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Abstract

Genomic instability promotes malignant evolution in cancer, whereas DNA-damage-induced senescence
acts as a barrier to the propagation of cells with chromosome abnormalities. Disruption of these
protective responses permits the persistence and selection of genetically abnormal clones. Here, we
show that HDAC10 deficiency induces chaperone-mediated autophagy dependent degradation of PCM1
and p53, compromising chromosome stability and senescence-associated growth restraint, respectively.
Supporting clinical relevance, breast cancer datasets associated higher HDAC10 expression with
favorable patient survival, revealed an inverse correlation between HDAC10 and LAMP2 expression, and
showed a reciprocal pattern of higher HDAC10 and lower LAMP2 expression in patients responding to
DNA damaging anthracycline chemotherapy. Our findings identify HDAC10 as a regulator linking CMA-
dependent proteostasis to genome stability and cellular senescence. By preserving PCM1 and p53,
HDAC10 supports mitotic fidelity and p53-dependent senescence, thereby limiting chromosome
instability and the persistence of genomically unstable cells. Disruption of this regulatory axis therefore
provides a mechanism by which chromosome instability and impaired senescence cooperate during
malignant progression in breast cancer.

Introduction

Maintenance of genome stability requires coordinated control of chromosome segregation, DNA repair,
and senescence [1, 2]. Disruption of these processes can generate chromosome-number abnormalities
and micronuclei, thereby promoting further genomic instability [3, 4]. The persistence of genomic
instability activates checkpoint pathways that influence whether cells repair the damage, undergo
sustained growth arrest, or are eliminated [5]. The tumor suppressor p53 is a central regulator of these
decisions and contributes to senescence in response to genotoxic stress [6, 7, 8]. Thus, coordination
between chromosome-maintenance mechanisms and p53-dependent senescence is essential for
preventing the persistence and propagation of genomically unstable cells.

Chaperone-mediated autophagy (CMA) is a selective lysosomal pathway in which heat shock cognate 70
(HSC70) recognizes soluble substrates containing KFERQ-like targeting motifs [9]. These substrates are
delivered to lysosome-associated membrane protein type 2A (LAMP2A), unfolded, and translocated
across the lysosomal membrane for degradation [9]. Accumulating evidence suggests a connection
between CMA and genome maintenance [10, 11]. CMA regulates the turnover of the checkpoint kinase
CHK1 following DNA damage, demonstrating that selective lysosomal degradation participates in the
control of DNA-damage responses [10]. CMA also contributes to the homeostasis of pericentriolar
material 1 (PCM1), through a DNAJA2-HSC70-dependent mechanism [11]. PCM1 is a major centriolar
satellite scaffold that supports centrosomal protein recruitment and microtubule organization [12, 13],
suggesting that dysregulated PCM1 turnover could compromise processes required for accurate
mitosis. In addition, p53 has also been reported to undergo CMA-mediated degradation, resulting in
attenuation of p53-dependent signaling [14, 15]. Thus, dysregulated CMA-mediated protein turnover
could therefore affect both PCM1-dependent mitotic regulation and p53-dependent senescence.
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Histone deacetylase 10 (HDAC10), a class lIb deacetylase, has been implicated in metabolic regulation,
autophagy, and DNA-damage-associated processes [16, 17, 18, 19, 20, 21]. HDAC10 has also been linked
to HSP70/HSC70-associated macroautophagy regulation, with previous studies reporting an association
between HDAC10 activity and the acetylation state of HSP70/HSC70 [17, 18]. Notably, HDAC10
deficiency was shown to enhance CMA in HelLa cells [19]. However, the consequences of this regulation
for chromosome stability and cellular senescence remain unclear.

In this study, we investigated how HDAC10 links CMA-dependent protein turnover to chromosome
stability and cellular senescence. Our findings support a model in which HDAC10 restrains CMA-
dependent turnover of PCM1 and p53, thereby preserving PCM1-dependent mitotic fidelity and p53-
dependent senescence, respectively. Our results reveal a functional link between CMA-mediated
proteostasis and genome maintenance and suggest that dysregulation of this pathway could contribute
to malignant progression in breast cancer.

Materials and Methods
Mouse and cell culture

HDAC10 KO mice (B6N(Cg)-Hdac10tm1.1(KOMP)Mbp/J) were purchased from The Jackson Lab.
Animal care and experimentation were conducted in accordance with the guidelines of the Chungnam
National University Animal Care and Use Committee (CNU-00540). Mouse embryonic fibroblasts (MEFs)
were isolated from embryonic day 14.5 (E14.5) embryos of wild-type (WT) and HDAC10-knockout (KO)
mice and subsequently immortalized through continuous passaging. To generate rescue cell lines,
HDAC10 KO MEFs were stably transduced with pBABE vectors expressing either wild-type HDAC10 (KO
+ WT) or a catalytic-dead HDAC10 mutant (KO + CD). Human cervical carcinoma HelLa cells were also
used in this study. MEFs and Hela cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM,;
HyClone, SH30243.01) supplemented with 10% fetal bovine serum (FBS; Gibco, 16000044), 100 U/mL
penicillin G, and 100 pg/mL streptomycin (Gibco, 15240-062), and incubated at 37°C in a humidified
atmosphere containing 5% CO,.

