NOLI0, prompted us to investigate other aspects
of PQBP3/NOL?7 function in the context of neuronal disease.

Senescence, characterized by disabled cell division in normal cells,
discovered by Leonard Hayflick (Hayflick, 1965; Hayflick and
Moorhead, 1961), is an aging-related phenotype (Di Micco et al,
2021; Gorgoulis et al, 2019; Yang and Sen, 2022). Deficiency of the
generally accepted senescence marker Lamin B1 (Freund et al, 2012;
Shimi et al, 2011; Wang et al, 2017) induces enlargement of the Lamin
A/C mesh at the surface of the nuclear membrane and leakage of DNA
from the nucleus (Shimi et al, 2011, 2008). Cytoplasmic genomic
DNA, which is thought to originate from micronuclei generated by
chromosomal segregation errors of unrepaired DNA damage or from
DNA damage (Harding et al, 2017; Mackenzie et al, 2017) such as
deficiency of ataxia-telangiectasia mutated (ATM) (Song et al, 2019), is
considered to be a marker of senescence (Di Micco, 2017; Miller et al,
2021). The link between the nucleolus and senescence remains largely
unknown, although early studies in yeast genetics suggested a role for
the nucleolus in the senescence process (Guarente, 1997; Johnson et al,
1998). However, the relationship between the nucleolus and
senescence has recently become a topic of intense investigation. In
yeast cells, ribosomal DNA forms extrachromosomal rDNA circles
(ERCs) under senescence, while the counterpart mechanisms in
mammalian cells are now under investigation (Yang et al, 2015;
Kasselimi et al, 2022). Moreover, intracellular A accumulation in
Alzheimer’s disease (AD) or intracellular TDP43 accumulation in
frontotemporal lobar degeneration (FTLD) is associated with
senescence phenotypes (Tanaka et al, 2020; Homma et al, 2021),
while the mechanism underlying the link between intracellular disease
protein accumulation and senescence is not completely understood.

In the present study, we reveal that PQBP3/NOL7 is an IDP
protein localized primarily to the periphery of the nucleolus.
PQBP3/NOL7 localization and chromatin distribution were closely
related, such that distribution of nuclear chromatin was altered and
ultimately disappeared from the nucleus in the absence of nucleolar
PQBP3/NOL?7. Interestingly, exogenous overexpression of PQBP3/
NOL?7 suppressed cytoplasmic genomic DNA leakage in senescent
cells (Di Micco, 2017; Miller et al, 2021; Lan et al, 2019).

© The Author(s)
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Bioinformatics analyses using the protein-protein interaction
(PPI) database String (version 11.5) suggested a direct interaction
between PQBP3/NOL7 and the 11S proteasome activator complex
subunit 3 (PSME3), which activates a trypsin-like catalytic subunit
of the proteasome complex and facilitates degradation of p53/TP53
(Zhang and Zhang, 2008) or KLF2, a negative regulator of NF-kB
transcriptional activity (Sun et al, 2016). Further, loss of the
interaction between PQBP3 and PSME3 desuppressed degradation
of Lamin B1. In the context of polyQ disease pathology, we revealed
that nuclear PQBP3/NOL?7 deficiency in Purkinje cells of the SCA1
mouse model (Scal**??Q) in which an expanded repeat of 154
CAGs was targeted into the mouse Ataxin-1 (Atxnl) locus (Watase
et al, 2002) is linked to their senescent phenotype.

Results
Distribution of PQBP3/NOL7 in the nucleolar periphery

First, we performed immunocytochemistry in HeLa cells to identify
the detailed nucleolar localization of PQBP3/NOL7 (Fig. 1).
Previous studies reported nucleolar localization of alternative
PQBP3/NOL7 splicing products, concluding that full-length
PQBP3/NOL7 is in the GC (Kinor and Shav-Tal, 2011). Another
experiment overexpressing NOL7-GFP demonstrated signal hala-
tion in the nucleolus (Zhou et al, 2010). Using an anti-PQBP3/
NOL7 polyclonal antibody generated against the full-length
protein, we revealed that PQBP3/NOL7 was distributed in the
periphery of the nucleolus, while fibrillarin was located in the
central region of the nucleolus (Fig. 1A).

Super-resolution microscopy (SRM) further characterized the
distribution pattern of PQBP3/NOL7 at the outer nucleolar shell
(Fig. 1B). Nucleolin but not fibrillarin had a similar distribution
pattern but at a higher density (Fig. 1B). In addition, small PQBP3/
NOL?7 speckles (250-300-nm diameter) were scattered homoge-
nously throughout the nucleoplasm and cytoplasm (Fig. EV1a).
These small speckles were detectable at the confocal microscopy
level (Fig. 1A) but were confirmed definitively by SRM (Fig. 1B). A
previous study reported that PQBP3/NOL7 splicing isoforms
lacking the amino acids corresponding to the region from exon 5
to exon 8 are distributed in the nucleoplasm (Kinor and Shav-Tal,
2011). However, distribution of the shorter isoform was homo-
genous and did not exhibit the small speckle-like localization
identified with an antibody against the full-length isoform in the
present study. They did not detect small speckle of full-length
PQBP3/NOL?7 in the nucleoplasm and cytoplasm (Kinor and Shav-
Tal, 2011), presumably due to the use of lower-resolution
microscopy and the overexpression of a GFP fusion protein.

In addition, human iPSC-derived neurons were subjected to
SRM to characterize the distribution pattern of PQBP3/NOL7 in
terminally differentiated cells (Fig. 1C). PQBP3/NOL7 was located
at the outer nucleolar shell in human iPSC-derived neurons
similarly to HeLa cells (Fig. 1C).

Negative correlation of quiescence with nucleolar
localization of PQBP3/NOL7

In immunocytochemistry studies, we observed that nucleolar PQBP3/
NOL7 signal decreased when HeLa cells become confluent and
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proliferation was arrested (Fig. 2A). We utilized quantitative analysis
of contact inhibition relative to the presence of nucleolar PQBP3/
NOL7 (Fig. 2B). We quantified the percentage of cell margins in
contact with neighboring cells and compared this percentage with the
presence of nucleolar PQBP3/NOL?7, as estimated qualitatively by
three stages (1: robust nucleolar PQBP3/NOL7, 0.5: faint nucleolar
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Figure 1. PQBP3/NOL?7 is a nucleolar protein located predominantly in the
outer nucleolar shell.

(A) Confocal microscopic analysis of unfixed Hela cells penetrated by Tween20
and immunostained with anti-PQBP1, antifibrillarin, and antinucleolin antibodies.
Nuclei were costained with Hoechst 33342. The signals of PQBP3/NOL7 were
distributed in the peripheries of nucleoli. In addition, smaller speckles were
observed in the nucleoplasm and cytoplasm. (B) Super-resolution microscopy
images of Hela cells after fixation. The distribution pattern was similar to
that observed by standard confocal microscopy. The speckle diameters were
~260 nm in the nucleoplasm and ~300 nm in the cytoplasm. Staining localized
to the outer shell of the nucleolus resembled a chain or cluster of similarly sized
speckles. (C) Super-resolution microscopy images of normal iPSC-derived
neurons after fixation. The relationship of PQBP3/NOL7, nucleolin, and
fibrillarin was similar to that in Hela cells. Source data are available online for
this figure.

PQBP3/NOL7, 0: no nucleolar PQBP3/NOL7). These analyses
detected a negative relationship between cell-to-cell contact and
nucleolar PQBP3/NOL?7 localization (Fig. 2B). In addition, quantita-
tive analyses of signal intensities in immunohistochemistry and
western blot analyses revealed that the signal intensities of both nuclear
and total cellular PQBP3/NOL7 were decreased while cytoplasmic
PQBP3/NOL7 was increased when cultured cells reached confluence
(Figs. 2C and EV1b,c).

In addition, we observed a proportion of nondividing HeLa cells
that decreased nucleolar PQBP3/NOL7, maintained nucleoli
stained with fibrillarin, but revealed cytoplasmic DNA implicated
in DNA damage (Harding et al, 2017; Mackenzie et al, 2017) and
senescence (Song et al, 2019; Di Micco, 2017) (Fig. 2D). The
morphology in electron microscopy (EM) revealed nuclear
membrane fragile but not micronuclei existence of such abnormal
cells (Fig. 2E). These findings collectively indicated the negative
correlation between contact inhibition and nucleolar localization of
PQBP3/NOL7 and suggested accumulation of DNA damage during
the process, which further promoted us to further investigate the
relationship between senescence and nucleolar PQBP3/NOL?7.

Negative correlation of senescence with nucleolar
localization of PQBP3/NOL7

Senescence can be induced in HeLa cells by various manipulations
(Goodwin and DiMaio, 2001). We experienced that HeLa cells slow
down proliferation after ten passages (>10G, 3-4 cell divisions
between passages) in our laboratory condition. In immunohisto-
chemistry characterization of PQBP3/NOL7 localization, we
observed that nucleolar PQBP3/NOL?7 staining diminished after a
large number of passages after twenty passages (Fig. EV2a, red
arrows). In addition, after twenty passages in most of the cells
lacking nucleolar PQBP3/NOL?7, the chromatin was disproportion-
ally distributed or almost disappeared in the nucleus (Fig. EV2b,c,
red or purple arrows). During cell division, PQBP3/NOL?7 exhibited
a specific pattern of cytoplasmic distribution, localized predomi-
nately to the centrosome (Fig. EV2d-f, white arrow), which was
distinct from the abovementioned cells. Quantitative analyses
confirmed the increase of red arrow type and purple arrow type of
cells during passages (Fig. EV2g). These data suggested relevance
between PQBP3/NOL7 and senescence.

Therefore, we quantitatively analyzed the relevance. First,
staining for beta-galactosidase (B-Gal), a representative marker of

© The Author(s)
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Figure 2. Nucleolar PQBP3/NOL?7 is decreased in quiescence induced by cell-cell contact inhibition.

(A) PQBP3/NOL7 immunocytochemistry of Hela cells at various cell densities. High signal intensities of PQBP3/NOL7 were observed in cells at low cell densities, while
the signals were dispersed into the cytosol in cells at medium densities and eliminated in confluent cells (high density). (B) Relationship between percent cell margin in
contact with neighboring cells and nucleolar distribution of PQBP3/NOL7. Localization of PQBP3/NOL7 was semiquantitated into three stages weighed by different values
(1: robust nucleolar PQBP3/NOL7, 0.5: modest nucleolar PQBP3/NOL7, 0: no nucleolar PQBP3/NOL7). A Kendall's rank correlation test revealed a negative relationship
between % cell contact margin and PQBP3/NOL7 nucleolar distribution (tau = —0.786, p = 1.654 x 10-?). (C) Western blot of PQBP3/NOL7 with nuclear fraction,
cytoplasmic fraction and total cell extract of Hela cells cultured at low and high cell densities. Box plots show the median and 25-75th percentile, and whiskers represent
data outside the 25-75th percentile range. (D) Representative images of cells in the stages of “robust nucleolar PQBP3/NOL7" (upper panels) and “faint nucleolar PQBP3/
NOL7" (lower panels). In cells classified as “faint nucleolar PQBP3/NOL7," nuclear PQBP3 signals became obscure, though fibrillarin signals of nucleoli were robust, and
abnormal protrusion of nuclear margin and extranuclear DNA stains were observed in Hoechst 33342 labeling (white arrows). (E) Electron microscopy of Hela cells with
faint nucleolar PQBP3/NOL7 (#1, #2) and robust nucleolar PQBP3/NOL7 (#3). Nuclear membrane of #1 and #2 cells became obscure and their protrusion contains
chromatin. Nucleoli of #1 and #2 cells did not show normal substructures. The continuity of the protrusion and the nucleus excluded that such protrusions were
micronuclei. Cells with robust nucleolar PQBP3/NOL7 (#3) showed normal structures of nucleoli and nuclear membrane. Experiments in this figure were technically
replicated until the necessary N was acquired. Source data are available online for this figure.
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senescence (Lee et al, 2006), confirmed senescence of Hela cells
after ten passages (Fig. 3A,B). In addition, HeLa cells from >10G to
>20G revealed increase of cytoplasmic DNA (Fig. 3A). In this
senescence condition, we confirmed that PQBP3/NOL7 was shifted
from nucleus to cytoplasm while the total amount of PQBP3/NOL7
in senescent HeLa cells was not changed remarkably (Fig. 3C), and
revealed the increase of cytoplasmic DNA by subtracting total
signal intensity of Hoechst 33342 in nucleus from that in total cell
(Fig. 3D). Consistently, western blot revealed decrease of PQBP3/

© The Author(s)

NOL7 in nuclear fraction and increase of PQBP3/NOL7 in
cytoplasmic fraction (Fig. 3E). Total PQBP3/NOL7 in >10G cells
was not changed while slightly decreased in >20G cells (Fig. 3E).

MTOR contributes to cytoplasmic shift of PQBP3/NOL7

In cultured immortalized cells, confluency suppresses cell pro-
liferation via contact inhibition but does not lead to senescence as
cells resume proliferation after replating (Leontieva et al, 2014).
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The mechanism distinguishing reversible quiescence-like contact
inhibition and irreversible senescence is thought to be regulated by
the activity of mammalian target of rapamycin (mTOR), which
phosphorylates p70 S6 kinase (S6K) and eukaryotic translational
initiation factor eIF4E-binding protein 1 (4E-BP1) to mediate
elF4E-mediated translation (Leontieva et al, 2014; Sun, 2014).
mTOR activity is higher in senescence than in quiescence, and
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Figure 3. Nucleolar PQBP3/NOL7 is decreased and shifted to cytoplasm in
senescence.

(A) PQBP3/NOL7 immunocytochemistry of Hela cells at less than 5 passages
(<5@G), more than 10 passages (>10G), and more than 20 passages (>20G).
Signals were detected in B-Gal staining of >10G and >20G cells in which
PQBP3/NOL7 was decreased in the nucleus and shifted to the cytoplasm. (B)
Signal intensities of B-Gal were quantified in HelLa cells (30 cells from 3 wells)
and compared among three groups. Statistical significance was found in
comparison of <5G and >10G (###: p < 0.0001), <5G and >20G (###: p <
0.0001), and >10G and >20G (###: p <0.0001). (C) Signal intensities of
PQBP3/NOL7 in nucleus, cytoplasm, or total cell were quantified and compared
among three groups (30 cells from 3 wells). (Nuc) Statistical significance was
found in comparison of <5G and >10G (#: p = 0.027), <5G and >20G (###: p <
0.0001), and >10G and >20G (##: p = 0.0051). (Cyt) Statistical significance
was found in comparison of <5G and >10G (###: p < 0.0001), <5G and >20G
(###: p < 0.0001), and >10G and >20G (###: p < 0.0001). (D) Schematic
presentation of the method to quantify the extranuclear DNA signals stained by
Hoechst 33342 (left panel). The signal intensities were compared among three
groups (right graph). Statistical significance was found in comparison of <5G
and >10G (###: p <0.0001), and <5G and >20G (###: p < 0.0001). (E)
Western blot analyses of nuclear, cytoplasmic, and total PQBP3/NOL7 in 5G,
>10G, and >20G Hela cells (left panels). Statistical comparisons of band
intensities among the three groups (right graphs). (Nuclear fraction) Statistical
significance was found in comparison of <5G and >10G (#: p = 0.0189), <5G
and >20G (###: p < 0.0001), and >10G and >20G (##: p = 0.0015).
(Cytoplasmic fraction) Statistical significance was found in comparison of <5G
and >10G (#: p = 0.025), <5G and >20G (###: p < 0.0001), and >10G and
>20G (##: p = 0.003). Experiments in this figure were technically replicated
until the necessary N was acquired. Box plots show the median and 25-75th
percentile, and whiskers represent data outside the 25-75th percentile

range. Source data are available online for this figure.

mTOR activation shifts cells from quiescence to senescence
(Leontieva et al, 2014).

Based on the knowledge, we hypothesized that mTOR activity is
related to the cytoplasmic shift of PQBP3/NOL7. We employed
MHY1485, a cell-permeable mTOR activator (Fig. 4A), and
revealed that mTOR activation enhanced the cytoplasmic shift
with western blot (Fig. 4B,C) and with immunocytochemistry
(Fig. 4D,E).

PQBP3/NOL7 knockdown induces nuclear membrane
vulnerability and cytoplasmic DNA leakage

A previous study suggested that PQBP3/NOL7 knockdown did not
significantly affect nucleolus or cell structure in H1299 human lung
carcinoma cells (Kinor and Shav-Tal, 2011), while they over-
expressed PQBP3/NOL7-YFP and subsequently knocked down the
protein by siRNA (Kinor and Shav-Tal, 2011). We decided to re-
examine the effect of PQBP3/NOL7 on nucleolus simply by
knocking down endogenous PQBP3/NOL7. In addition, we
investigated how knockdown of endogenous PQBP3/NOL?7 affected
cell morphology and cytoplasmic DNA, and whether the phenotype
was relevant to senescence (Fig. 5).

Compared to nontransfected cells, HeLa cells transfected with
two types of PQBP3 siRNA exhibited robust decrease of PQBP3/
NOL7 in western blot analysis (Fig. 5A) and in immunostaining
(Fig. 5B). A population of PQBP3-siRNA-transfected cells exhib-
ited an irregularly shaped nucleus characterized by a notch (Fig. 5B,
upper panels, arrow) and uneven distribution of nuclear chromatin
(Fig. 5B). In addition, a part of PQBP3-siRNA-transfected cells
revealed abnormal shape of nuclei (Fig. 5C), as we observed in a

© The Author(s)
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Figure 4. MTOR contributes to cytoplasmic shift of PQBP3/NOL7.

Yuki Yoshioka et al

(A) protocol of mTOR signal activation in HeLa cell culture (<5G). MHY1485, an activator of mTOR (final concentration in the medium: 10 uM) was added to the culture
medium 48 h after cell seeding and cells were harvested after another 4 h. (B) Western blot analysis of nuclear and cytoplasmic PQBP3/NOL7 under mTOR activation. (C)
Quantitative analyses of band intensities of western blots. Statistical analyses (Welch's t-test) revealed decrease of nuclear PQBP3/NOL7, increase of cytoplasmic
PQBP3/NOL7, and shift of PQBP3/NOL7 from nucleus to cytoplasm. (D) Immunocytochemistry of Hela cells treated with MHY1485. Cytoplasmic shift of PQBP3/NOL7
and faint signals of B-GAL were detected in Hela cells treated with MHY1485. (E) Quantitative analyses of cytoplasmic shift of PQBP3 (PQBP3 nuclear/cytoplasmic signal
ratio), senescence (3-GAL signal intensity), and cytoplasmic shift of nuclear DNA (Hoechst nuclear/cytoplasmic signal ratio) in Hela cells by mTOR activation with
MHY1485. Experiments in this figure were technically replicated until the necessary N was acquired. Box plots show the median and 25-75th percentile, and whiskers
represent data outside the 25-75th percentile range. Source data are available online for this figure.

population of quiescent HeLa cells with faint nucleolar PQBP3/
NOL?7 staining (Fig. 3A). Quantification of cells with a notched or
protruded nucleus confirmed that these phenotypes were associated
with PQBP3 knockdown (Fig. 5D).

Moreover, we demonstrated that when we set a similar threshold
for signal intensity of Hoechst 33342 in confocal microscopy,
PQBP3-siRNA-transfected cells contained cytoplasmic DNA
(Fig. 5A, lower panels). Quantification of cytoplasmic DNA signals
confirmed that the change was caused by PQBP3 knockdown in
HelLa cells (Fig. 5E).

After the stress of lipofection for siRNA knockdown, some cells
underwent cell death, while cells in which PQBP3/NOL7 was knocked
down by siRNA did not exhibit apoptotic changes (Fig. EV2h-j). The
finding was consistent with the notion that apoptosis is inhibited in
acutely induced senescent cells (Childs et al, 2014), and supported the
relevance of PQBP3/NOL7 to senescence.

PQBP3/NOL7 knockdown induces senescence

We next asked whether PQBP3/NOL7 knockdown induced changes
in chromatin morphology, such as senescence-associated hetero-
chromatic foci (SAHFs) (Narita et al, 2003; Narita, 2007). As the
positive control, we treated HeLa cells with hydrogen peroxide and
detected nuclear speckles reactive to anti-H3K9me3 antibody
(Fig. 6A). PQBP3/NOL7 knockdown by PQBP3-siRNA induced
similar changes in regards of B-Gal staining (Fig. 6B) supporting
that deficiency of PQBP3/NOL7 induced senescence, even though
recent studies indicating that SAHFs are not an indispensable
phenotype for senescent cells (Cohn et al, 2023).

Moreover, we used human normal iPSC-derived neurons and
confirmed that hydrogen peroxide induced SAHFs by H3K9me3
staining (Fig. 6C). Staining for f-Gal supported that PQBP3/NOL7
knockdown induced senescence also in human iPSC-derived
neurons (Fig. 6D). Signals of -Gal existed in normal neurons as
reported previously (Wang et al, 2023; Piechota et al, 2016) but
were significantly increased by PQBP3/NOL7 knockdown (Fig. 6D).
These results were consistent with previous findings that cells of
some aging disorders including Hutchinson-Gilford progeria
syndrome (HGPS) showed senescence characteristics and fragile
nuclear membrane due to mutations of Lamin A/C, a sub-
membrane structural protein (Burtner and Kennedy, 2010).

PQBP3/NOL7 overexpression suppresses cytoplasmic
DNA leakage in senescence-like cells

To investigate the cause-effect relationship between PQBP3/NOL7
and senescence, we constructed plasmids to express two types of
EGFP fusion proteins (pEGFP-N1-PQBP3 and pEGFP-C1-PQBP3)
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that reproduced nucleolar localization of PQBP3/NOL7 (Fig. EV3),
as demonstrated by immunocytochemistry (Fig. 2), and examined
whether expression of PQBP3 fusion proteins affected the
senescence phenotype (Fig. 7). We transfected pEGFP-N1-PQBP3
and pEGFP-C1-PQBP3 into premature senescent HeLa cells, which
had undergone >20 passages (Fig. 3), and in which some cells
exhibited cytoplasmic genomic DNA stained by Hoechst 33342 and
DAPI, a phenotype characteristic of senescence (Fig. 7A,B).

As expected, cells expressing PQBP3 fusion proteins did not
contain cytoplasmic genomic DNA in a fixed state (Fig. 7A) or in a
live state (Fig. 7A), suggesting that PQBP3/NOL7 suppressed the
senescence-like phenotype of cytoplasmic genomic DNA. Quanti-
tative analysis supported the negative correlation between EGFP-
PQBP3 cytoplasmic genomic DNA (p =
1.087 x 1077, Fisher’s exact test), while no relationship was observed

expression and

between EGFP expression and cytoplasmic genomic DNA (Fig. 7B,
lower tables). These findings indicated that PQBP3/NOL7 over-
expression suppressed leakage of genomic DNA into the cytoplasm
in senescence-like cells.

PQBP3/NOL7 interacts with the
proteasome activator PSME3

To determine the mechanism by which PQBP3/NOL7 suppressed
cytoplasmic genomic DNA leakage, we first identified potential
PQBP3/NOL7 binding proteins in silico using the PPI database
String (version 11.5). Potential candidates that could cause
disproportional distribution of chromatin included nuclear mem-
brane proteins such as Lamin Bl, Lamin A/C, emerin, MANI,
SUN1/2, LAP2, and BAF, which attach the genome to the nuclear
membrane (Wilson and Berk, 2010; Lammerding et al, 2005);
nucleoskeleton proteins such as titin, spectrin, actin, and sin
anchoring the genome (Simon and Wilson, 2011); and nuclear
protein complex cohesin anchoring the genome; and nuclear
protein complex cohesin proteins including SMC1, SMC3, RAD21,
and STAGI, which maintain the genome compartment (Kim and
Yu, 2020). However, these candidates were not predicted to be
PQBP3/NOL7 binding proteins (Fig. EV4a). Instead, almost all the
predicted PQBP3/NOL7 binding proteins were nucleolar proteins
related to rRNA metabolism, except PSME3, a proteasome
regulator that forms a doughnut-shaped homoheptamer, which is
associated with the proteasome, and ENY2, a factor involved in
mRNA  export and transcription (https://string-db.org/)
(Fig. EV4a). PSME3 and ENY2 could potentially induce nuclear
membrane vulnerability and subsequent cytoplasmic DNA leakage.
We elected to focus on PSME3 in the present study, as NF-xB (Sun
et al, 2016) and stem cell pluripotency (Pecori et al, 2021) are
regulated in part by target protein degradation facilitated by
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Figure 5. siRNA PQBP3/NOL7 knockd
abnormalities.

induces morphological

(A) Western blot analysis of PQBP3/NOL7 in total extracts of Hela cells
transfected with two types of PQBP3-siRNA or scrambled-siRNA. Statistical
significance was found in comparison of non TF and si-PQBP3#1 (##:

p = 0.0048), non TF and si-PQBP3#2 (##: p = 0.0019), si-PQBP3#1 and si-
Scramble (##: p = 0.0033), and si-PQBP3 and si-Scramble (##: p = 0.0013).
(B) Upper panels show three signals of immunostained PQBP3, Hoechst 33342,
and fluorescence-labeled siRNA. Almost all cells were transfected with PQBP3
siRNA (#1, #2), and PQBP3 signals were accordingly reduced. Representative
cells from nontransfected, PQBP3 siRNA-transfected (#1, #2), and Scrambled
siRNA-transfected cells (green arrow in upper panels) are shown in middle
panels. The PQBP3 siRNA-transfected cell exhibited a notched nucleus (white
arrow) in which an additional large bleb (asterisk) was formed. When Hoechst
33342 signals were acquired at the same signal intensity threshold, cytoplasmic
genomic DNA was present in the PQBP3 siRNA-transfected cell but not in the
nontransfected or Scrambled siRNA-transfected cells. (C) Representative
Hoechst 33342 images show a normal nucleus in a nontransfected cell (left
panel) and an abnormal nucleus with a protrusion (light blue arrows) in a
PQBP3-siRNA-transfected cell (middle panel), and a micronucleus (white
arrow) that was detected in only a single cell among Scrambled-siRNA-
transfected cells (right panel). (D) Quantitative analyses of frequency of cells
with notched nuclei (left graph) and frequency of cells with micronuclei (right
graph) from 5 to 6 randomly visual fields from independent wells containing
15-50 cells. (left) Statistical significance was found in comparison of non-
transfect and si-PQBP3#1 (##: p = 0.0075), non-transfect and si-PQBP3#2
(#: p=0.0119), si-PQBP3#1 and si-Scramble (##: p = 0.0075), and si-
PQBP3#2 and si-Scramble (#: p = 0.0119). (right) Statistical significance was
found in comparison of non-transfect and si-PQBP3#1 (##: p = 0.0025), non-
transfect and si-PQBP3#2 (#: p = 0.0047), si-PQBP3#1 and si-Scramble (###:
p=0.0006), and si-PQBP3#2 and si-Scramble (##: p = 0.0011). (E) Quanti-
tative analysis of cytoplasmic DNA signal intensity per cell in nontransfected,
PQBP3 siRNA-transfected, and Scrambled siRNA-transfected cells. The original
images were corrected by canceling noise signals, and signals outside of the
nucleus were measured (see Methods). Cell numbers are shown in the figure,
and images were captured from three wells. Statistical significance was found in
comparison of non-transfect and si-PQBP3#1 (###: p = 0.0075), non-transfect
and si-PQBP3#2 (#: p = 0.0119), si-PQBP3#1 and si-Scramble (##:
p=0.0075), and si-PQBP3#2 and si-Scramble (#: p = 0.0119). Experiments in
this figure were technically replicated until the necessary N was acquired. Box
plots show the median and 25-75th percentile, and whiskers represent data
outside the 25-75th percentile range. Source data are available online for this
figure.

PSMES3 interaction. We thus postulated that a similar mechanism
could regulate PQBP3/NOL7 suppression of cytoplasmic DNA
leakage. We previously experienced difficulties in the analysis of
IDP-IDP interaction by immunoprecipitation. However, PSME3
was not predicted to be an IDP (Fig. EV4b,c), suggesting that
immunoprecipitation could effectively determine whether PQBP3/
NOL7 and PSME3 interacted.

PQBP3/NOL7 stabilizes the nuclear membrane
via Lamin B1

We postulated that PQBP3/NOL7 could function as a positive or
negative regulator of PSME3, a proteasomal activator, affecting
degradation of senescence-related proteins such as Lamin BI,
which plays critical roles in maintaining the nuclear shape (Shimi
et al, 2008), and investigated the relationship between PQBP3/
NOL7, PSME3, and LaminBl using immunocytochemistry and
immunoprecipitation (Fig. 8A). Immunocytochemistry using anti-
PQBP3, anti-PSME3, and anti-Lamin Bl antibodies revealed that
colocalization of PQBP3/NOL7 and PSME3 on the nuclear
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Figure 6. PQBP3/NOL7 knockd induces ence.
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(A) SAHFs was analyzed in Hela cells treated with hydrogen peroxide. Nuclear speckles reactive to anti-H3K9me3 antibody indicating SAHFs was observed. Such cells
with SAHFs were reactive to 3-Gal staining. (B) Positive stains for 3-Gal were observed in PQBP3-siRNA-transfected but not Scrambled-siRNA-transfected Hela cell.
(PQBP3) Statistical significance was found in comparison of non-transfection and si-PQBP3#1 (###: p < 0.0001), and si-PQBP3#1 and si-Scramble (###: p < 0.0001). (-
Gal) Statistical significance was found in comparison of non-transfection and si-PQBP3#1 (###: p < 0.0001), and si-PQBP3#1 and si-Scramble (###: p < 0.0001). (C)
SAHFs was analyzed in human normal iPSC-derived neurons treated with hydrogen peroxide. Nuclear speckles reactive to anti-H3K9me3 antibody was observed similarly
to Hela cells treated with hydrogen peroxide. Such human iPSC-derived neurons with SAHFs were reactive to 3-Gal staining. (D) Positive stains for 3-Gal were observed in
human normal iPSC-derived neurons that were transfected PQBP3-siRNA but not by Scrambled-siRNA-transfected. (PQBP3) Statistical significance was found in
comparison of non-transfection and si-PQBP3#1 (###: p < 0.0001), and si-PQBP3#1 and si-Scramble (###: p < 0.0001). (B-Gal) Statistical significance was found in
comparison of non-transfection and si-PQBP3#1 (###: p < 0.0001), and si-PQBP3#1 and si-Scramble (###: p < 0.0001). Experiments in this figure were technically
replicated until the necessary N was acquired. Box plots show the median and 25-75th percentile, and whiskers represent data outside the 25-75th percentile

range. Source data are available online for this figure.

membrane was decreased in HeLa cells after hydrogen peroxide
induction of senescence (Fig. 8B).

Western blot analysis revealed that senescence induction with
hydrogen peroxide decreased PSME3 and Lamin B1 protein levels
in HeLa cells transfected with EGFP-PQBP3 or EGFP (Fig. 8C, left
panels). Immunoprecipitation with anti-EGFP antibody from such
transfected HeLa cells identified a direct interaction between
PQBP3/NOL7 and PSME before and after treatment with hydrogen
peroxide (Fig. 8C, middle panel). Meanwhile, the interaction
between Lamin Bl and PSME3 was decreased by PQBP3/NOL7
expression either in EGFP-PQBP3-transfected or EGFP-transfected
HeLa cells transfected (Fig. 8C, middle and lower panels),
suggesting that PQBP3/NOL7 suppressed PSME3 interaction with
Lamin Bl for ubiquitin-dependent degradation. Consistently,
Lamin B1 protein levels in hydrogen peroxide-induced senescence
were recovered by PQBP3/NOL7 expression (Fig. 8D).

Interactions between PQBP3, PSME3, and Lamin Bl were
further examined by nontransfected HeLa cells with or without
treatment of hydrogen peroxide (Fig. 8E). The results from
endogenous PQBP3, PSME3, and Lamin Bl were basically
consistent with that obtained in HeLa cells overexpressing EGFP-
PQBP3 or EGFP. PQBP3 directly interacted with PSME3, while the
interaction was suppressed by treatment with hydrogen peroxide
(Fig. SE).