Stable cell line generation

Stable rescue MEF cell lines were established by retroviral transduction using pBABE vectors encoding
wild-type HDAC10 or a catalytic-dead HDAC10 mutant. Retroviral particles were produced in HEK293T
cells by co-transfection of pCL10A1, gag-pol, VSV-G, and the indicated pBABE constructs using
polyethylenimine (PEI). Viral supernatants were collected 24 h after transfection, clarified by
centrifugation, and used to infect HDAC10 KO MEFs. Stable cell populations were selected with
puromycin (1 ug/mL) for 7 days before subsequent experiments.

Chemicals and antibodies
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Polyphyllin | (PPD; MedChemExpress, HY-N0047) was dissolved in dimethyl sulfoxide (DMSO) and used
at final concentrations of 0.5 or 1 yM for 24 h. Spermidine (Sigma-Aldrich, S0266) was dissolved in
sterile distilled water and diluted in DMEM to final concentrations of 10, 50, 100, or 1000 uM for 24 h.
Camptothecin (CPT) was used at a final concentration of 2 uM for 24 h. Importazole (MedChemExpress,
HY-101091) and Leptomycin B (Santa Cruz Biotechnology, sc-358688) were used at final concentrations
of 20 uM and 20 ng/mL, respectively, for 24 h. Nocodazole (Sigma-Aldrich, M1404) was used at a final
concentration of 100 ng/mL for cell cycle synchronization and metaphase chromosome spread analysis.

Primary antibodies used in this study included anti-a-tubulin (Santa Cruz Biotechnology, sc-5286), anti-
Tom20 (Santa Cruz Biotechnology, sc-11415), anti-Lamin A/C (Santa Cruz Biotechnology, sc-376248),
anti-GAPDH (Santa Cruz Biotechnology, sc-32233), anti-RAD51 (Cell Signaling Technology, #8875), anti-
YH2AX (Sigma-Aldrich, 05-636), anti-HDAC10 (Merck, H3413), anti-p53 (Merck, OP03), anti-LAMP2A (Cell
Signaling Technology, #81197), anti-B-actin (Sigma-Aldrich, AC-74), and anti-PCM1 (Santa Cruz
Biotechnology, sc-398365). Alexa Fluor 488-conjugated goat anti-mouse IgG (Jackson ImmunoResearch,
115-545-146) and Rhodamine Red-X-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch, 111-
295-144) were used for immunofluorescence staining. HRP-conjugated anti-mouse and anti-rabbit IgG
secondary antibodies were used for immunoblotting.

Immunofluorescence staining

For immunofluorescence staining, cells were seeded onto glass coverslips 24 h before the experiment.
Cells were fixed with 4% paraformaldehyde for 15 min at room temperature, permeabilized with 0.2%
Triton X-100 in phosphate-buffered saline (PBS), and blocked with 5% normal goat serum (NGS). Cells
were then incubated overnight at 4°C with the indicated primary antibodies, followed by incubation with
Alexa Fluor 488- or Rhodamine Red-X-conjugated secondary antibodies for 1 h at room temperature.
Nuclei were counterstained with Hoechst 33342, and coverslips were mounted using ProLong™ Diamond
Antifade Mountant (Thermo Fisher Scientific). Fluorescence images were acquired using an Olympus
IX71 fluorescence microscope equipped with a Zyla-HF sCMOS camera (Andor Technology). Nuclear
area was quantified using ImagedJ software, and micronuclei were manually counted from Hoechst-
stained images according to established morphological criteria. More than 100 nuclei were analyzed for
each experimental group from three independent biological experiments.

Nocodazole synchronization and metaphase chromosome spreading

Cells were cultured until they reached 60—-80% confluency and treated with 100 ng/mL nocodazole
overnight in a CO, incubator at 37°C to induce mitotic arrest. The following day, cells were washed three
times with DPBS. For immunofluorescence analysis, the medium was replaced with fresh DMEM, and the
cells were released for subsequent analysis. For metaphase chromosome spread analysis, nocodazole-
treated cells were collected and incubated with pre-warmed hypotonic solution (0.075 M KCI) at 37°C for
10 min. Following hypotonic treatment, the cells were fixed with ice-cold Carnoy’s fixative
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(methanol:acetic acid, 3:1). The fixed cell suspension was dropped onto glass slides and dried at 50°C.
Chromosomes were stained with Giemsa staining solution (Sigma-Aldrich, 32884) for 10 min at room
temperature. The slides were then washed with distilled water, dried, and mounted with synthetic
mountant (Thermo Scientific, 6769007). Metaphase chromosome spreads were analyzed by light
microscopy.

Western blotting

Whole-cell lysates were prepared in NETN lysis buffer (50 mM Tris-HCI, pH 7.4, 100 mM NaCl, 1 mM
EDTA, and 1.0% NP-40) supplemented with protease inhibitor cocktail (1:100), phosphatase inhibitor
cocktail (1:100), and dithiothreitol (DTT; 1:1000). Protein concentrations were determined using the
Bradford protein assay (Bio-Rad). Equal amounts of protein were separated by SDS-PAGE and transferred
onto polyvinylidene difluoride (PVDF) membranes. Membranes were blocked with 5% skim milk in TBST
for 1 h at room temperature and incubated overnight at 4°C with the indicated primary antibodies.
Following washing with TBST, membranes were incubated with HRP-conjugated secondary antibodies
for 1 h at room temperature. Protein bands were visualized using enhanced chemiluminescence (ECL)
and imaged using the Fusion Solo 4 imaging system (Vilber Lourmat). Protein band intensities were
quantified using ImagedJ software (National Institutes of Health, Bethesda, MD, USA) and normalized to
GAPDH or B-actin.