PQBP3/NOL7 suppresses Lamin B1 ubiquitination

Interestingly, ubiquitinated proteins were decreased overall after
induction of senescence, while the band corresponding to
ubiquitinated Lamin B1 was increased by PQBP3/NOL?7 expression
(Fig. 9A). PSME3 is considered to function in ubiquitin-
independent pathway of proteasomal degradation (Li and Rechstei-
ner, 2001; Mao et al, 2008) though its involvement in ubiquitin-
dependent proteasomal degradation was also reported (Zhang and
Zhang, 2008). In addition, SUMOylation is suggested to mediate
such an ubiquitin-independent proteasomal degradation activated
by PSME3 (Son et al, 2023). Therefore we examined the identity of
the lamin Bl band by immunoprecipitation, and confirmed that
precipitated Lamin B1 was ubiquitinated (Fig. 9B). Interestingly,
immunoprecipitation results suggested that mono-ubiquitinated
Lamin Bl was also SUMOylated (Fig. 9B). We further examined
ubiquitination and SUMOylation of Lamin B1 by incubating GST-
Lamin Bl for 30 min in lysates prepared from HeLa cells
transfected with EGFP-PQBP3 or EGFP-expressing plasmids then
treated by H,O, (Fig. 9C). Reprobing the same filter with anti-GST,
anti-Lamin B1 and anti-SUMOI antibodies reconfirmed that GST-

© The Author(s)

Lamin Bl was ubiquitinated and a part of ubiquitinated GST-
Lamin B1 was thereafter SUMOylated (Fig. 9C). To confirm the
role of PSME3 in Lamin Bl protein degradation, we performed
transfection of PSME3-siRNA (KD) and PSME3-expression vector
(OE) to HelLa cells, and revealed a negative relationship between
PSME3 and Lamin BI, further supporting the involvement of
PSME3 in Lamin Bl degradation (Fig. 9D).

Our results revealed simultaneous SUMOylation and ubiquiti-
nation of Lamin B1 (Fig. 9B,C), and its reduction in PSME3-OE
(Fig. 9D). To differentiate the causative effect of ubiquitination and
SUMOylation on PSME3-activated protein degradation of Lamin
Bl, we performed inhibition experiments of ubiquitination and
SUMOylation with TAK-243 and 2-D08 or TAK-981, respectively
(Fig. 9E). Inhibition of SUMOylation increased the amount of
Lamin BI protein under PSME3-OE while the effect was not so
remarkable by inhibition of ubiquitination, suggesting that the
PSME3-activated proteasomal degradation targeted SUMOylated
rather than ubiquitinated Lamin B1 (Fig. 9E). The combined
immunocytochemistry and  immunoprecipitation  findings
(Figs. 8 and 9) indicated that PQBP3/NOL7 suppresses PSME3-
mediated proteasomal degradation of Lamin B, and that this
interaction is inhibited when PQBP3/NOL7 is diminished by
induction of senescence.

Prior studies have demonstrated changes to the ubiquitin-
proteasome system during senescence (Deschénes-Simard et al,
2014; Fukuura et al, 2019; Marfella et al, 2008; Ullah et al, 2020),
and total protein ubiquitination is decreased during aging in lower
animals such as C. elegans (Koyuncu et al, 2021), consistent with
our findings. Our findings suggested a specific role for PQBP3/
NOLY7 in suppressing the activity of PSME3, especially for Lamin
Bl protein degradation (Fig. EV5).

Association of PQBP3/NOL7 with the senescence
phenotype in polyQ disease pathology

In addition to the effect of PQBP3/NOL7 on senescence, we
returned to the originally identified function of PQBP3 to interact
with polyQ proteins (Imafuku et al, 1998), investigating the role of
PQBP3/NOL?7 in polyQ diseases. In our prior study of the nucleolar
protein PQBP5/NOL10 (Jin et al, 2023) we revealed that PQBP5/
NOL10 was sequestered to polyQ inclusion bodies and depleted
from the nucleolus, the functional site of PQBP5/NOL10 (Jin et al,
2023). To determine if similar sequestration of PQBP3/NOL7 to
polyQ inclusion bodies occurred, we examined intracellular
localization patterns of polyQ disease proteins and PQBP3/NOL7
in their coexpression (Fig. 10A,B). In this case, coexpression of two
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Figure 7. PQBP3/NOL7 overexpression suppresses cytoplasmic genomic DNA.
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(A) Senescent Hela cells were fixed with 10% formaldehyde and stained with antifibrillarin and DAPI. Signals of EGFP-PQBP3 fusion proteins were directly detected. Most
of the nontransfected cells contained cytoplasmic genomic DNA, as revealed by DAPI (purple arrows), while a small part of nontransfected cells showed normal

morphology (white arrows). Transfected cells did not contain cytoplasmic genomic DNA (green arrows). (B) Nonfixed Hela cells were directly observed to evaluate the
effect of EGFP-PQBP3 or EGFP expression on cytoplasmic genomic DNA. In the left panels, nontransfected cells (purple arrows) but not EGFP-PQBP3-expressing cells
(green arrows) contained cytoplasmic genomic DNA. In the right panels, cytoplasmic DNA was not affected in EGFP-expressing cells (white arrows) in comparison to
neighboring nontransfected cells. Lower tables show quantitative analysis of 50 cells from 5 wells, each transfected with pEGFP-C1-PQBP3 or pEGFP-C1 plasmid. A strong
negative correlation between EGFP-PQBP3 expression and cytoplasmic genomic DNA was statistically confirmed by Fisher's exact test (p = 1.087 x 1077, n = 5 wells, n =
50 cells), while no relationship was detected between EGFP expression and cytoplasmic genomic DNA. Experiments in this figure were technically replicated until the

necessary N was acquired. Source data are available online for this figure.

proteins was preferred over observation of endogenous PQBP3/
NOL?7 under single expression of a polyQ disease protein, as we had
previously determined that expression of polyQ proteins primarily
affects the nucleolar structure via PQBP5/NOLI10 (Jin et al, 2023).
Therefore, coexpression of polyQ and PQBP3/NOL7 fluorescent
fusion proteins would more sensitively and specifically detect the
effect of polyQ disease proteins on PQBP3/NOL?7.

We transiently expressed wild-type and mutant forms of polyQ
disease proteins, Ataxin-1 (Atxnl, the causative gene product for
spinocerebellar ataxia type-1, SCAl), Ataxin-7 (Atxn7, the
causative gene product for spinocerebellar ataxia type-7, SCA7),
huntingtin (Htt, the causative gene product for Huntington’s
disease, HD), and androgen receptor (AR, the causative gene
product for spinal bulbar muscular atrophy/Kennedy’s disease,
SBMA/KD), with or without EGFP-PQBP3, in HeLa cells
(Fig. 10A). Unexpectedly, when EGFP-PQBP3 was coexpressed
with Atxnl, Htt, and AR, these polyQ disease proteins were
sequestered to the PQBP3/NOL7-positive nucleolus, rather than
the expected sequestration of PQBP3/NOL7 to polyQ disease
protein inclusion bodies (Fig. 10B). These findings potentially
suggest that the ability of PQBP3/NOL?7 to localize to the nucleolus
was more robust than the sequestration effects of Atxnl, Htt, and
AR, and that any potential functional impairment of PQBP3/
NOL7, in SCA7, HD, or SBMA/KD would not be based on
sequestration to inclusion bodies. On the other hand, over-
expression of PQBP3/NOL7 shifted both wild-type and mutant
forms of Atxn7 from fibrillarin-negative inclusion bodies to
nucleoli composed of PQBP3/NOL7 and fibrillarin (Fig. 10B).

Senescence is induced in various conditions. We investigated in
this study contact inhibition in confluent cell culture, proliferation
senescence after large numbers of cell passage, H,O,-induced
senescence and now mutant Atxnl expression. Enhanced DNA
damage has been reported in SCA1 neurodegeneration models (Qi
et al, 2007; Barclay et al, 2014; Ito et al, 2015a, 2015b; Taniguchi
et al, 2016), and DNA damage is another condition to induce
senescence (d’Adda di Fagagna F, 2008; Schumacher et al, 2021;
Pessina et al, 2021). As expected, PQBP3/NOL7 was reduced in
nucleoli under expression of mutant Atxn1 (Fig. 10A,B) similarly to
other conditions. To confirm that all these conditions induced a
similar senescence in regards of cell cycle phase, we employed the
nuclear to cytoplasmic ratio of DNA helicase B (DHB) that is often
used as an indication of G0-as DHB is nuclear during quiescence
(Spencer et al, 2013). The sensor DHB-Ven in which amino acids
994-1087 of human DNA helicase B was fused to the yellow
fluorescent protein mVenus (Spencer et al, 2013) enabled us to
observe the nuclear to cytoplasmic ratio of DHB in HeLa (Fig. 10C),
which reflects CDK2 activity and cell cycle phase (Spencer et al,
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2013). The assay revealed that confluence senescence, proliferation
senescence, H,0,-induced senescence and mutant Atxnl-induced
senescence were basically similar in regards of their cell cycle stage
remaining at GO (Fig. 10C).

Therefore, our results have shown the similar change of PQBP3 not
only in replication senescence but also in damage-induced senescence.
Since this study aims to understand neuronal senescence in disease it is
important to know whether the same molecular interactions could
occur in DNA damage-induced neuronal senescence in vivo and not
only replicative senescence in vitro. Finally, for this purpose, we
examined the relationship between PQBP3/NOL7 and Atxnl in
mutant Atxnl knock in (Atxnl-KI = Scal*¥2Q) mice at 9 weeks of
age, when onset of the motor dysfunction occurs (Fig. 10D). This
allowed us to determine the in vivo effect of normal expression levels
of a mutant polyQ protein on endogenous PQBP3/NOL7 expression
and localization. Immunohistochemistry of cerebellar sections
revealed that nucleolar PQBP3/NOLY7 signal was decreased in Purkinje
cells of Atxnl-KI mice relative to wild-type littermate controls
(Fig. 10D). The signal intensity of Lamin B1 at the nuclear membrane
was decreased in the Purkinje cells of Atxn1-KI mice, while nuclear
membrane Lamin B1 signal was similar between Atxn1-KI and control
mice in granule cells (Fig. 10D). Interestingly, higher magnification of
Lamin BIl images of Purkinje cells of Atxnl-KI mice (Fig. 10D)
revealed blebbing and notches on the nuclear membrane, similar to
senescent HeLa cells under PQBP3-KD conditions (Fig. 5). Further,
PSME3 was localized to the nuclei of Purkinje cells in control mice
(Fig. 10E), but both PSME3 and PQBP3/NOL7 were dispersed in
the cytosol with low signal intensities in Purkinje cells of Atxnl-KI
mice (Fig. 10E). In addition, small puncta of ubiquitinated proteins
were accumulated at the periphery of nucleus and/or in the cytosol of
Purkinje cells of Atxnl-KI mice (Fig. 10E). This alteration of
expression patterns and levels of PQBP3/NOL7, PSME3 and Lamin
B1 was similar to that of H,O,-induced senescent HeLa cells (Fig. 8).
Immunohistochemistry for PQBP3, Atxnl and Ubiquitin revealed that
such PQBP3 puncta were costained with Atxnl and Ubiquitin
antibodies (Fig. 10F). Quantitative analyses of PQBP3/NOL?7 signals
that were merged or not merged with Atxnl indicated sequestration of
PQBP3/NOL7 to Atxnl foci in Purkinje cells of Atxnl-KI mice
(Fig. 10F).

Discussion

In the present study, we determined the molecular function of
PQBP3/NOL7, a protein that binds the polyQ tract sequence,
revealing its role as a negative regular of PSME3. In this context,
PQBP3/NOL7 prevents PSME3-regulated proteasomal degradation
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Figure 8. The tripartite complex of PQBP3/NOL7 and PSMES3 stabilizes Lamin B1.

(A) Protocol for transfection of EGFP-PQBP3 or EGFP expression plasmids and induction of senescence in Hela cells with hydrogen peroxide (H,0,). (B)
Immunocytochemistry of PQBP3, PSME3, and Lamin B1 in Hela cells with or without treatment. Upper image panels show Hela cells with or without H,O, treatment. A
portion of H,0,-treated cells (white arrows) lost the Lamin B1 ring at the nuclear membrane, and PQBP3 and PSME3 were dispersed to the cytosol in these cells. The right
graphs show signal densities of PQBP3 or PSME3 on the Lamin B1 ring (upper and middle graphs) and numbers of PQBP3-PSME3 colocalized dots on the Lamin B1 ring
(lower graph). The signal intensities of PQBP3 and PSME3 on the Lamin Bl-positive area were measured by ImageJ. (C) Immunoprecipitation analysis of the interactions
between PQBP3, PSME3, and Lamin B1. Left panels and right panels show input and output, respectively, of immunoprecipitations. Input panels show decreased PSME3 and
Lamin B1, after H,O, treatment. Output panels show suppressed interactions between Lamin B1 and PSME3 by EGFP-PQBP3 in coprecipitation. Black and gray arrows
indicate each proteins. (D) Qunatitative analyses of Lamin B1 protein levels normalized to GAPDH. (Lamin B1/GAPDH) Statistical significance was found in comparison of
(1 and (3) (#: p=10.0452), (2) and (4) (###: p=0.0006), and (3) and (4) (#: p = 0.0494). (PQBP3-EGFP) Statistical significance was found in comparison of (1) and
(2) (###: p<0.0001), (1) and (3) G##: p=0.0005), and (3) and (4) (###: p = 0.0002). (PSME3 in EGFP-IP) Statistical significance was found in comparison of (1) and
(2) (###: p<0.0001), (1) and (3) (#: p=0.006), and (3) and (4) (#: p = 00252). (Lamin B1in PSME3-IP) Statistical significance was found in comparison of (1) and (2)
(###: p<0.0007), (2) and (4) (##: p=0.0012), and (3) and (4) (##: p = 0.0093). (PSME3 in Lamin B1-IP) Statistical significance was found in comparison of (1) and (2)
(###: p<0.0001), (2) and (4) (#: p=0.0138), and (3) and (4) (#: p = 0.0111). (E) Immunoprecipitation analysis of the interactions between PQBP3, PSME3, and Lamin B1
was performed by these proteins endogenously expressed in Hela cells. Experiments in this figure were technically replicated until the necessary N was acquired. Box plots
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show the median and 25-75th percentile, and whiskers represent data outside the 25-75th percentile range. Source data are available online for this figure.

of Lamin B1, which is localized to the nuclear membrane under
physiological conditions but is decreased during senescence. In this
context, the nucleolus could function as a storage site for
antisenescent PQBP3/NOL7, which translocates to the nuclear
membrane under senescence stress. Consistently, we identified that
nucleolar PQBP3/NOL7 negatively correlated with cytoplasmic
genomic DNA, a typical cell senescence phenotype, under quiescent
and senescent states. Deficiency of PQBP3/NOL7 caused nuclear
membrane instability and subsequent leakage of nuclear DNA into
the cytosol. In this context, cytoplasmic genomic DNA activates
cGAS-STING signaling (Motwani et al, 2019; Skopelja-Gardner
et al, 2022), as does exogenous cytoplasmic DNA derived from
pathogens such as bacteria and viruses, to activate transcription of
genes that promote senescence-associated secretary phenotypes
(SASPs) (Coppé et al, 2010; Decout et al, 2021). Interestingly, in
this signaling cascade, PSME3 perpetuates a positive feedback loop
that stimulates NF-kB (Sun et al, 2016). On the other hand, our
findings revealed that exogenous expression of PQBP3/NOL7 in
senescent cells suppressed cytoplasmic genomic DNA accumula-
tion. Collectively, these data indicate that PQBP3/NOL7 functions
as a gatekeeper to prevent catastrophic acceleration of senescence.

The mechanism for Lamin B1 degradation in senescence is not
fully understood. Autophagic Lamin Bl degradation is thought to
occur in oncogene-induced senescence that is induced in diploid
fibroblasts expressing BRAF*® or H-RAS%'?V (Lenain et al, 2015),
while involvement of the ubiquitin-proteasome system in Lamin B1
degradation has not been sufficiently addressed. A ubiquitin-like
modifier peptide, UBX¥S, modifies Lamin B1, whereas the protein
modification is linked to subcellular localization but not linked to
degradation of Lamin Bl (Dubois et al, 2020). Therefore our
findings in this study present a scheme for senescence induction/
inhibition that a nucleolar protein PQBP5 is mobilized from
nucleolus to nuclear membrane to keep that stability and that the
deficiency of PQBP5 promotes nuclear membrane instability and
cell senescence.

PSMES3, the target of PQBP3/NOL7, is a proteasome activator
that forms 11S regulator complex to activate 20S core catalytic
complex of proteasome (Mao et al, 2008). Since PSME3 lacks the
ATPase activity (Li and Rechsteiner, 2001) PSME3 has been
considered to mediate ATP/ubiquitin-independent pathway of
proteasomal degradation (Mao et al, 2008), while its involvement in
ATP/ubiquitin-dependent pathway was also reported (Zhang and

© The Author(s)

Zhang, 2008). In addition, SUMOylation of target proteins is
suggested to activate degradation by PSME3 (Son et al, 2023). We
revealed in this study that hydrogen peroxide treatment induced
ubiquitination of Lamin B1 and decreased Lamin B1, whereas this
does not necessarily mean Lamin Bl degradation is ubiquitin-
dependent. We and others previously detected increase of
SUMOylated proteins in human SCA1 brains (Ueda et al, 2002;
Steffan et al, 2004) in which ubiquitination is also enhanced
(Cummings et al, 1999). Hence, ubiquitination and SUMOylation
could proceed in parallel in various conditions including aging and
neurodegeneration. Interestingly, SUMOylation of Lamin Bl was
reported in spinal cord injury recently (Fan et al, 2024), and we
found that hydrogen peroxide treatment enhanced both SUMOyla-
tion and ubiquitination of Lamin BI. Inhibition of SUMOylation
affects Lamin B1 protein degradation more remarkably than that of
ubiquitination, suggesting SUMOylated Lamin B1 is a substrate of
PSME3-activated proteasomal degradation. However, mechanisms
for PSME3-mediated degradation of Lamin B1 should be further
investigated in the future.

Decreased nucleolar PQBP3/NOL7 under quiescence/senes-
cence and suppression of the senescence phenotype by PQBP3/
NOL?7 overexpression raise the question of whether PQBP3/NOL7
is upstream or downstream of senescence pathways. Inflammation,
DNA damage, mitochondrial dysfunction, and other factors
activate senescence signaling pathways that ultimately result in
inhibition of CDK4/6, the critical executer stopping cell cycle
(McHugh and Gil, 2018). Senescence-induced depletion of PQBP3/
NOL?7 increases cytoplasmic genomic DNA, which mimics the
DNA damage phenotype but is independent of the DNA damage
response (DDR) signal, and further triggers a subsequent cycle of
senescence. In this case, PQBP3/NOL7 is downstream of senes-
cence pathway. Meanwhile, if PQBP3/NOL?7 is decreased by non-
senescence factors, this event triggers senescence. In this case,
PQBP3/NOL7 is upstream of senescence pathway.

In the context of neurodegeneration, overexpression of normal
and mutant Atxnl partially sequestered PQBP3/NOL7 to intra-
nuclear Atxnl inclusion bodies (or Atxnl speckles). In addition,
nuclear PQBP3/NOL7 was decreased, and the nuclear membrane
exhibited blebbing in the mouse SCAl model. These findings
support the notion that depletion of nucleolar or nuclear PQBP3/
NOL?7 by interaction with polyQ disease proteins could induce a
pathology like that of senescence. As previously demonstrated for
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Figure 9. Lamin B1 is ubiquitinated and degraded by PSME3.

(A) Sequential reprobing of the same filter with anti-Ubiquitin antibody and anti-Lamin B1 antibody revealed existence of ubiquitinated Lamin B1 (black arrow), which was
increased in Hela cells treated with hydrogen peroxide despite of the decrease of total Lamin B1. (B) Immunoprecipitation and detection of Lamin B1 by anti-Ubiquitin, anti-
SUMOT1, and anti-Lamin B1 antibodies to confirm existence of ubiquitinated and SUMOylated Lamin B1. The band detected in (A)) was confirmed by immunoprecipitation
as mono-ubiquitinated Lamin B1 (black arrow). In addition, some higher bands were shown as ubiquitinated Lamin B1 in Hela cells treated with hydrogen peroxide (red
arrow). Similarly, SUMOylated Lamin B1 were confirmed. The bands of ubiquitinated Lamin B1 were also reactive to SUMO1 (red arrow), indicating that two modifications
occurred simultaneously on Lamin B1. (C) Protein modifications were examined in GST-Lamin B1 and cell lysates from Hela cells with or without H,O, treatment
expressing EGFP-PQBP3 or EGFP by transient transfection. Considering the molecular weight 26 kDa of GST, the band indicated with balck arrow corresponds to the band
in (A), and it is mono-Ubiquitinated Lamin B1. The band size of blue arrow in SUMOT1 blot is consistent with SUMOylated and Ubiquitinated GST-Lamin B1, and
corresponds to SUMOylated and Ubiquitinated Lamin B1 detected in immunoprecipitation ((B), red arrow). Light gray arrow-indicated band in (B) corresponds to that in
((C)). (D) PSME3 knockdown by PSME3-siRNA (KD) and PSME3 overexpression by pCMV3-Myc-PSME3 revealed a reverse relationship between PSME3 and Lamin B1.
Ubiquitinated and/or SUMOylated LaminB1 was examined by western blot (upper panels) or immunoprecipitation (lower panels). Red and black arrows indicate modified
and non-modified Lamin B1 as described above. Right graphs show quantitative analyses of red arrow band intensities in Ub and SUMO blots subtracted by backgrounds
and corrected by Lamin B1. (PSME3) Statistical significance was found in comparison of (1) and (2) (###: p = 0.0007), (1) and (3) (###: p <0.0001), and (2) and (3)
(###: p < 0.0001). (Lamin B1) Statistical significance was found in comparison of (1) and (2) (#: p=0.0141), (1) and (3) (###: p <0.0001), and (2) and (3) (###:
p <0.0001) (GAPDH) Statistical significance was found in comparison of (1) and (3) (##: p=0.0014), and (2) and (3) (###: p = 0.0006). (Ub(85kDa)) Statistical
significance was found in comparison of (1) and (3) (##: p = 0.009), and (2) and (3) (#: p = 0.0157). (SUMO1(85kDa)) Statistical significance was found in comparison of
(1) and (3) (###: p=0.0004), and (2) and (3) (##: p = 0.0012). (Ub-Lamin B1) Statistical significance was found in comparison of (1) and (2) (###: p < 0.0001), (1) and
(3) (###: p<0.0001), and (2) and (3) (###: p = 0.0003). (SUMO-Lamin B1) Statistical significance was found in comparison of (1) and (2) (#: p = 0.0182), (1) and (3)
(###: p=0.0002), and (2) and (3) (#: p = 0.0238). (E) Inhibitors of ubiquitination (0.1 uM TAK-243) or SUMOylation (10 uM 2-D08) was added to the culture medium
of Hela cells, and the cells were transfected by pCMV3-Myc-PSME3 6 h later. Inhibition of SUMOylation suppressed Lamin B1 decrease by PSME3-OE (black arrow), and
the suppressive effect was smaller in inhibition of ubiquitination. Right panels confirm the effects of TAK-243 and 2-D08, respectively, on ubiquitination and SUMOylation,
in which the Lamin B1 band reactive to both anti-Ubiquitin and anti-SUMOT1 antibodies in Fig. 9B is indicated (red arrows). (Lamin B1) Statistical significance was found in
comparison of (1) and (4) (#: p = 0.0178), (2) and (3) (#: p = 0.0126), (2) and (4) G###: p <0.0001), and (3) and (4) (###: p = 0.0004). (Ub) Statistical significance
was found in comparison of (1) and (4) (##: p=0.003), (2) and (3) (##: p=0.0047), and (3) and (4) (#: p=0.0204). (SUMOT1) Statistical significance was found in
comparison of (1) and (4) (###: p=0.0002), (2) and (4) (##: p=0.0012), and (3) and (4) (###: p=0.0002). Experiments in this figure were technically replicated
until the necessary N was acquired. Box plots show the median and 25-75th percentile, and whiskers represent data outside the 25-75th percentile range. Source data are
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available online for this figure.

PQBPI in the contexts of SCA1l, HD, and AD (Waragai, 1999;
Okazawa et al, 2002; Tanaka et al, 2018; Jin et al, 2021), PQBP3/
NOL?7 could function as an additional hub molecule in common
pathologies across multiple neurodegenerative diseases. Though the
role of PQBP3/NOL7 in other neurodegenerative diseases was
beyond the scope of this study, it is important to address how other
polyQ proteins affect the function of PQBP3/NOL?7.

Multiple human genetics studies (Rass et al, 2007; McKinnon,
2013; Date et al, 2001; Moreira et al, 2001; Takashima et al, 2002;
Lee et al, 2015; Bettencourt et al, 2016; Ross and Truant, 2017;
Jones et al, 2017) and biological studies of cell/animal models
(Homma et al, 2021; Qi et al, 2007; Enokido et al, 2010; Fujita et al,
2013; Madabhushi et al, 2014; Maynard et al, 2015; Taniguchi et al,
2016; Tanaka et al, 2021) of neurodegenerative diseases have
demonstrated that neuronal DNA damage is a critical mechanism
of neurodegeneration, just like normal human and mouse aging (Lu
et al, 2004; Enokido et al, 2008). In these contexts, upstream
senescence factors such as DNA damage, senescence-induced
depletion of PQBP3/NOL7, and the resultant senescence-like
phenotypes such as cytoplasmic DNA leakage and activation of
the cGAS-STING pathway (Jin et al, 2021; Mackenzie et al, 2017)
comprise a positive feedback loop. Needless to say, multiple factors,
which have been identified by various studies (Homma et al, 2021;
Qi et al, 2007; Enokido et al, 2010; Fujita et al, 2013; Madabhushi
et al, 2014; Maynard et al, 2015; Taniguchi et al, 2016; Tanaka et al,
2021), are also directly or indirectly involved in the feedback loops
of neurodegeneration.

Consistent with previous reports that gene mutations or
increased protein levels of PQBP3/NOL7 are associated with
various cancers (Pinho et al, 2019; Hasina et al, 2006; Dogi et al,
2012; Li et al, 2021), our findings indirectly suggested that PQBP3/
NOL7 increases cellular resilience and resistance to cell death in

© The Author(s)

some contexts. Importantly, the senescence phenotype is induced in
some cancer cells, which could affect their responses to anticancer
drugs and irradiation (Wang et al, 2022). Given that PQBP3/NOL7
is a gatekeeper of cell aging in senescent or diseased cells, PQBP3/
NOL?7 is a potential therapeutic target for cancer, neurodegenera-
tion, and aging. However, because the expected effects of
therapeutic drugs on cancer and on neurodegeneration or aging
are opposite, side effects on the other category of diseases should be
rigorously assessed.

An additional finding applicable to basic biology is the
relationship between nucleolar proteins and nuclear stability.
During senescence, PQBP3/NOL?7 is dynamically translocated from
the nucleolus to the nucleoplasm, and subsequently from the
nucleoplasm to the cytosol. In the present study, we identified that
PQBP3/NOL7 suppresses the protein ubiquitination activity of
PSMES3, preventing Lamin B1 degradation and subsequent nuclear
instability. The effect of the PQBP3/NOL7-PSME3 axis on
additional target proteins other than Lamin BI and in other types
of neurodegenerative diseases should be investigated in future
studies. In addition, phosphorylation and/or other protein
modifications of PQBP3/NOL7 could influence its biological
activity or cellular localization. Especially, mTOR signaling could
affect PQBP3/NOL?7, as this axis plays a critical role in senescence
(Leontieva et al, 2014).
investigations would delineate the regulatory mechanisms of
pathologies such as cancer and neurodegeneration. Interestingly,
a recent study performing single-nucleus RNA-seq together with
immunohistochemistry of various stages of Alzheimer’s disease
revealed that tau accumulation is associated with the senescence
eigengenes in neurons (Dehkordi et al, 2021). PQBP1, which
interact intracellularly with tau to activate the cGAS-STING
pathway (Jin et al, 2021), or potentially PQBP3/NOL7, are

These detailed future mechanistic
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Figure 10. PQBP3/NOL7 in cell and animal models of polyQ diseases.

(A) Colocalization of PQBP3/NOL7 and polyQ disease proteins in cell models.
Left panels show single expression of a polyQ disease protein fused to DsRed
(DsRed-Atxn1, DsRed-Atxn7, DsRed-Htt, and DsRed-AR) containing a normal or
mutant length of polyQ sequence. A small portion of DsRed-Atxn1 formed
nuclear speckles in both normal and mutant polyQ lengths, while most of
DsRed-Atxn1 exhibited relatively homogeneous nucleoplasm distribution.
DsRed-Atxn7 was dominantly distributed in nucleoli. In most cells, DsRed-Htt
was predominantly distributed around the nucleus in the cytoplasm, while a part
of mutant DsRed-Htt formed cytoplasmic inclusion bodies, as we reported
previously (Tagawa et al, 2004). DsRed-AR, in the absence of androgen
treatment, was distributed in the cytoplasm. (B) Expression of EGFP-PQBP3
changes the cellular distribution of polyQ disease proteins. EGFP-PQBP3
colocalized with Atxn1 on the nucleoli, while a portion of EGFP-PQBP3 formed
nucleoli composed only of PQBP3. EGFP-PQBP3 colocalized with Atxn7 at
fibrillarin-positive nucleleoli. EGFP-PQBP3 coexpression shifted localization of
DsRed-Htt and DsRed-AR from the cytoplasm to the nucleoli. (C) Evaluation of
senescence by DHB-mVenus in three types of induction, confluence quiescence,
proliferation senescence, H202 senescence, and mutant Atxnl expression.
Representative nuclear and cytoplasmic images of DHB-mVenus and quanti-
tative analysis of the percentage of senescence-phenotype cells, in which DHB-
mVenus was distributed only in nucleus, among total pDHB-mVenus-
transfected cells are shown. (D) Immunohistochemistry for PQBP3/NOL7 and
Lamin B1 in cerebellar cortex of Atxnl-KI mice and littermate controls at

9 weeks of age. Nucleolar PQBP3/NOL7 signal was decreased in Purkinje cells
of Atxn1-KI mice, and nuclear membrane Lamin B1 signal in Purkinje cells also
decreased (white arrows). High-magnification original and enhanced images
revealed notches and blebbing of nuclear membranes in Purkinje cells of Atxnl-
Kl mice (white arrow). On the other hand, Lamin B1 signals were unaltered in
granule cells. (E) Immunohistochemistry for Atxn1/PSME3/Ubiquitin (left
panels) and PQBP3/PSME3/Ubiquitin (right panels) in cerebellar cortexes
prepared from Atxnl-KI mice and littermate controls at 9 weeks of age. In a
portion of Purkinje cells of Atxnl1-KI mice, Atxn1 formed nuclear inclusions with
ubiquitin (white arrow), while nuclear PSME3 was decreased. PQBP3 was
detected in Purkinje cell nuclei of control mice (white arrow) but decreased in
Purkinje cell nuclei of Atxn1-KI mice. PSME3 was localized to the nucleus of
Purkinje cells in control mice but dispersed to the cytoplasm in Atxn1-KI mice.
These changes in expression and localization of PSME3, PQBP3, and Lamin B1
were homologous to those observed in H,0,-induced senescent Hela cells
(Fig. 8). (F) Immunohistochemistry for PQBP3/Atxn1/Ubiquitin (left panels) in
cerebellar cortexes prepared from Atxn1-KI mice and littermate controls at

9 weeks of age. PQBP3 puncta located at the periphery of nucleus and/or in the
cytoplasm (white thin arrows) were costained with Atxn1 and Ubiquitin
antibodies in abnormal Purkinje cells (yellow thick arrow), while nucleolus of
relatively normal Purkinje cells (light blue thick arrow) was also found in Atxnl-
Kl mice at 9 weeks. Lower graphs show quantitative analyses of signal intensity
of PQBP3 merged with Atxn1 in Purkinje cells, signal intensity of PQBP3 non-
merged with Atxn1 in Purkinje cells, and signal intensity of PQBP3 in nucleoli of
Purkinje cells. Experiments in this figure were technically replicated until the
necessary N was acquired. Box plots show the median and 25-75th percentile,
and whiskers represent data outside the 25-75th percentile range. Source data
are available online for this figure.

candidate genes that could connect tau accumulation with the
senescence phenotype.