LysoTracker staining

Lysosomal content was assessed using LysoTracker™ Red DND-99 (Thermo Fisher Scientific) according
to the manufacturer’s instructions. Cells were incubated with LysoTracker Red diluted 1:10,000 in
complete culture medium for 30 min at 37°C. For fluorescence microscopy, cells were washed with PBS,
counterstained with Hoechst 33342, and immediately imaged using an Olympus IX71 fluorescence
microscope equipped with a Zyla-HF sCMOS camera. Fluorescence intensity was quantified using
MetaMorph software (Molecular Devices). For flow cytometric analysis, LysoTracker-stained cells were
harvested by trypsinization, washed with DPBS, and analyzed using a BD Accuri™ C6 Plus flow cytometer
(BD Biosciences). At least 5,000 events were acquired for each sample.

Lysosomal activity assay

Lysosomal activity was determined using the Lysosomal Intracellular Activity Assay Kit (Abcam,
ab234622) according to the manufacturer’s instructions. Briefly, cells were incubated with the self-
qguenched fluorogenic substrate supplied with the kit. Cytochalasin D provided with the kit was used as
an inhibitor control according to the manufacturer’s protocol. Fluorescence intensity was analyzed using
a BD Accuri™ C6 Plus flow cytometer, and at least 5,000 events were acquired for each sample. Relative
lysosomal activity was determined by subtracting the fluorescence intensity of cytochalasin D-treated
samples from that of the corresponding untreated samples.
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Mouse liver tissue preparation

Liver tissues were obtained from 6-month-old male wild-type (WT) and HDAC10-knockout (KO) mice. For
protein extraction, frozen liver tissues were homogenized with beads in RIPA lysis buffer supplemented
with protease and phosphatase inhibitors. Following homogenization, tissue lysates were clarified by
centrifugation, and the supernatants were collected. Protein concentrations were determined using a
bicinchoninic acid (BCA) protein assay. The resulting lysates were subjected to Western blot analysis.

Senescence-associated B-galactosidase (SA-B-gal) assay

Cellular senescence was evaluated using a senescence-associated B-galactosidase (SA-B-gal) staining
assay. Cells were fixed with formaldehyde/glutaraldehyde fixation solution for 10—-15 min at room
temperature and incubated overnight at 37°C in freshly prepared staining solution (pH 6.0) without CO,,.
The staining solution contained X-Gal (Bioneer), potassium ferricyanide (Ill), potassium ferrocyanide (Il),
and magnesium chloride.

Representative bright-field images were acquired using an Olympus IX71 inverted microscope. For
quantitative analysis, the chromogenic product was extracted with 500 uyL DMSO per well of a 12-well
plate for 10 min on an orbital shaker. Absorbance was measured at 620 nm using a SpectraMax ABS
microplate reader (Molecular Devices, San Jose, CA, USA). Absorbance values were used as an indicator
of relative SA-B-gal activity.

Kaplan—Meier survival and gene expression correlation
analyses

The prognostic significance of HDAC10 expression in breast cancer was evaluated using the publicly
available Kaplan—Meier Plotter database. Survival analyses were performed separately using microarray
and RNA-sequencing datasets, as these platforms are analyzed independently by Kaplan—Meier Plotter.
For the microarray analysis, HDAC10 expression was represented by probe set 226672_s_at. Patients
were divided into low- and high-expression groups according to the cutoff applied by the Kaplan—Meier
Plotter analysis, and survival curves were generated using the Kaplan—Meier method. Hazard ratios
(HRs) with 95% confidence intervals (Cls) and log-rank P values were obtained directly from the
database. Numbers of patients at risk were displayed below the survival curves. The Kaplan—Meier
Plotter integrates gene-expression and clinical outcome data derived from publicly available datasets,
including GEO, EGA, and TCGA, and calculates survival statistics in real time.

The relationship between HDAC10 and LAMP2 transcript expression was assessed using the pair-wise
gene expression correlation analysis tool in OncoDB. The breast invasive carcinoma (BRCA) dataset was
selected, and HDAC10 and LAMP2 were entered as the genes of interest. RNA-sequencing expression
values in OncoDB are normalized as log,-transformed transcripts per million (TPM). Pearson correlation
analysis was used to assess the association between the two genes, and the corresponding correlation
coefficient and P value were obtained from the database-generated analysis.
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Statistical analysis

All experiments were independently performed at least three times unless otherwise indicated.
Quantitative data are presented as the mean + standard deviation (SD). Statistical analyses were
performed using GraphPad Prism version 10 (GraphPad Software, San Diego, CA, USA). Comparisons
between two groups were performed using an unpaired two-tailed Student’s t-test, whereas comparisons
among multiple groups were analyzed using one-way analysis of variance (ANOVA). A P value of < 0.05
was considered statistically significant. Statistical significance is indicated as follows: ns, not
significant; *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001.