Senescence in cancer is controversial. Senescent tumor cells
cease proliferation, and therefore senescence is considered to be
beneficial for decreasing the rate of tumor mass enlargement and
overall malignancy (Wang et al, 2022; Schmitt et al, 2022). On the
other hand, senescent tumor cells are protumorigenic in some cases
and acquire resistance to cancer therapeutics (Wang et al, 2022;
Schmitt et al, 2022), potentially promoting conversion to cancer
stem cells (Milanovic et al, 2018). Currently, the effect of cancer-
associated mutations on PQBP3/NOL?7 functional changes has not
been elucidated. Our findings in the present study that PQBP3/
NOL7 inhibits senescence could provide a hint for determining
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how functional changes of PQBP3/NOL7 regulated by cancer-
associated mutations of the human PQBP3/NOL7 gene could
influence cancer pathogeneses.

Methods

Cell culture

HelLa cells (RCB0007) were cultured in Dulbecco’s modified Eagle’s
medium (Sigma-Aldrich, #5796, MO, USA) containing 10% fetal
bovine serum (#15140-122, Gibco, NY, USA) and 1% penicillin-
streptomycin (#10270-106, Gibco, NY, USA). Cells were incubated
in 5% CO, at 37°C. Cells were passaged once every 4 days. To
detach cells, after washing with PBS three times, 1 ml 0.25%
Trypsin-EDTA (#25200-056, Gibco, NY, USA) diluted with 5x
volumes of PBS was added to dishes for 5 min at 37 °C, and culture
medium was added to terminate the trypsin reaction prior to cell
collection. The cell suspension was then centrifuged, and the
supernatant was aspirated. Cell pellets were resuspended in
medium and seeded into new culture dishes at a 1:10 ratio.

Immunocytochemistry

HeLa cells were fixed with 4% formaldehyde and subsequently
permeabilized by incubation with 0.1% Triton X-100 in PBS for
10 min at room temperature (RT). After blocking with 0.1% tween
20, 300 mM glycine diluted in PBS containing 10 mg/ml BSA or
with PBS containing 10% fetal bovine serum for 30 min at room
temperature, cells were incubated with primary antibodies for 16 h
at 4 °C and with secondary antibodies for 1 h at RT. The following
primary antibodies were used: mouse anti-NOL7 antibody (1:100
or 1:50 for each experiment, #H00051406-B01P, Abnova, Taipei
City, Taiwan), rabbit antifibrillarin antibody (1:100, #ab166630,
Abcam, Cambridge, UK), and mouse antinucleolin antibody
(1:5000, #ab13541, Abcam, Cambridge, UK). The following
secondary antibodies were used: antimouse IgG Alexa Fluor 488-
conjugated (1:1000, #A21202, Thermo Fisher Scientific, MA, USA),
donkey antirabbit IgG Alexa Fluor 594-conjugated (1:1000,
#A21206, Thermo Fisher Scientific, MA, USA), and antimouse
IgG Alexa Fluor 647-conjugated (1:1000, #A31571, Thermo Fisher
Scientific, MA, USA). Nuclei were stained with Hoechst 33343
(1:100, #H342, DOJINDO Laboratories, Kumamoto, Japan) for
30 min at 37 °C or DAPI (1:5000, #D523, DOJINDO Laboratories,
Kumamoto, Japan) 15 min at RT. All images were acquired with
confocal microscopy (FV1200IX83, Olympus, Tokyo, Japan).

siRNA knockdown of PQBP3/NOL7

Human NOL7-siRNA (#sc-95562, Santa Cruz, Dallas, TX, USA) or
Trilencer-27 universal scrambled negative control siRNA duplex
(#SR30004, OriGene, Rockville, MD, USA) was labeled using a
Label IT siRNA Tracker Cy5 Kit (#MIR7213, Mirus, WI, USA).
One pmol Cy5-labeled siRNA was transfected into HeLa cells with
Lipofectamine RNAIMAX (#13778075, Thermo Fisher, Waltham,
MA, USA). Twenty-four hours later, cells were stained with
Hoechst 33343 (1:100, #H342, DOJINDO Laboratories, Kuma-
moto, Japan) for 30 min at 37 °C, fixed with 4% formaldehyde in
PBS at room temperature for 10 min, treated with 0.1% Triton in
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PBS for 10 min, and blocked with PBS containing 10% fetal bovine
serum for 30 min at RT. Cells were incubated with anti-NOL7
antibody (1:50, FL-257 H00051406-BO1P, Novus Biologicals)
diluted in dilution buffer (2% fetal bovine serum, 0.1% Triton in
PBS) for 10h at 4°C, followed by incubation with Donkey
antimouse IgG (H+L) Alexa Fluor 488 (1:1000, #A21202 Molecular
Probes, Eugene, OR, USA).

Plasmid construction and transfection

To construct the pEGFP-C1-PQBP3 and pEGFP-NI1-PQBP3
plasmids, PQBP3-coding inserts were amplified from PQBP3-
pcDNA3.17/C-(K)-DYK (GenScript, New Jersey, USA). The primer
sets were used as follows:

(pEGFP-C1-PQBP3) forward: 5'-atgcgaattctatggtgcagcetccgaccg-
3/, reverse: 3'-atgcgtcgacttacttcttagttttcatctttct-5’

(pEGFP-N1-PQBP3) forward: 5'-atgcgaattctatggtgcagctccgaccg-
3/, reverse: 3/-atgcggatcccgcttcttagttttcaatctttctga-5'.

After the amplification products were digested by EcoRI and Sall
or EcoRI and BamH]I, they were subcloned into pEGFP-C1 plasmid
(Addgene, MA, USA) or pEGFP-N1 plasmid (Addgene, MA, USA).

To construct the fusion plasmid of Atxnl-33Q/86Q, Atxn7-
10Q/92Q, Htt-20Q/103Q, or AR-24Q/64Q in pDsRed-monomer-
C1 were generated as described previously (Fujita et al, 2013).
Briefly, to construct plasmids expressing Atxnl-33Q/86Q, Atxn7-
10Q/92Q, Htt-20Q/103Q, or AR-24Q/64Q in pDsRed-monomer-
C1 plasmid (Clontech, CA, USA) was digested by Xhol and EcoR],
HindIIl and Sall, BamHI and Xhol, or Xhol and BamHI.

Hela cells were transfected with 3 pg/ml plasmids using
Lipofectamine 2000 transfection reagent (#11668019, Thermo
Fisher Scientific, Waltham, MA, USA). After 48 h, cells were fixed
with 4% formaldehyde.

Senescence induction

Hela cells were transfected with pEGFP-C1-PQBP3 and pEGFP-
Cl plasmids, respectively, using Lipofectamine 2000 Reagent
(#11668019, Thermo Fisher Scientific, Waltham, MA, USA). After
reaching 60% confluency, cells were treated with 150 uM hydrogen
peroxide (#081-04215, Wako, Osaka, Japan) diluted in high-glucose
DMEM (#11965092, Thermo Fisher Scientific, Waltham, MA,
USA) containing 10% FBS (#10437, Gibco, MA, USA). After 24 h,
medium was removed, and cells were washed thoroughly with PBS
and subsequently cultured in fresh medium (high-glucose DMEM
(#11965092, Thermo Fisher Scientific, Waltham, MA, USA)
containing 10% FBS (#10437, Gibco, MA, USA).

Subcellular fractionation

HeLa cells were treated with 10 pM MHY1485 an activator of
mTOR for 4h, and collected by a cell scraper, and centrifuged at
1000 x g for 5 min at 4 °C. The pellet was resuspended in 8x vol of
lysis buffer (20 mM Hepes pH 7.9, 1 mM dithiothreitol (DTT),
1 mM EDTA, 10% Glycerol, 0.5 mM spermidine, and 0.5% protease
inhibitor cocktail (Calbiochem, San Diego, CA, USA) with 0.3%
Nonidet P-40), placed on ice for 5min, and centrifuged at
15,000 x g for 10min at 4°C. The supernatant was used as
cytoplasmic fraction. The pellet was suspended again with 1x vol
of the lysis buffer, added with 2 M KCl, mixed gently, placed on ice
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for 30 min, and centrifuged at 100,000 x g for 30 min at 4 °C. The
supernatant was used as nuclear fraction for Western Blotting. The
following primary antibodies were used: anti-mTOR antibody
(1:5000, #66888-1-IG, ProteinTech), anti-Phospho-mTOR
(Ser2448) antibody (1:1000, #2971S, Cell Signaling Technology).

Immunoprecipitation

HeLa cells were transfected with pEGFP-C1-PQBP3 and pEGFP-
C1 plasmids, respectively, and senescence was induced with 150 uM
hydrogen peroxide. Cells were then harvested and lysed with TNE
buffer (10 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1%
Nonidet P-40) containing protease inhibitor cocktail (#539134,
Merck Millipore). Lysates were rotated for 30 min at 4°C and
centrifuged at 10,000 x g for 5 min at 4 °C. Each supernatant was
incubated with a 50% slurry of Protein-G Sepharose beads
(17061801, GE Healthcare) for 2 h at 4 °C, followed by centrifuga-
tion at 2000 x g for 2 min at 4 °C. The supernatants were incubated
with antibody for 16 h at 4 °C with rotation, followed by addition
of 40 pL 50% Protein-G Sepharose and rotation for 2 h at 4 °C. The
beads were washed three times with TNE buffer, and 30 uL sample
buffer (125 mM Tris-HCl (pH 6.8), 4% (w/v) SDS, 5% (v/v) 2-
mercaptoethanol, 10% (v/v) glycerol, and 0.0025% (w/v) bromo-
phenol blue) was added to each sample. Antibodies for immuno-
precipitation analysis included rabbit anti-PSME3 antibody (1:100,
#PA5-17333, Thermo Fisher Scientific, Waltham, MA, USA), rabbit
anti-GFP antibody (1:500, #ab6556, Abcam, Cambridge, UK), and
rabbit anti-Lamin Bl antibody (1:300, #ab16048, Abcam, Cam-
bridge, UK). Samples were boiled at 95 °C for 10 min followed by
SDS-PAGE and transferred to Immobilon-P polyvinylidene
difluoride membranes (Millipore). Antibodies for western blot
analysis included rabbit anti-PSME3 antibody (1:3000, #PA5-
17333, Thermo Fisher Scientific, Waltham, MA, USA), mouse anti-
GFP antibody (1:5000, #sc9996, Santa Cruz Biotechnology, Dallas,
TX, USA), rabbit anti-Lamin Bl antibody (1:3000, #ab16048,
Abcam, Cambridge, UK), mouse anti-Ubiquitin antibody (1:2500,
#3936, Cell Signaling Technology, Danvers, MA, USA), mouse anti-
GAPDH antibody (1:6000, #MAB374, Millipore), trueblot anti-
rabbit IgG HRP (1:2000, 18-8816-33, Rockland Immunochemicals
Inc., PA, USA), and trueblot antimouse IgG HRP (1:2000, 18-8817-
33, Rockland Immunochemicals Inc., PA, USA).

Hela cells in culture with DMEM medium (D5796, Sigma-
Aldrich, St. Louis, MO, USA) with 10% Fetal Bovine Serum
(#10270106, Gibco, MA, USA) were treated with 150 pM hydrogen
peroxide for 24h, and the medium was exchanged to remove
hydrogen peroxide. After 24 h, cells were collected with ice-cold
PBS, and cell pellets were lysed by 300 pL RIPA buffer (10 mM
Tris-HCL (pH 7.5), 150mM NaCl, ImM EDTA-2Na, 1% Triton X-
100, 0.1% SDS, 0.1% deoxycholate, 1:250 protease inhibitor cocktail
(Millipore, #539134)). After centrifugation (10,000 x g x10 min), in
gentle rotation lysates were pre-incubated with protein G sepharose
((17061801, GE Healthcare, Chicago, IL, USA), 50% slurry in RIPA
buffer) for 1h at 4°C, incubated with rabbit anti-Lamin Bl
antibody (#ab16048, Abcam, Cambridge, UK), anti-PSME3 anti-
body (#PA5-17333, Thermo Fisher Scientific, Waltham, MA, USA)
or anti-GFP antibody (#sc9996, Santa Cruz Biotechnology, Dallas,
TX, USA) at 1:300 dilution for 16h at 4°C, and mixed with
protein G sepharose (50% slurry in RIPA buffer) for 4 h. After three
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times of rinse with RIPA buffer, immunoprecipitates were eluted
from protein G sepharose with equal volume of sample buffer.

iPSC culture and differentiation to pan-neurons

Normal iPSCs (ASE-9203, Applied StemCell, CA, USA) were
differentiated to pan-neurons as described previously (Tanaka et al
2021). Briefly, iPSCs were cultured in TeSR-E8 medium (STEM-
CELL Technologies, BC, Canada) with 10 pM Y27632 (253-00513,
Wako, Osaka, Japan). After 24 h, medium was changed to Stem Fit
(AKO2N, Ajinomoto, Tokyo, Japan) containing 5uM SB431542
(13031, Cayman Chemical, Ann Arbor, MI, USA), 5uM
CHIR99021 (13122, Cayman Chemical, Ann Arbor, MI, USA),
and 5 puM dorsomorphin (044-33751, Wako, Osaka, Japan). After
5 days, iPS cells were dissociated with TrypLE Select (12563-011,
Thermo Fisher Scientificc, MA, USA). Neurospheres were then
cultured in KBM medium (16050100, KHOJIN BIO, Saitama,
Japan) with 20ng/mL Human-FGF-basic (100-18B, Peprotech,
London, UK), 10 ng/mL Recombinant Human LIF (NU0013-1,
Nacalai, Kyoto, Japan), 10 uM Y27632 (253-00513, Wako, Osaka,
Japan), 3 uM CHIR99021 (13122, Cayman Chemical, Ann Arbor,
MI, USA), and 2 uM SB431542 (13031, Cayman Chemical, Ann
Arbor, MI, USA) for 10 days. Finally, neurospheres were
dissociated and seeded onto chambers coated with poly-L-
ornithine (P3655, Sigma-Aldrich, St. Louis, MO, USA) and laminin
(23016015, Thermo Fisher Scientific, Waltham, MA, USA) to
differentiate to pan-neurons. The pan-neurons were cultured in
DMEM/F12 (D6421, Sigma-Aldrich, St. Louis, MO, USA) supple-
mented with 2% B27 (17504044, Thermo Fisher Scientific,
Waltham, MA, USA), 1% Glutamax (35050061, Thermo Fisher
Scientific, Waltham, MA, USA), and 1% penicillin/streptomycin
(15140-122, Thermo Fisher Scientific, Waltham, MA, USA).