Results

HDAC10 loss is associated with nuclear enlargement and
chromosome instability

To investigate the cellular consequences of HDAC10 loss, we first examined nuclear morphology,
mitochondria (Tom20), and tubulin in wild-type (WT) and HDAC10-knockout (HDAC10 KO) mouse
embryonic fibroblasts (MEFs). Immunofluorescence staining for Tom20 and a-tubulin revealed no
obvious alterations in mitochondrial or microtubule organization, whereas Hoechst staining showed
pronounced nuclear enlargement in HDAC10 KO cells compared with WT cells (Fig. 1a). Quantitative
analysis demonstrated that both nuclear area and nuclear width were significantly increased following
HDAC10 deletion (Fig. 1b). These findings indicate that HDAC10 deficiency is associated with
substantial changes in nuclear morphology.

Because nuclear enlargement can accompany alterations in nucleocytoplasmic transport or
chromosome content [22, 23, 24], we next examined whether perturbation of nuclear transport
differentially affected WT and HDAC10 KO cells. Cells were treated with importazole, an inhibitor of
nuclear import, or leptomycin B, an inhibitor of nuclear export, and nuclear size was subsequently
assessed (Fig. 1c, d). Both WT and HDAC10 KO cells remained responsive to pharmacological inhibition
of nuclear import or export, suggesting that the enlarged nuclear phenotype in HDAC10 KO cells is
unlikely to result from a nucleocytoplasmic transport defect.

Given the previously reported involvement of HDAC10 in genome-maintenance pathways [20, 25], we
next examined whether HDAC10 deficiency was associated with chromosome-segregation
abnormalities. Interestingly, endogenous HDAC10 was enriched in mitotic chromosomes
(Supplementary Fig. 1). We next quantified lagging chromosomes during mitosis. HDAC10 KO MEFs
showed a marked increase in mitotic cells containing lagging chromosomes, reaching approximately
25% compared with substantially lower levels in WT cells (Fig. 2a, b). Furthermore, metaphase-spread
analysis revealed a broader and more heterogeneous chromosome-number distribution in HDAC10 KO
cells than in WT cells (Fig. 2c, d). Together, these findings demonstrate that HDAC10 loss is associated
with chromosome-segregation defects and increased chromosome-number heterogeneity.
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HDAC10 suppresses micronucleus formation

To determine whether the chromosome-segregation abnormalities observed in HDAC10 KO cells were
accompanied by defective partitioning of chromosomal material, we next examined micronucleus
formation in WT and HDAC10 KO MEFs. Immunofluorescence staining revealed extranuclear DNA-
containing structures surrounded by lamin, consistent with micronuclei (Fig. 3a). The frequency of
micronucleated cells was significantly increased in HDAC10 KO MEFs compared with WT cells (Fig. 3b).
Together with the increased occurrence of lagging chromosomes and chromosome-number
heterogeneity, these findings indicate that HDAC10 deficiency is associated with impaired chromosome
stability. Re-expression of wild-type HDAC10 markedly reduced the frequency of micronucleated cells
compared with HDAC10 KO cells (Fig. 3¢, d). In contrast, the catalytically inactive mutant was
significantly less effective than wild-type HDAC10 in suppressing micronucleus formation (Fig. 3c, d).
These results indicate that the catalytic activity of HDAC10 contributes substantially to the maintenance
of chromosome stability and the suppression of micronucleus formation.

HDAC10 deficiency increases LAMP2A expression and
lysosomal activity

Chaperone-mediated autophagy (CMA) selectively regulates protein turnover and has been implicated in
the control of DNA-damage-response proteins [10]. Previous studies have linked HDAC10 to
HSP70/HSC70-associated autophagy regulation [17, 18] and CMA-associated substrate degradation
following HDAC10 knockout in HeLa cells [19]. To investigate the role of HDAC10 on CMA. we first
examined LAMP2A, the CMA receptor [9]. Immunoblot analysis showed that LAMP2A protein levels were
markedly increased in HDAC10 KO MEFs compared with WT cells (Fig. 4a, b).

We next examined whether HDAC10 deficiency was associated with broader alterations in lysosome.
LysoTracker staining revealed no significant difference in overall lysosomal structure and abundance
between WT and HDAC10 KO MEFs (Fig. 4c, d). In contrast, lysosomal proteolytic activity was
significantly increased in HDAC10 KO cells (Fig. 4e). Thus, HDAC10 deficiency enhanced lysosomal
degradative activity despite the absence of a detectable change in overall lysosome structure and
abundance. Restoration of wild-type HDAC10 markedly reduced LAMP2A levels toward those observed
in WT cells, whereas the catalytically inactive mutant was significantly less effective in suppressing
LAMP2A expression (Fig. 4f, g). These findings indicate that HDAC10 catalytic activity contributes to the
regulation of LAMP2A.

HDAC10 functions as an N&-acetylspermidine deacetylase[21, 26, 27], generating spermidine through
polyamine deacetylation. Therefore, we next asked whether altered polyamine metabolism could
account for the increase in LAMP2A. Treatment with exogenous spermidine over a concentration range
of 10-1000 uM did not produce an apparent change in LAMP2A protein levels in either WT or HDAC10
KO MEFs (Supplementary Fig. 2). These results suggest that the increase in LAMP2A associated with
HDAC10 deficiency cannot be explained by reduced spermidine availability. To get physiological
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importance, we examined LAMP2A in liver tissue from 6-month-old WT and HDAC10 KO mice.
Importantly, LAMP2A protein levels were significantly increased in HDAC10 KO liver compared with WT
liver (Fig. 4h, i).