After 4 days from neurosphere seeding, pan-neurons were
transfected with 1.5pl of 2 uM PSME3 siRNA (#sc-106344, Santa
Cruz) with RNAIMAX (#13778075, Thermo Fisher) or pPCMV3-Myc-
PSME3 (#HG14682-NM, Sino Biological) by Lipofectamine 2000
transfection reagent (#11668019, Thermo Fisher). After another one
day, pan-neurons were fixed with 4% formaldehyde, and stained with
anti-H3K9Me3 antibody (1:100, #GTX121677, GeneTex), anti-beta-
galactosidase antibody (1:200, #15518-1-AP, Protein Tech) and/or
anti-PSME3 antibody (1:200, #14907-1-AP, Protein Tech) for 16 h at
4°C, and with secondary antibodies (anti-mouse I1gG Alexa Fluor
488-conjugated (1:1000, #A21202, Thermo Fisher Scientific, MA,
USA), donkey anti-rabbit IgG Alexa Fluor 594-conjugated (1:1000,
#A21206, Thermo Fisher Scientific, MA, USA) for 1 h at RT. Images
were taken by confocal microscopy (FV1200IX83, Olympus, Tokyo,
Japan). Pan-neurons were also stained with mouse anti-NOL7
antibody (1:100 for each experiment, #H00051406-B01P, Abnova,
Taipei City, Taiwan), rabbit anti-fibrillarin antibody (1:100,
#ab166630, Abcam, Cambridge, UK), and/or mouse anti-nucleolin
antibody (1:5000, #ab13541, Abcam, Cambridge, UK), and then with
Alexa Fluor 488-conjugated anti-mouse IgG (1:1000, #A21202,
Thermo Fisher Scientific, MA, USA), Alexa Fluor 594-conjugated
donkey anti-rabbit IgG (1:1000, #A21206, Thermo Fisher Scientific,
MA, USA) or Alexa Fluor 647-conjugated anti-mouse IgG (1:1000,
#A31571, Thermo Fisher Scientific, MA, USA) for 1 h at RT. Images
were acquired with super-resolution microscopy (SpinSR10, Olym-
pus, Tokyo, Japan).
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In vitro Lamin B1 ubiquitination

HelLa cells were plated at 1.5 x 10° cells/10 cm dish and transfected
with pEGFP-C1-PQBP3 and pEGFP-C1 plasmids, respectively, and
senescence was subsequently induced with 150 uM hydrogen
peroxide. Cells were harvested and lysed with 1000 ul TNE buffer
per 10 cm dish (10 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM
EDTA, 1% Nonidet P-40) containing protease inhibitor cocktail
(#539134, Merck Millipore). Lysates were rotated for 30 min at 4 °C
and centrifuged at 10,000 x g for 5min at 4 °C. Each supernatant
was mixed with 30 nM GST-tagged recombinant Lamin B1 protein
(#H00004001-P01, Abnova, Taipei City, Taiwan) and rotated for
2h at 25°C. The samples were mixed with an equal volume of
sample buffer (125 mM Tris-HCI (pH 6.8), 4% (w/v) SDS, 5% (v/v)
2-mercaptoethanol, 10% (v/v) glycerol, and 0.0025% (w/v)
bromophenol blue) and boiled at 95°C for 10 min. Samples were
separated by SDS-PAGE and transferred to Immobilon-P poly-
vinylidene difluoride membranes (Millipore) using semidry trans-
fer. Membranes were blocked by incubation in 5% milk in TBST
(10 mM Tris/HCI (pH 8.0), 150 mM NacCl, 0.05% Tween-20), and
incubated with mouse anti-GFP antibody (1:5000, #sc9996, Santa
Cruz Biotechnology, Dallas, TX, USA); mouse anti-Ubiquitin
antibody (1:2500, #3936, Cell Signaling Technology, Danvers,
MA, USA); or rabbit anti-GST antibody (1:5000, #sc459, Santa
Cruz Biotechnology, Dallas, TX, USA) overnight at 4°C. Mem-
branes were subsequently incubated with HRP-linked antirabbit
IgG (1:3000, #NA934, GE Healthcare) or HRP-linked antimouse
IgG (1:3000, #NA931, GE Healthcare) secondary antibodies for 1 h
at RT. Proteins were detected with ECL Prime Western Blotting
Detection Reagent (RPN2232, GE Healthcare) and a luminescent
image analyzer (ImageQuant LAS 500, GE Healthcare).

Inhibition of ubiquitination and SUMOylation

5 x 10° HeLa cells were treated with 0.1 uM ubiquitination inhibitor
TAK-243 (#S8341, Selleck, Houston, TX, USA) or 10 uM
SUMOylation inhibitor 2-D08 (#S8696, Selleck, Houston, TX,
USA) for 6 h before cells were transfected with 3 pg pCMV3-Myc-
PSME3 (#HG14682-NM, Sino Biological) using Lipofectamine
2000 transfection reagent (#11668019, Thermo Fisher Scientific,
Waltham, MA, USA). After 24 h of transfection, cells were collected
with TNE buffer (10 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM
EDTA, 1% Nonidet P-40) containing protease inhibitor cocktail
(#539134, Merck Millipore), mixed with an equal volume of sample
buffer (125 mM Tris-HCl (pH 6.8), 4% (w/v) SDS, 5% (v/v) 2-
mercaptoethanol, 10% (v/v) glycerol, and 0.0025% (w/v) bromo-
phenol blue) and used for western blot analysis with anti-Lamin B1
antibody (1:10,000, #ab16048, Abcam, Cambridge, UK) or anti-
Histone H4 antibody (1:5000, #ab31830, Abcam, Cambridge, UK)
followed by HRP-linked antirabbit IgG (1:3000, #NA934, GE
Healthcare) or HRP-linked antimouse IgG (1:3000, #NA931, GE
Healthcare), respectively.

DAPI signal measurement
The signal intensity of DAPI was measured using Fiji (with Image]
1.53q, National Institutes of Health, USA) (Schindelin et al, 2012).

To exclude noise distributed throughout the visual field, the
“Threshold” function in Fiji was applied to the blue channel of each
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image with the “Auto” threshold. After excluding noise, the region
of interest (ROI) was manually specified to cover the nuclei and/or
cells. The area of the ROI and mean gray value in the ROI were
measured, and the integrated density (IntDen) was calculated by
the product of [Area of ROI] x [mean gray value in ROI]. IntDen
was used as the intensity value of DAPI signal in the ROL

Immunoelectron microscopy

Hela cells (1 x 10* Cells in 500 pL) were transfected with 6 nM of
Cyb5-labeled Human NOL7-siRNA (#sc-95562, Santa Cruz, Dallas,
TX, USA) or Trilencer-27 universal scrambled negative control
siRNA duplex (#SR30004, OriGene, Rockville, MD, USA). After 24
h, the cells were fixed with fixation buffer (4% paraformaldehyde,
0.1% glutaraldehyde in 0.1 M phosphate buffer) for 15 min at 25 °C
and incubated in blocking buffer (50 mM NH,CI, 0.1% Saponin, 1%
BSA) for 1h at 25°C. The cells were stained with mouse anti-Cy5
antibody (1:50, #ab52061, Abcam) for 16h at 25 °C, and incubated
with Nanogold-IgG goat anti-mouse IgG (H +1L) (1:200, #2002,
Nanoprobes, Yaphank, NY, USA) for 2 h at 25 °C. Nanogold signals
were enhanced with GoldEnhance™ EM (#2113, Nanoprobes) for
5 min at 25 °C. After fixation in 1% glutaraldehyde in 0.2 M HEPES,
cells were post-fixed with 1% OsO, for 30min at 4°C and
dehydrated through a graded ethanol series. The samples were
incubated twice with propylene oxide for 15 min each, once with a
1:1 mixture of propylene oxide and epon for 4 h at 25 °C, once with
a 1:3 mixture of propylene oxide and epon 16h at 25°C, then
embedded in pure epon for 3 days. Ultrathin sections (80 nm) were
prepared with a ultramicrotome (UC7, Leica, Wetzlar, Germany)
and stained with uranyl acetate and lead citrate. Ultrathin sections
were observed by electron microscopy (JEM-1400, JEOL, Tokyo,

Japan).
Mutant Atxn1-KI mice

Mutant Atxnl-KI mouse (Scal'**¥?Q) js a generous gift from Prof.
Huda Y. Zoghbi (Baylor College of Medicine, TX, USA) (Watase
et al, 2002). The background mice (C57BL/6]J) were used for
breeding. The numbers of CAG repeat, which was checked by the
following method, were changed after multiple times of crossing,
and in this specific study, heterozygous KI mice with repeat
numbers from 125 to 140 repeats were used. The mice were
maintained at 22 °C, under suitable humidity (typically 50%), and
with a 12-h dark/light cycle.

Statistics and reproducibility

Statistical analyses for biological experiments were performed using
Graphpad Prism 8. Biological data following a normal distribution
are presented as the mean + SEM, with Tukey’s HSD test for multiple
group comparisons or with Welch’s t-test for two group comparisons.
The distribution of observed data was depicted with box plots, with
the data also plotted as dots. Box plots show the medians, quartiles,
and whiskers, which represent data outside the 25th-75th percentile
range. Data not following a normal distribution are examined by
Wilcoxon’s rank-sum test with post-hoc Bonferroni correction. To
obtain each data, we performed biologically independent experi-
ments. The number of samples was indicated in each figure and figure
legends. No sample size calculation was performed, and the sample
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size were similar to those reported in previous publications, PubMed
ID 38594382 and 38017287. Simple randomization was performed to
allocate samples and/or images to researchers before analysis. The
selection of images from immunohistochemistry/immunocytochem-
isty and the actual experiments of IHC/ICC were done by different
researchers. In vitro live-cell imaging were done by different
researchers. Experiments for quantitative analyses were technically
replicated until the necessary N was acquired. The information about
group allocation or samples were opened to the data analyst or image
acquisition researchers after finalizing results (make graphs etc).

Ethics

This study was performed in strict accordance with the recom-
mendations of the Guide for the Care and Use of Laboratory
Animals of the Japanese Government and the National Institutes of
Health. All animal experiments were performed in accordance with
Animal Research: Reporting in vivo Experiments (ARRIVE)
guidelines and were approved by the Committees on Gene
Recombination Experiments and Animal Experiments of Tokyo
Medical and Dental University (G2018-082C5 and A2023-113A).

Data availability

All data generated or analyzed during this study are included in this
article. Source data are provided with the paper.

The source data of this paper are collected in the following
database record: biostudies:S-SCDT-10_1038-S44318-024-00192-4.

Expanded view data, supplementary information, appendices are
available for this paper at https://doi.org/10.1038/s44318-024-00192-4.

Peer review information

A peer review file is available at https://doi.org/10.1038/s44318-024-00192-4

References

Ahmad Y, Boisvert F-M, Gregor P, Cobley A, Lamond Al (2009) NOPdb:
nucleolar proteome database—2008 update. Nucleic Acids Res 37:D181-D184

Barclay SS, Tamura T, Ito H, Fujita K, Tagawa K, Shimamura T, Katsuta A,
Shiwaku H, Sone M, Imoto S, Miyano S, Okazawa H (2014) Systems biology
analysis of Drosophila in vivo screen data elucidates core networks for DNA
damage repair in SCA1. Hum Mol Genet 23:1345-1364

Bettencourt C, Hensman-Moss D, Flower M, Wiethoff S, Brice A, Goizet C,
Stevanin G, Koutsis G, Karadima G, Panas M et al (2016) DNA repair
pathways underlie a common genetic mechanism modulating onset in
polyglutamine diseases. Ann Neurol 79:983-990

Biggiogera M, Biirki K, Kaufmann SH, Shaper JH, Gas N, Amalric F, Fakan S (1990)
Nucleolar distribution of proteins B23 and nucleolin in mouse preimplantation
embryos as visualized by immunoelectron microscopy. Development
110:1263-1270

Boisvert F-M, van Koningsbruggen S, Navascués J, Lamond Al (2007) The
multifunctional nucleolus. Nat Rev Mol Cell Biol 8:574-585

Boulon S, Westman BJ, Hutten S, Boisvert F-M, Lamond Al (2010) The nucleolus
under stress. Mol Cell 40:216-227

3988 The EMBO Journal Volume 43 | Issue 18 | September 2024 | 3968 - 3999

Yuki Yoshioka et al

Burtner C, Kennedy B (2010) Progeria syndromes and ageing: what is the
connection? Nat Rev Mol Cell Biol 11:567-578

Chai Y, Shao J, Miller VM, Williams A, Paulson HL (2002) Live-cell imaging
reveals divergent intracellular dynamics of polyglutamine disease proteins and
supports a sequestration model of pathogenesis. Proc Natl Acad Sci USA
99:9310-9315

Childs BG, Baker DJ, Kirkland JL, Campisi J, van Deursen JM (2014) Senescence
and apoptosis: dueling or complementary cell fates? EMBO Rep 15:1139-1153

Cohn RL, Gasek NS, Kuchel GA, Xu M (2023) The heterogeneity of cellular
senescence: insights at the single-cell level. Trends Cell Biol 33:9-17

Coppé J-P, Desprez P-Y, Krtolica A, Campisi J (2010) The senescence-associated
secretory phenotype: the dark side of tumor suppression. Annu Rev Pathol
5:99-118

Cummings CJ, Reinstein E, Sun Y, Antalffy B, Jiang Y, Ciechanover A, Orr HT,
Beaudet AL, Zoghbi HY (1999) Mutation of the E6-AP ubiquitin ligase reduces
nuclear inclusion frequency while accelerating polyglutamine-induced
pathology in SCAT mice. Neuron 24:879-892

d’'Adda di Fagagna F (2008) Living on a break: cellular senescence as a DNA-
damage response. Nat Rev Cancer 8:512-522

Date H, Onodera O, Tanaka H, lwabuchi K, Uekawa K, Igarashi S, Koike R, Hiroi T,
Yuasa T, Awaya Y et al (2001) Early-onset ataxia with ocular motor apraxia
and hypoalbuminemia is caused by mutations in a new HIT superfamily gene.
Nat Genet 29:184-188

Decout A, Katz JD, Venkatraman S, Ablasser A (2021) The cGAS-STING
pathway as a therapeutic target in inflammatory diseases. Nat Rev Immunol
21:548-569

Dehkordi SK, Walker J, Sah E, Bennett E, Atrian F, Frost B, Woost B, Bennett
RE, Orr TC, Zhou Y et al (2021) Profiling senescent cells in human brains
reveals neurons with CDKN2D/p19 and tau neuropathology. Nat Aging
1:1107-1116

Deschénes-Simard X, Lessard F, Gaumont-Leclerc M-F, Bardeesy N, Ferbeyre G
(2014) Cellular senescence and protein degradation. Cell Cycle 13:1840-1858

Di Micco R (2017) Sensing the breaks: cytosolic chromatin in senescence and
cancer. Trends Mol Med 23:1067-1070

Di Micco R, Krizhanovsky V, Baker D, d'Adda di Fagagna F (2021) Cellular
senescence in ageing: from mechanisms to therapeutic opportunities. Nat Rev
Mol Cell Biol 22:75-95

Doci CL, Mankame TP, Langerman A, Ostler KR, Kanteti R, Best T, Onel K, Godley
LA, Salgia R, Lingen MW (2012) Characterization of NOL7 gene point
mutations, promoter methylation, and protein expression in cervical cancer.
Int J Gynecol Pathol 31:15-24

Dubois M-L, Meller A, Samandi S, Brunelle M, Frion J, Brunet MA, Toupin A,
Beaudoin MC, Jacques J-F, Lévesque D et al (2020) UBB pseudogene 4
encodes functional ubiquitin variants. Nat Commun 11:1306

Enokido Y, Tamura T, Ito H, Arumughan A, Komuro A, Shiwaku H, Sone M, Foulle
R, Sawada H, Ishiguro H et al (2010) Mutant huntingtin impairs Ku70-
mediated DNA repair. J Cell Biol 189:425-443

Enokido Y, Yoshitake A, Ito H, Okazawa H (2008) Age-dependent change of
HMGB1 and DNA double-strand break accumulation in mouse brain. Biochem
Biophys Res Commun 376:128-133

Fan YP, Lou JS, Jin MR, Zhou CH, Shen HH, Fu CY, Mao XJ, Chen YY, Zhong JJ,
Wang LL, Wu JS (2024) UBC9-mediated SUMOylation of Lamin B1 enhances
DNA-damage-induced nuclear DNA leakage and autophagy after spinal cord
injury. J Cell Physiol 239:e31213

Feric M, Vaidya N, Harmon TS, Mitrea DM, Zhu L, Richardson TM, Kriwacki RW,
Pappu RV, Brangwynne CP (2016) Coexisting liquid phases underlie nucleolar
subcompartments. Cell 165:1686-1697

Freund A, Laberge R-M, Demaria M, Campisi J (2012) Lamin B1 loss is a
senescence-associated biomarker. Mol Biol Cell 23:2066-2075

© The Author(s)


https://www.ebi.ac.uk/biostudies/sourcedata/studies/S-SCDT-10_1038-S44318-024-00192-4
https://doi.org/10.1038/s44318-024-00192-4
https://doi.org/10.1038/s44318-024-00192-4

Yuki Yoshioka et al

Fujita K, Nakamura Y, Oka T, Ito H, Tamura T, Tagawa K, Sasabe T, Katsuta A,
Motoki K, Shiwaku H et al (2013) A functional deficiency of TERA/VCP/p97
contributes to impaired DNA repair in multiple polyglutamine diseases. Nat
Commun 4:1816

Fukuura K, Inoue Y, Miyajima C, Watanabe S, Tokugawa M, Morishita D, Ohoka
N, Komada M, Hayashi H (2019) The ubiquitin-specific protease USP17
prevents cellular senescence by stabilizing the methyltransferase SET8 and
transcriptionally repressing p21. J Biol Chem 294:16429-16439

Goodwin EC, DiMaio D (2001) Induced senescence in Hela cervical carcinoma
cells containing elevated telomerase activity and extended telomeres. Cell
Growth Differ 12:525-534

Gorgoulis V, Adams PD, Alimonti A, Bennett DC, Bischof O, Bishop C, Campisi J,
Collado M, Evangelou K, Ferbeyre G et al (2019) Cellular senescence: defining
a path forward. Cell 179:813-827

Guarente L (1997) Link between aging and the nucleolus. Genes Dev
11:2449-2455

Harding SM, Benci JL, Irianto J, Discher DE, Minn AJ, Greenberg RA (2017)
Mitotic progression following DNA damage enables pattern recognition within
micronuclei. Nature 548:466-470

Hasina R, Pontier AL, Fekete MJ, Martin LE, Qi XM, Brigaudeau C, Pramanik R,
Cline EI, Coignet LJ, Lingen MW (2006) NOL7 is a nucleolar candidate tumor
suppressor gene in cervical cancer that modulates the angiogenic phenotype.
Oncogene 25:588-598

Hayflick L (1965) The limited in vitro lifetime of human diploid cell strains. Exp
Cell Res 37:614-636

Hayflick L, Moorhead PS (1961) The serial cultivation of human diploid cell
strains. Exp Cell Res 25:585-621

Homma H, Tanaka H, Jin M, Jin X, Huang Y, Yoshioka Y, Bertens CJ, Tsumaki K,
Kondo K, Shiwaku H et al (2021) DNA damage in embryonic neural stem cell
determines FTLDs' fate via early-stage neuronal necrosis. Life Sci Alliance
4:€202101022

Imafuku I, Waragai M, Takeuchi S, Kanazawa |, Kawabata M, Mouradian MM,
Okazawa H (1998) Polar amino acid-rich sequences bind to polyglutamine
tracts. Biochem Biophys Res Commun 253:16-20

Ito H, Fujita K, Tagawa K, Chen X, Homma H, Sasabe T, Shimizu J, Shimizu S,
Tamura T, Muramatsu S, Okazawa H (2015a) HMGB1 facilitates repair of
mitochondrial DNA damage and extends the lifespan of mutant ataxin-1
knock-in mice. EMBO Mol Med 7:78-101

Ito H, Shiwaku H, Yoshida C, Homma H, Luo H, Chen X, Fujita K, Musante L,
Fischer U, Frints SGM et al (2015b) In utero gene therapy rescues
microcephaly caused by Pgbpl-hypofunction in neural stem progenitor cells.
Mol Psychiatry 20:459-471

Jin M, Shiwaku H, Tanaka H, Obita T, Ohuchi S, Yoshioka Y, Jin X, Kondo K, Fujita
K, Homma H et al (2021) Tau activates microglia via the PQBP1-cGAS-STING
pathway to promote brain inflammation. Nat Commun 12:6565

Jin X, Tanaka H, Jin M, Fujita K, Homma H, Inotsume M, Yong H, Umeda K,
Kodera N, Ando T et al (2023) PQBP5/NOL10 maintains and anchors the
nucleolus under physiological and osmotic stress conditions. Nat Commun
14:9

Johnson FB, Marciniak RA, Guarente L (1998) Telomeres, the nucleolus and
aging. Curr Opin Cell Biol 10:332-338

Jones L, Houlden H, Tabrizi SJ (2017) DNA repair in the trinucleotide repeat
disorders. Lancet Neurol 16:88-96

Kalscheuer VM, Freude K, Musante L, Jensen LR, Yntema HG, Gécz J, Sefiani A,
Hoffmann K, Moser B, Haas S et al (2003) Mutations in the polyglutamine
binding protein 1 gene cause X-linked mental retardation. Nat Genet
35:313-315

Kasselimi E, Pefani D-E, Taraviras S, Lygerou Z (2022) Ribosomal DNA and the
nucleolus at the heart of aging. Trends Biochem Sci 47:328-341

© The Author(s)

The EMBO Journal

Kim S, Nollen EAA, Kitagawa K, Bindokas VP, Morimoto RI (2002) Polyglutamine
protein aggregates are dynamic. Nat Cell Biol 4:826-831

Kim Y, Yu H (2020) Shaping of the 3D genome by the ATPase machine cohesin.
Exp Mol Med 52:1891-1897

Kinor N, Shav-Tal Y (2011) The dynamics of the alternatively spliced NOL7 gene
products and role in nucleolar architecture. Nucleus 2:229-245

Koyuncu S, Loureiro R, Lee HJ, Wagle P, Krueger M, Vilchez D (2021) Rewiring of
the ubiquitinated proteome determines ageing in C. elegans. Nature
596:285-290

La Spada AR, Paulson HL, Fischbeck KH (1994) Trinucleotide repeat expansion in
neurological disease. Ann Neurol 36:814-822

Lammerding J, Hsiao J, Schulze PC, Kozlov S, Stewart CL, Lee RT (2005)
Abnormal nuclear shape and impaired mechanotransduction in emerin-
deficient cells. J Cell Biol 170:781-791

Lan YY, Heather JM, Eisenhaure T, Garris CS, Lieb D, Raychowdhury R, Hacohen
N (2019) Extranuclear DNA accumulates in aged cells and contributes to
senescence and inflammation. Aging Cell 18:€12901

Lee BY, Han JA, Im JS, Morrone A, Johung K, Goodwin EC, Kleijer WJ, DiMaio D,
Hwang ES (2006) Senescence-associated B-galactosidase is lysosomal (3-
galactosidase. Aging Cell 5:187-195

Lee J-M, Wheeler VC, Chao MJ, Vonsattel JPG, Pinto RM, Lucente D, Abu-
Elneel K, Ramos EM, Mysore JS, Gillis T et al (2015) Identification of
genetic factors that modify clinical onset of Huntington's disease. Cell
162:516-526

Lenain C, Gusyatiner O, Douma S, van den Broek B, Peeper DS (2015) Autophagy-
mediated degradation of nuclear envelope proteins during oncogene-induced
senescence. Carcinogenesis 36:1263-1274

Leontieva OV, Demidenko ZN, Blagosklonny MV (2014) Contact inhibition and
high cell density deactivate the mammalian target of rapamycin pathway, thus
suppressing the senescence program. Proc Natl Acad Sci USA 111:8832-8837

Li J, Rechsteiner M (2001) Molecular dissection of the 11S REG (PA28)
proteasome activators. Biochimie 83:373-383

Li Y, Zhong C, Wang J, Chen F, Shen W, Li B, Zheng N, Lu Y, Katanaev VL, Jia L
(2021) NOL7 facilitates melanoma progression and metastasis. Signal
Transduct Target Ther 6:352

Lu T, Pan Y, Kao S-Y, Li C, Kohane |, Chan J, Yankner BA (2004) Gene regulation
and DNA damage in the ageing human brain. Nature 429:883-891

Mackenzie KJ, Carroll P, Martin C-A, Murina O, Fluteau A, Simpson DJ, Olova N,
Sutcliffe H, Rainger JK, Leitch A et al (2017) cGAS surveillance of micronuclei
links genome instability to innate immunity. Nature 548:461-465

Madabhushi R, Pan L, Tsai L-H (2014) DNA damage and its links to
neurodegeneration. Neuron 83:266-282

Mao |, Liu J, Li X, Luo H (2008) REGgamma, a proteasome activator and beyond?
Cell Mol Life Sci 65:3971-3980

Marfella R, Filippo CD, Laieta MT, Vestini R, Barbieri M, Sangiulo P, Crescenzi B,
Ferraraccio F, Rossi F, D’Amico M et al (2008) Effects of ubiquitin-
proteasome system deregulation on the vascular senescence and
atherosclerosis process in elderly patients. J Gerontol A Biol Sci Med Sci
63:200-203

Maynard S, Fang EF, Scheibye-Knudsen M, Croteau DL, Bohr VA (2015) DNA
damage, DNA repair, aging, and neurodegeneration. Cold Spring Harb
Perspect Med 5:a025130

McHugh D, Gil J (2018) Senescence and aging: causes, consequences, and
therapeutic avenues. J Cell Biol 217:65-77

McKinnon PJ (2013) Maintaining genome stability in the nervous system. Nat
Neurosci 16:1523-1529

Milanovic M, Fan DNY, Belenki D, Dabritz JHM, Zhao Z, Yu Y, Dérr JR, Dimitrova
L, Lenze D, Monteiro Barbosa IA et al (2018) Senescence-associated
reprogramming promotes cancer stemness. Nature 553:96-100

The EMBO Journal Volume 43 | Issue 18 | September 2024 | 3968-3999 3989



The EMBO Journal

Miller KN, Victorelli SG, Salmonowicz H, Dasgupta N, Liu T, Passos JF, Adams PD
(2021) Cytoplasmic DNA: sources, sensing, and role in aging and disease. Cell
184:5506-5526

Mitrea DM, Cika JA, Stanley CB, Nourse A, Onuchic PL, Banerjee PR, Phillips AH,
Park C-G, Deniz AA, Kriwacki RW (2018) Self-interaction of NPM1 modulates
multiple mechanisms of liquid-liquid phase separation. Nat Commun 9:842

Mizuguchi M, Obita T, Serita T, Kojima R, Nabeshima Y, Okazawa H (2014)
Mutations in the PQBP1 gene prevent its interaction with the spliceosomal
protein U5-15kD. Nat Commun 5:3822

Moreira M-C, Barbot C, Tachi N, Kozuka N, Uchida E, Gibson T, Mendonca P,
Costa M, Barros J, Yanagisawa T et al (2001) The gene mutated in ataxia-
ocular apraxia 1 encodes the new HIT/Zn-finger protein aprataxin. Nat Genet
29:189-193

Motwani M, Pesiridis S, Fitzgerald KA (2019) DNA sensing by the cGAS-STING
pathway in health and disease. Nat Rev Genet 20:657-674

Narita M (2007) Cellular senescence and chromatin organisation. Br J Cancer
96:686-691

Narita M, Nufiez S, Heard E, Narita M, Lin AW, Hearn SA, Spector DL, Hannon GJ,
Lowe SW (2003) Rb-mediated heterochromatin formation and silencing of
E2F target genes during cellular senescence. Cell 113:703-716

Okazawa H (2018) PQBP1, an intrinsically disordered/denatured protein at the
crossroad of intellectual disability and neurodegenerative diseases.
Neurochem Int 119:17-25

Okazawa H, Rich T, Chang A, Lin X, Waragai M, Kajikawa M, Enokido Y, Komuro
A, Kato S, Shibata M et al (2002) Interaction between mutant Ataxin-1 and
PQBP-1 affects transcription and cell death. Neuron 34:701-713

O'Sullivan JM, Pai DA, Cridge AG, Engelke DR, Ganley ARD (2013) The nucleolus:
a raft adrift in the nuclear sea or the keystone in nuclear structure? Biomol
Concepts 4:277-286

Pecori F, Kondo N, Ogura C, Miura T, Kume M, Minamijima Y, Yamamoto K,
Nishihara S (2021) Site-specific O-GlcNAcylation of Psme3 maintains mouse
stem cell pluripotency by impairing P-body homeostasis. Cell Rep 36:109361

Perutz MF (1999) Glutamine repeats and neurodegenerative diseases: molecular
aspects. Trends Biochem Sci 24:58-63

Pessina F, Gioia U, Brandi O, Farina S, Ceccon M, Francia S, d'Adda di Fagagna F
(2021) DNA damage triggers a new phase in neurodegeneration. Trends
Genet 37:337-354

Piechota M, Sunderland P, Wysocka A, Nalberczak M, Sliwinska MA, Radwanska
K, Sikora E (2016) Is senescence-associated B-galactosidase a marker of
neuronal senescence? Oncotarget 7:81099-81109

Pinho M, Macedo JC, Logarinho E, Pereira PS (2019) NOL12 repression induces
nucleolar stress-driven cellular senescence and is associated with normative
aging. Mol Cell Biol 39:e00099-19

Qi ML, Tagawa K, Enokido Y, Yoshimura N, Wada Yichi, Watase K, Ishiura Sichi,
Kanazawa |, Botas J, Saitoe M et al (2007) Proteome analysis of soluble
nuclear proteins reveals that HMGB1/2 suppress genotoxic stress in
polyglutamine diseases. Nat Cell Biol 9:402-414

Rass U, Ahel I, West SC (2007) Defective DNA repair and neurodegenerative
disease. Cell 130:991-1004

Rees M, Gorba C, de Chiara C, Bui TTT, Garcia-Maya M, Drake AF, Okazawa H,
Pastore A, Svergun D, Chen YW (2012) Solution model of the intrinsically
disordered polyglutamine tract-binding protein-1. Biophys J 102:1608-1616

Ross CA, Truant R (2017) DNA repair: a unifying mechanism in
neurodegeneration. Nature 541:34-35

Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T,
Preibisch S, Rueden C, Saalfeld S, Schmid B et al (2012) Fiji: an open-source
platform for biological-image analysis. Nat Methods 9:676-682

Schmitt CA, Wang B, Demaria M (2022) Senescence and cancer—role and
therapeutic opportunities. Nat Rev Clin Oncol 19:619-636

3990 The EMBO Journal Volume 43 | Issue 18 | September 2024 | 3968 - 3999

Yuki Yoshioka et al

Schumacher B, Pothof J, Vijg J, Hoeijmakers JHJ (2021) The central role of DNA
damage in the ageing process. Nature 592:695-703

Shimi T, Butin-Israeli V, Adam SA, Hamanaka RB, Goldman AE, Lucas CA,
Shumaker DK, Kosak ST, Chandel NS, Goldman RD (2011) The role of nuclear
lamin B1 in cell proliferation and senescence. Genes Dev 25:2579-2593

Shimi T, Pfleghaar K, Kojima S, Pack C-G, Solovei I, Goldman AE, Adam SA,
Shumaker DK, Kinjo M, Cremer T et al (2008) The A- and B-type nuclear
lamin networks: microdomains involved in chromatin organization and
transcription. Genes Dev 22:3409-3421

Shin Y, Brangwynne CP (2017) Liquid phase condensation in cell physiology and
disease. Science 357:eaaf4382

Simon DN, Wilson KL (2011) The nucleoskeleton as a genome-associated
dynamic ‘network of networks'. Nat Rev Mol Cell Biol 12:695-708

Skopelja-Gardner S, An J, Elkon KB (2022) Role of the cGAS-STING pathway in
systemic and organ-specific diseases. Nat Rev Nephrol 18:558-572

Son SH, Kim MY, Lim YS, Jin HC, Shin JH, Yi JK, Choi S, Park MA, Chae JH, Kang
HC, Lee YJ, Uversky VN, Kim CG (2023) SUMOylation-mediated PSME3-20S
proteasomal degradation of transcription factor CP2c is crucial for cell cycle
progression. Sci Adv 9:eadd4969

Song X, Ma F, Herrup K (2019) Accumulation of cytoplasmic DNA due to ATM
deficiency activates the microglial viral response system with neurotoxic
consequences. J Neurosci 39:6378-6394

Spencer SL, Cappell SD, Tsai FC, Overton KW, Wang CL, Meyer T (2013) The
proliferation-quiescence decision is controlled by a bifurcation in CDK2
activity at mitotic exit. Cell 155:369-383

Steffan JS, Agrawal N, Pallos J, Rockabrand E, Trotman LC, Slepko N, llles K,
Lukacsovich T, Zhu YZ, Cattaneo E, Pandolfi PP, Thompson LM, Marsh JL
(2004) SUMO maodification of Huntingtin and Huntington's disease
pathology. Science 304:100-104

Stenoien DL, Mielke M, Mancini MA (2002) Intranuclear ataxin1 inclusions
contain both fast- and slow-exchanging components. Nat Cell Biol 4:806-810