HDAC10 preserves PCM1 by limiting its CMA-dependent degradation.

PCM?1 has been identified as a substrate of DNAJA2-HSC70-dependent chaperone-mediated autophagy
(CMA), and dysregulation of PCM1 turnover has been shown to increase micronucleus formation [11].
These observations prompted us to investigate whether altered PCM1 turnover provides a mechanistic
link between enhanced CMA-associated regulation and chromosome instability in HDAC10-deficient
cells.

Immunoblot analysis revealed a marked reduction in PCM1 protein levels in HDAC10 KO MEFs
compared with WT cells (Fig. 5a). Quantification showed that PCM1 was reduced to approximately 30%
of the WT level (Fig. 5b). Re-expression of wild-type HDAC10 substantially restored PCM1 protein levels,
whereas the catalytically inactive mutant was significantly less effective in restoring PCM1 (Fig. 5c, d).
These findings indicate that HDAC10 catalytic activity is important for maintaining PCM1 protein levels.

We next examined whether the reduction in PCM1 following HDAC10 loss resulted from enhanced CMA-
dependent turnover. WT and HDAC10 KO MEFs were treated with polyphyllin D (PPD), a pharmacological
inhibitor of CMA [28]. PPD treatment increased PCM1 protein abundance in HDAC10KO cells, with a
clear recovery observed at 1 uM PPD (Fig. 5e). This restoration of PCM1 following CMA inhibition
supports the involvement of enhanced CMA-dependent degradation of PCM1 caused by HDAC10
deficiency.

To determine whether enhanced CMA also contributes to the chromosome-instability phenotype of
HDAC10-deficient cells, we examined micronucleus formation following PPD treatment. Notably,
treatment of HDAC10 KO cells with 1 uM PPD significantly reduced micronucleus formation (Fig. 5f, g),
indicating that excessive CMA activity contributes to this phenotype. Together, these results suggested
that excessive CMA-dependent turnover of PCM1 contributes to the maintenance of chromosome
stability.

HDAC10 preserves p53 by limiting its CMA-dependent degradation.

To investigate the relationship between HDAC10 and the DNA-damage response, we first examined its
subcellular localization following genotoxic stress. Treatment of HelLa cells expressing HDAC10-GFP
with camptothecin (CPT; 2 uM) increased the nuclear accumulation of HDAC10 compared with
untreated cells (Supplementary Fig. 3). These findings indicate that HDAC10 undergoes redistribution
toward the nucleus in response to genotoxic stress.

We next examined whether HDAC10 deficiency was associated with altered DNA-damage responses.
Immunoblot analysis of WT and HDAC10 KO MEFs at passages 25 and 49 revealed increased levels of
the DNA-damage-associated marker yH2AX and the homologous recombination protein RAD51 in
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HDAC10 KO cells, with the most pronounced changes observed at passage 49 (Fig. 6a) indicating that
HDAC10 loss is accompanied by enhanced DNA-damage-associated signaling, particularly during
prolonged culture.

Because p53 is a major mediator of cellular responses to DNA damage [6] and another CMA substrate
[14, 15], we next examined whether its abundance was altered by HDAC10 deficiency. Despite the
increased DNA-damage-associated signals, p53 protein levels were markedly reduced in HDAC10 KO
MEFs to approximately 50% of those in WT cells (Fig. 6b, c). Re-expression of wild-type HDAC10
substantially restored p53, whereas the catalytically inactive HDAC10 mutant was significantly less
effective (Fig. 6¢).

Given the increased LAMP2A expression and lysosomal activity observed following HDAC10 loss, we
therefore examined whether CMA inhibition could restore p53 in HDAC10 KO cells. WT and HDAC10 KO
MEFs were treated with the CMA inhibitor polyphyllin D (PPD; 0.5 or 1 uM). PPD treatment increased p53
protein abundance in HDAC10 KO cells compared with untreated KO cells, with a clear recovery observed
at 1 uM PPD (Fig. 6d). This pharmacological restoration of p53 is consistent with enhanced CMA-
dependent turnover contributing to the reduction of p53 following HDAC10 loss. Together, HDAC10
deficiency is associated with increased DNA-damage signaling but reduced p53, potentially uncoupling
the accumulation of genomic stress from an appropriate p53-dependent cellular response.

HDAC10 promotes senescence-associated responses to
high-density culture and genotoxic stress

Given the increased DNA-damage-associated signaling and reduced p53 observed in HDAC10 KO MEFs,
we next examined whether HDAC10 deficiency affected senescence-associated responses. WT and
HDAC10 KO MEFs were maintained under prolonged high-density culture conditions for one week and
subsequently assessed for senescence-associated B-galactosidase (SA-B-gal) activity. WT cells
exhibited prominent SA-B-gal staining, whereas HDAC10 KO cells showed markedly weaker staining
(Fig. 7a). Quantification confirmed that relative SA-B-gal activity in HDAC10 KO MEFs was reduced to
approximately 45% of that observed in WT cells (Fig. 7b). These findings indicate that HDAC10
deficiency attenuates the senescence-associated response despite of DNA damages