Stevenson RE, Bennett CW, Abidi F, Kleefstra T, Porteous M, Simensen RJ, Lubs
HA, Hamel BCJ, Schwartz CE (2005) Renpenning syndrome comes into focus.
Am J Med Genet A 134:415-421

Sun J, Luan Y, Xiang D, Tan X, Chen H, Deng Q, Zhang J, Chen M, Huang H,
Wang W et al (2016) The 11S proteasome subunit PSME3 is a positive
feedforward regulator of NF-kB and important for host defense against
bacterial pathogens. Cell Rep 14:737-749

Sun P (2014) Contact inhibition against senescence. Oncotarget 5:7212-7213

Tagawa K, Hoshino M, Okuda T, Ueda H, Hayashi H, Engemann S, Okado H,
Ichikawa M, Wanker EE, Okazawa H (2004) Distinct aggregation and cell
death patterns among different types of primary neurons induced by mutant
huntingtin protein. J Neurochem 89:974-987

Takahashi M, Mizuguchi M, Shinoda H, Aizawa T, Demura M, Okazawa H,
Kawano K (2009) Polyglutamine tract binding protein-1 is an intrinsically
unstructured protein. Biochim Biophys Acta 1794:936-943

Takashima H, Boerkoel CF, John J, Saifi GM, Salih MAM, Armstrong D, Mao Y,
Quiocho FA, Roa BB, Nakagawa M et al (2002) Mutation of TDP1, encoding a
topoisomerase |-dependent DNA damage repair enzyme, in spinocerebellar
ataxia with axonal neuropathy. Nat Genet 32:267-272

Tanaka H, Homma H, Fujita K, Kondo K, Yamada S, Jin X, Waragai M, Ohtomo G,
Iwata A, Tagawa K et al (2020) YAP-dependent necrosis occurs in early
stages of Alzheimer's disease and regulates mouse model pathology. Nat
Commun 11:507

Tanaka H, Kondo K, Chen X, Homma H, Tagawa K, Kerever A, Aoki S, Saito T,
Saido T, Muramatsu Sichi et al (2018) The intellectual disability gene PQBP1
rescues Alzheimer's disease pathology. Mol Psychiatry 23:2090-2110

Tanaka H, Kondo K, Fujita K, Homma H, Tagawa K, Jin X, Jin M, Yoshioka Y,
Takayama S, Masuda H et al (2021) HMGB1 signaling phosphorylates Ku70

© The Author(s)



Yuki Yoshioka et al

and impairs DNA damage repair in Alzheimer's disease pathology. Commun
Biol 4175

Taniguchi JB, Kondo K, Fujita K, Chen X, Homma H, Sudo T, Mao Y, Watase K,
Tanaka T, Tagawa K et al (2016) RpAl ameliorates symptoms of mutant
ataxin-1 knock-in mice and enhances DNA damage repair. Hum Mol Genet
25:4432-4447

Ueda H, Goto J, Hashida H, Lin X, Oyanagi K, Kawano H, Zoghbi HY, Kanazawa |,
Okazawa H (2002) Enhanced SUMOylation in polyglutamine diseases.
Biochem Biophys Res Commun 293:307-313

Ullah K, Chen S, Lu J, Wang X, Liu Q, Zhang Y, Long Y, Hu Z, Xu G (2020) The E3
ubiquitin ligase STUB1 attenuates cell senescence by promoting the
ubiquitination and degradation of the core circadian regulator BMALI. J Biol
Chem 295:4696-4708

Wang AS, Ong PF, Chojnowski A, Clavel C, Dreesen O (2017) Loss of lamin Bl is
a biomarker to quantify cellular senescence in photoaged skin. Sci Rep 7:15678

Wang DX, Dong ZJ, Deng SX, Tian YM, Xiao YJ, Li X, Ma XR, Li L, Li P, Chang HZ,
Liu L, Wang F, Wu Y, Gao X, Zheng SS, Gu HM, Zhang YN, Wu JB, Wu F, Peng
Y, Zhang XW, Zhan RY, Gao LX, Sun Q, Guo X, Zhao XD, Luo JH, Zhou R, Han
L, Shu Y, Zhao JW (2023) GDF11 slows excitatory neuronal senescence and
brain ageing by repressing p21. Nat Commun 14(7476):15678

Wang L, Lankhorst L, Bernards R (2022) Exploiting senescence for the treatment
of cancer. Nat Rev Cancer 22:340-355

Wanker EE (2000) Protein aggregation in Huntington's and Parkinson’s disease:
implications for therapy. Mol Med Today 6:387-391

Waragai M, Lammers CH, Takeuchi S, Imafuku |, Udagawa Y, Kanazawa I,
Kawabata M, Mouradian MM, Okazawa H (1999) PQBP-1, a novel
polyglutamine tract-binding protein, inhibits transcription activation by Brn-2
and affects cell survival. Hum Mol Genet 8:977-987

Watase K, Weeber EJ, Xu B, Antalffy B, Yuva-Paylor L, Hashimoto K, Kano M,
Atkinson R, Sun Y, Armstrong DL et al (2002) A long CAG repeat in the
mouse Scal locus replicates SCA1 features and reveals the impact of protein
solubility on selective neurodegeneration. Neuron 34:905-919

Wilson KL, Berk JM (2010) The nuclear envelope at a glance. J Cell Sci
123:1973-1978

Yang L, Song T, Chen L, Soliman H, Chen J (2015) Nucleolar repression facilitates
initiation and maintenance of senescence. Cell Cycle 14:3613-3623

Yang N, Sen P (2022) A gradual path to mortality. Elife 11:e77749

Yang ZR, Thomson R, McNeil P, Esnouf RM (2005) RONN: the bio-basis function
neural network technique applied to the detection of natively disordered
regions in proteins. Bioinformatics 21:3369-3376

Yao R-W, Xu G, Wang Y, Shan L, Luan P-F, Wang Y, Wu M, Yang L-Z, Xing Y-H,
Yang L et al (2019) Nascent pre-rRNA sorting via phase separation drives the
assembly of dense fibrillar components in the human nucleolus. Mol Cell
76:767-783.e11

Yoh SM, Mamede JI, Lau D, Ahn N, Sanchez-Aparicio MT, Temple J, Tuckwell A,
Fuchs NV, Cianci GC, Riva L et al (2022) Recognition of HIV-1 capsid by
PQBP1 licenses an innate immune sensing of nascent HIV-1 DNA. Mol Cell
82:2871-2884.e6

Yoh SM, Schneider M, Seifried J, Soonthornvacharin S, Akleh RE, Olivieri KC, De
Jesus PD, Ruan C, de Castro E, Ruiz PA et al (2015) PQBP1 is a proximal sensor
of the cGAS-dependent innate response to HIV-1. Cell 161:1293-1305

Zhang Z, Zhang R (2008) Proteasome activator PA28y regulates p53 by
enhancing its MDM2-mediated degradation. EMBO J 27:852-864

Zhou G, Doci CL, Lingen MW (2010) Identification and functional analysis of
NOL7 nuclear and nucleolar localization signals. BMC Cell Biol 11:74

Zoghbi HY, Orr HT (2000) Glutamine repeats and neurodegeneration. Annu Rev
Neurosci 23:217-247

© The Author(s)

The EMBO Journal

Acknowledgements

The authors thank Carl Zeiss Co., Ltd. and Yokogawa Electric Corporation for
their generous support in conducting SRM. The authors also thank Dr. Xuemei
Zhang for technical support (Tokyo Medical and Dental University). This work
was supported by grants to HO, including a Grant-in-Aid for Scientific
Research on Innovative Areas (Foundation of Synapse and Neurocircuit
Pathology, 22110001/22110002) from the Ministry of Education, Culture,
Sports, Science, and Technology of Japan (MEXT), a Grant of AMED-CREST
from Japan Agency for Medical Research and Development (AMED)
(JP24gm1910001) and a Grant-in-Aid for Scientific Research A (16H02655,
19H01042, 22H00464) from the Japanese Society for the Promotion of
Science (JSPS).

Author contributions

Yuki Yoshioka: Data curation; Formal analysis; Investigation. Yong Huang:
Data curation; Formal analysis; Investigation. Xiaocen Jin: Data curation;
Formal analysis; Investigation. Kien Xuan Ngo: Data curation; Investigation.
Tomohiro Kumaki: Data curation; Investigation. Meihua Jin: Data curation;
Investigation. Saori Toyoda: Data curation. Sumire Takayama: Data curation.
Maiko Inotsume: Data curation. Kyota Fujita: Data curation; Formal analysis;
Writing—original draft. Hidenori Homma: Software; Formal analysis;
Investigation; Writing—original draft. Toshio Ando: Data curation;
Investigation. Hikari Tanaka: Data curation; Formal analysis; Investigation;
Methodology; Writing—original draft. Hitoshi Okazawa: Conceptualization;
Supervision; Funding acquisition; Writing—original draft; Project
administration; Writing—review and editing.

Source data underlying figure panels in this paper may have individual
authorship assigned. Where available, figure panel/source data authorship is
listed in the following database record: biostudies:S-SCDT-10_1038-544318-
024-00192-4.

Disclosure and competing interests statement
The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attribution 4.0
International License, which permits use, sharing, adaptation, distribution and
reproduction in any medium or format, as long as you give appropriate credit to
the original author(s) and the source, provide a link to the Creative Commons
licence, and indicate if changes were made. The images or other third party
material in this article are included in the article's Creative Commons licence,
unless indicated otherwise in a credit line to the material. If material is not
included in the article’'s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. Creative Com-
mons Public Domain Dedication waiver http://creativecommons.org/public-
domain/zero/1.0/ applies to the data associated with this article, unless
otherwise stated in a credit line to the data, but does not extend to the graphical
or creative elements of illustrations, charts, or figures. This waiver removes legal
barriers to the re-use and mining of research data. According to standard
scholarly practice, it is recommended to provide appropriate citation and
attribution whenever technically possible.

© The Author(s) 2024

The EMBO Journal Volume 43 | Issue 18 | September 2024 | 3968-3999 3991


https://www.ebi.ac.uk/biostudies/sourcedata/studies/S-SCDT-10_1038-S44318-024-00192-4
https://www.ebi.ac.uk/biostudies/sourcedata/studies/S-SCDT-10_1038-S44318-024-00192-4
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/

The EMBO Journal Yuki Yoshioka et al

Expanded View Figures

Figure EV1. PQBP3/NOL7 puncti in the leoplasm and cytop

(A) Diameters of small speckles of PQBP3/NOL7 were quantified in images obtained by SRM. Box plots show the median and 25-75th percentile, and whiskers represent
data outside the 25-75th percentile range. (B) PQBP3/NOL7 is decreased in the nucleus and overall at high cell densities. Representative images of PQBP3/NOL7 and
Hoechst 33342 containing at four different cell densities. (C) Quantitative analyses of PQBP3/NOL7 signal intensities per cell (left) and per nucleus (right) are shown in
graphs. Box plots show the median and 25-75th percentile, and whiskers represent 1.5x inter-quartile range. Source data are available online for this figure.
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Figure EV2. PQBP3/NOL7 in senescence.

(A) Confocal microscopy of Hela cells after ten passages (10G), which were penetrated with Tween20, immunostained with anti-PQBP1, and costained with Hoechst
33342. Red arrows indicate cells with dispersed nucleolar PQBP3/NOL7 staining. (B) Confocal microscopy images of Hela cells after 20 passages (20G) stained as
described above. Red arrows indicate cells with dispersed nucleolar PQBP3/NOL7 staining, and chromatin distribution (Hoechst 33342-stained area) shifted and deviated
in the nucleus. Purple arrows indicate cells in which chromatin was nearly absent. (C) Enlarged image of the area indicated by dotted lines in (B). (D-F) Specific
distributions of PQBP3/NOL7 during cell division. Foci of PQBP3/NOL7 localized to the centrosome (white arrow) were observed in addition to the diffuse cytoplasmic
distribution. (G) Quantitative analyses of percentage of red arrow type or purple arrow type of cells in three different passage groups. Box plots show the median and
25-75th percentile, and whiskers represent data outside the 25-75th percentile range. In red arrow type of cells, statistical significance was found in comparison of <5G
and >10G (#: p = 0.0415), <5G and >20G (###: p < 0.0001), and >10G and >20G (##: p = 0.0027). In purple arrow type of cells, statistical significance was found in
comparison of <5G and >10G (##: p = 0.0082), <5G and >10G (###: p < 0.0001), and >10G and >20G (###: p = 0.0005). (H-J) Yellow arrows indicate cells exhibiting
morphological changes of cell death, in which siPQBP3 signals (red) were absent or low, and PQBP3 signals (green) were relatively high. Contrastingly, siPQBP3-
transfected cells with high red signals and low green signals did not exhibit such changes or apoptotic features (white arrows). Source data are available online for this
figure.
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Figure EV3. Expression patterns of PQBP3/NOL7 fusion proteins.
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Hela cells were transfected with pEGFP-C1-PQBP3, pEGFP-N1-PQBP3, or pEGFP-N1 plasmids to express EGFP-PQBP3, PQBP3-EGFP, or EGFP proteins, and following
Hoechst 33342 staining without fixation, EGFP signals in live cells were observed with confocal microscopy. Similar expression patterns were observed in EGFP-PQBP3 and
PQBP3-EGFP fusion proteins. EGFP protein alone did not exhibit the nucleolar pattern of the PQBP3 fusion proteins. Some cell images are redisplayed from Fig. 7B. Source

data are available online for this figure.
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L | Figure EV4. PSMES3 as a candidate proteins interacting with PQBP3/NOL?7.

(A) String (version 11.5) (https://string-db.org/) was used to predict interacting proteins with PQBP3/NOL7, and their descriptions in String are shown. (B) PSME3 protein
structure predicted by alphafold. (C) PSME3 IDP prediction by IUPred2A.
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Figure EV5. Hypothesized mechanism for nuclear membrane instability mediated by PQBP3/NOL7 and PSME3.
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Hypothesized mechanism of nuclear membrane instability under senescence, as suggested by the results of the present study. The upper panel illustrates the interaction
and suppression relationships between PQBP3/NOL7, PSME3, Lamin B1, and mutant Atxn1. Under physiological conditions, PQBP3 complexes with PSME3 to suppress its
protein degradation activity. In senescence, PQBP3 is decreased and not supplied sufficiently to the nuclear membrane for inhibition of PSME3-mediated proteasomal
degradation of Lamin B1. In the case Lamin B1 is degraded, the nuclear membrane is instabilized, allowing release of genomic DNA from the nucleus to the cytosol.

© The Author(s) The EMBO Journal Volume 43 | Issue 18 | September 2024 | 3968-3999 3999



	PQBP3 prevents senescence by suppressing PSME3-mediated proteasomal Lamin B1 degradation
	Introduction
	Results
	Distribution of PQBP3/NOL7 in the nucleolar periphery
	Negative correlation of quiescence with nucleolar localization of PQBP3/NOL7
	Negative correlation of senescence with nucleolar localization of PQBP3/NOL7
	MTOR contributes to cytoplasmic shift of PQBP3/NOL7
	PQBP3/NOL7 knockdown induces nuclear membrane vulnerability and cytoplasmic DNA leakage
	PQBP3/NOL7 knockdown induces senescence
	PQBP3/NOL7 overexpression suppresses cytoplasmic DNA leakage in senescence-like cells
	PQBP3/NOL7 interacts with the proteasome activator PSME3
	PQBP3/NOL7 stabilizes the nuclear membrane via Lamin B1
	PQBP3/NOL7 suppresses Lamin B1 ubiquitination
	Association of PQBP3/NOL7 with the senescence phenotype in polyQ disease pathology

	Discussion
	Methods
	Cell culture
	Immunocytochemistry
	siRNA knockdown of PQBP3/NOL7
	Plasmid construction and transfection
	Senescence induction
	Subcellular fractionation
	Immunoprecipitation
	iPSC culture and differentiation to pan-neurons
	In vitro Lamin B1 ubiquitination
	Inhibition of ubiquitination and SUMOylation
	DAPI signal measurement
	Immunoelectron microscopy
	Mutant Atxn1-KI mice
	Statistics and reproducibility
	Ethics

	Data availability
	References
	Acknowledgements
	Author contributions

	ACKNOWLEDGMENTS