To determine whether the catalytic activity of HDAC10 contributes to this phenotype, we compared WT,
HDAC10 KO, KO + WT, and KO + CD MEFs under different cell-density conditions. At a lower seeding
density (2.5 x 10° cells), all four groups exhibited relatively weak SA-B-gal staining after 24 h (Fig. 7c). In
contrast, at high seeding density (1 x 108 cells), WT cells exhibited a stronger SA-B-gal response,
whereas HDAC10 KO cells showed reduced staining. Re-expression of wild-type HDAC10 enhanced SA-
B-gal staining in HDAC10 KO cells, whereas the catalytically inactive mutant was less effective (Fig. 7d).
These observations suggest that HDAC10 catalytic activity contributes to the senescence-associated
response under high-density culture conditions.
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We next examined whether HDAC10 similarly influenced the response to genotoxic stress. Following UV
exposure for 10 s, cells were cultured for an additional 24 h and subjected to SA-B-gal staining. WT and
KO + WT cells exhibited more pronounced SA-B-gal staining than HDAC10 KO and KO + CD cells (Fig. 7e),
suggesting a role for HDAC10 in promoting senescence-associated responses that limit the propagation
of genomically damaged cells.

To determine whether enhanced CMA contributes to the attenuated senescence-associated response in
HDAC10-deficient cells, we next examined the effect of pharmacological CMA inhibition. Treatment of
HDAC10 KO MEFs with polyphyllin D (PPD; 1 uM) significantly increased SA-B-gal activity compared with
untreated HDAC10 KO cells, although the response remained below that observed in WT cells (Fig. 7f, g).
The partial restoration of SA-B-gal activity following CMA inhibition indicates that enhanced CMA
contributes to the impaired senescence-associated response caused by HDAC10 deficiency. Together,
these results support a model in which dysregulated CMA contributes to attenuation of the p53-
dependent senescence following HDAC10 loss. This impaired senescence response in HDAC10 KO cells
allows genomically damaged cells to continue proliferating.

Clinical associations of HDAC10 and LAMP2 expression in
breast cancer

Because our findings linked HDAC10-dependent regulation of CMA-associated proteostasis to
chromosome stability and cellular senescence, we next examined the potential clinical relevance of this
pathway in breast cancer. Breast cancer was selected because chromosomal instability and frequent
TP53 alterations are prominent features of the disease [29, 30], providing a relevant context in which to
examine pathways involved in genome maintenance and stress-responsive cell-fate control.

We first analyzed the association between HDAC10 expression and patient survival using microarray and
RNA-sequencing datasets available through Kaplan—Meier Plotter. In the microarray dataset, higher
HDAC10 expression was associated with significantly more favorable survival than lower expression
(Fig. 8a). A concordant association was observed in the RNA-sequencing dataset (Fig. 8b). We next
examined the relationship between HDAC10 and LAMP2 expression in the breast invasive carcinoma
(BRCA) dataset using OncoDB (https://oncodb.org). Pearson correlation analysis of log,-transformed
transcripts per million (TPM) revealed a significant inverse correlation between HDAC10 and LAMP2
expression (Fig. 8c). These analyses therefore associated higher HDAC10 expression with favorable
survival and identified an inverse relationship between HDAC10 and LAMP2 in breast cancer.

We next examined whether HDAC10 and LAMP2 expression were associated with pathological response
to anthracycline-based chemotherapy, using public transcriptome database (https://rocplot.com).
Anthracyclines were selected because they induce DNA damage and can elicit sustained DNA-damage
responses, including cellular senescence [31]. ROC plot analysis included 507 breast cancer patients,
comprising 119 responders and 388 non-responders. HDAC10 expression was numerically higher in
responders than in non-responders. ROC analysis showed a modest but significant association between
HDAC10 expression and pathological response (Supplementary Fig. 4). In contrast, LAMP2 expression
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was lower in responders than in non-responders (Supplementary Fig. 5). This difference was significant
by the Mann—Whitney test (P =0.0271), and ROC analysis likewise showed a modest but significant
association between LAMP2 expression and pathological response (Supplementary Fig. 5). Thus,
responders exhibited a reciprocal expression pattern characterized by relatively higher HDAC10 and
lower LAMP2 expression.

Based on our findings, we propose a model in which HDAC10 coordinates chromosome stability and
cellular senescence through regulation of CMA-associated protein turnover (Fig. 8). In wild-type cells,
HDAC10 restrains excessive CMA activity and maintains appropriate LAMP2A abundance, thereby
preserving PCM1 and p53 protein levels. Thus, HDAC10 loss creates a dual defect in cancer cells by
simultaneously impairing PCM1-dependent chromosome segregation and p53-dependent senescence,
thereby promoting both the generation and persistence of genomic instability.

Discussion

Maintenance of genome integrity requires coordinated control of chromosome segregation [2, 4], protein
homeostasis [32], and cellular responses to genomic stress [1]. In this study, we identify HDAC10 as a
regulator linking CMA-associated proteostasis to genome stability and cellular senescence. HDAC10
loss increased LAMP2A and lysosomal activity, reduced PCM1 and p53, and was accompanied by
chromosome instability and impaired senescence-associated responses. These findings support a
model in which HDAC10 limits excessive CMA-dependent turnover of PCM1 and p53, thereby
coordinating PCM1-dependent mitotic fidelity with p53-dependent senescence to restrict both the
generation and persistence of genomic instability.

Nuclear enlargement was a prominent phenotype associated with HDAC10 deficiency. Although
increased nuclear size can arise from several mechanismes, including alterations in nucleocytoplasmic
transport and nuclear architecture [33], our data suggest that chromosome instability contribute
substantially to this phenotype. HDAC10 deficient cells exhibited increased lagging chromosomes,
broader chromosome-number distributions, and elevated micronucleus formation, indicating persistent
errors in chromosome segregation. Changes in chromosome content and aneuploidy can alter nuclear
volume and organization [23, 24], and repeated segregation errors therefore contribute to the enlarged
and heterogeneous nuclear morphology observed in HDAC10 KO cells. Importantly, pharmacological
perturbation of nuclear import or export did not selectively reproduce or normalize the HDAC10-
dependent phenotype, arguing against a nucleocytoplasmic transport defect as the primary explanation.
Thus, we propose that nuclear enlargement in HDAC10-deficient cells likely reflects the cumulative
consequences of chromosome-number abnormalities and disrupted nuclear organization associated
with genomic instability.

Spermidine is known to stimulate macroautophagy [34], but whether it directly regulates CMA remains

unclear. HDAC10 is a major N&-acetylspermidine deacetylase [26], raising the possibility that loss of
HDAC10 might activate CMA through the reduction of intracellular spermidine availability. However,
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spermidine supplementation failed to reverse the increase in LAMP2A observed in HDAC10 KO cells,
arguing against a model in which reduced spermidine activates CMA. Instead, our catalytic activity
dependent rescue data support the existence of an additional HDAC10-dependent mechanism that
regulates CMA-associated lysosomal proteostasis. Previous studies linking HDAC10 to HSP70/HSC70-
associated macroautophagy and altered HSP70/HSC70 acetylation [17, 18] raise the possibility that
HDAC10 influence CMA through regulation of chaperone function, substrate handling, or LAMP2A-
dependent lysosomal delivery. Thus, further studies identifying the relevant HDAC10 target(s) and
defining how HDAC10 catalytic activity regulates the CMA machinery will be important.

Our findings support a cooperative model in which PCM1 and p53 act at distinct but complementary
levels to protect genome stability as a downstream of HDAC10. PCM1 primarily contributes to the
prevention of genomic abnormalities by supporting centriolar satellite function, mitotic fidelity, and
accurate chromosome segregation [12, 13], whereas p53 provides a second protective barrier by
promoting senescence when genomic instability has already occurred [8]. In HDAC10 deficient cells, the
simultaneous reduction of PCM1 and p53 by CMA therefore compromise both layers of genome
protection: decreased PCM1 increase the generation of chromosome-segregation errors and
micronuclei, while reduced p53 weaken the growth-restrictive senescence of genomically abnormal
cells. Because CMA inhibition restored both PCM1 and p53, these observations suggest that HDAC10
coordinates these two protective pathways through the regulation of CMA. Loss of HDAC10 could
therefore create a dual defect in which chromosome abnormalities are generated more frequently and
cells carrying these abnormalities are less effectively restrained, potentially important for promoting
tumor heterogeneity and malignant progression in cancer.

Breast cancer provides a particularly relevant model in which to examine the consequences of genomic
instability because chromosome instability, aneuploidy, and TP53 alterations are common features of
the disease and can contribute to tumor heterogeneity and progression [30, 35, 36]. In this context, the
dual genome-protective role of HDAC10 be especially important. Across public datasets, higher HDAC10
was associated with favorable survival and showed an inverse relationship with LAMP2. In
anthracycline-treated patients, responders also exhibited relatively higher HDAC10 and lower LAMP2
expression, a pattern consistent with our model linking HDAC10 to restrained CMA-associated
proteostasis and improved responses to genotoxic stress. Although these associations are correlative
and have limited predictive strength, they suggest that dysregulation of the HDAC10-CMA axis have
clinical relevance in breast cancer progression and treatment response.

In conclusion, HDAC10 protects genome stability through two complementary mechanisms by limiting
CMA-dependent degradation of PCM1 and p53. Thus, HDAC10 loss creates a dual defect by
simultaneously impairing PCM1-dependent chromosome segregation and p53-dependent senescence,
thereby promoting both the generation and persistence of genomic instability. This dual impairment
would contribute to tumor heterogeneity and malignant progression in cancer.
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CMA

Chaperone-Mediated Autophagy

CPT

Camptothecin

DNAJA2

DnaJ Heat Shock Protein Family (Hsp40) Member A2
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Histone Deacetylase 10
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Heat Shock Cognate 70
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Heat Shock Protein 70
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Lysosome-Associated Membrane Protein Type 2A
MEF

Mouse Embryonic Fibroblast

PCM1

Pericentriolar Material 1

PPD

Polyphyllin D (Polyphyllin I)

p53

Tumor Protein p53

RADS1

RAD51 Recombinase

SA-B-gal

Senescence-Associated B-Galactosidase
yYH2AX

Phosphorylated Histone H2AX
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Figure 4

CMA is suppressed by HDAC10 deacetylase activity.

a Representative immunoblots of LAMP2A and HDAC10 in WT and HDAC10 KO MEFs. B-Actin served as
the loading control. b Densitometric quantification of LAMP2A normalized to B-actin. Data are presented
as a mean of 3 independent experiments with +SD. ****P < 0.0001. ¢ Representative fluorescence
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images of WT and KO MEFs stained with LysoTracker Red and Hoechst (blue). (Scale bar, 10 um). d
Quantification of LysoTracker fluorescence intensity was presented as mean of fluorescence intensity.
Data are presented as a mean of 3 independent experiments with +SD. (N.S. not significant). e Relative
lysosomal activity measured using a self-quenched fluorogenic substrate and flow cytometry. At least
5,000 events were acquired per sample. Activity was calculated by subtracting the fluorescence intensity
of cytochalasin D—treated controls from that of the corresponding untreated samples. Data are
presented as a mean of 3 independent experiments with +SD. ****P < 0.0001.f Representative
immunoblots of LAMP2A and HDAC10 in WT, KO, KO+WT, and KO+CD MEFs. g Quantification of
LAMP2A normalized to B-actin in f. Data are presented as mean of 3 independent experiments + SD. ***P
< 0.001. h Representative immunoblots of LAMP2A and HDAC10 in liver tissue from 6-month-old WT and
HDAC10 KO mice. i Quantification of hepatic LAMP2A normalized to B-actin. Data are presented as
mean of 2 independent mouse liver samples + SD. *P < 0.05.
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Figure 6.
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Figure 6

HDAC10 deficiency enhances DNA damage response but reduces p53 protein levels by CMA.

a Representative immunoblots of RAD51, yH2AX, and HDAC10 in WT and HDAC10 KO MEFs at passages
25 and 49. GAPDH served as the loading control. b Representative immunoblots of p53 and HDAC10 in
WT, KO, KO+WT, and KO+CD MEFs. ¢ Densitometric quantification of p53 normalized to GAPDH. Data are
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presented as mean of 3 independent experiments + SD. *P < 0.05; **P < 0.01, for the indicated
comparisons. d Representative immunoblots of p53, LAMP2A, and HDAC10 in WT and KO MEFs treated
with PPD (0.5 or 1 uM) or maintained under control conditions. B-Actin served as the loading control.

Figure 7.
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Figure 7

HDAC10 deficiency attenuates cellular senescence responses to high-density culture and UV exposure.
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a Representative culture-dish photographs (top) and brightfield micrographs (bottom) showing
senescence-associated B-galactosidase (SA-B-gal) staining in WT and HDAC10 KO MEFs after one week
under contact-inhibition conditions. b Quantification of relative SA-B-gal activity for the conditions shown
in a. Data are presented as mean + SD. **P < 0.001. ¢, d Representative brightfield images of SA-B-gal
staining in WT, KO, KO+WT, and KO+CD MEFs seeded at low density (2.5 x 10° cells; ¢) or high density (1
x 108 cells; d) and cultured in complete medium for 24 h. e Representative SA-B-gal staining in the same
cell groups seeded at 2.5 x 10° cells, exposed to UV for 10 s, and cultured for a further 24 h. f
Representative images of SA-B-gal staining in wild-type, HDAC10 KO, and HDAC10 KO cells treated with
polyphyllin D (PPD; 1 uM). g Quantification of relative SA-B-gal activity. Data are presented as mean of 3
independent experiments with + SD. *P < 0.05; **P < 0.01, for the indicated comparisons.
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Figure 8.
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Figure 8

Association of HDAC10 expression with patient survival and LAMP2 expression in breast invasive

carcinoma.

a, b Kaplan—Meier survival analyses of patients with breast cancer stratified by HDAC10 expression
using microarray (a; probe 226672_s_at) and RNA-sequencing (b) datasets accessed through Kaplan-
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Meier Plotter. Black and red curves represent low and high HDAC10 expression, respectively. Hazard
ratios, 95% confidence intervals, log-rank P values, and numbers at risk are shown. ¢ Correlation between
HDAC10 and LAMP2 transcript levels in the breast invasive carcinoma (BRCA) dataset accessed through
OncoDB. Expression is plotted as log,-transformed transcripts per million (TPM). The correlation
coefficient and P value are indicated. d HDAC10 is proposed to limit excessive chaperone-mediated
autophagy (CMA)-associated degradation of PCM1 and p53, thereby supporting faithful chromosome
segregation and p53-dependent senescence, respectively. HDAC10 deficiency is associated with
increased LAMP2A abundance and enhanced lysosomal degradation of PCM1 and p53, leading to
mitotic abnormalities and impaired senescence. Together, these changes would promote the
accumulation of genomic damage and the continued proliferation of genomically unstable cells.

Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

e UGkimetalsuppl.docx
e SFig5.png
e SFig4.png
e SFig1.png
e SFig2.png

e Westernblotrawdata.docx

Page 24/24


https://assets-eu.researchsquare.com/files/rs-11246803/v1/4433814da6fc872ac72af52f.docx
https://assets-eu.researchsquare.com/files/rs-11246803/v1/d6387bec65abb3299be7b7c6.png
https://assets-eu.researchsquare.com/files/rs-11246803/v1/827daedc4b80bb130ee1b265.png
https://assets-eu.researchsquare.com/files/rs-11246803/v1/89ce6f49792244e5f7d7bb49.png
https://assets-eu.researchsquare.com/files/rs-11246803/v1/e165aa8519e5830f0a2a3b08.png
https://assets-eu.researchsquare.com/files/rs-11246803/v1/b3099d8418e29b9057f02ffc.docx

