b university of ;”g////; . —
L : e % niversity Medical Center Groningen
773 groningen g”,//

University of Groningen

Mitophagy induction improves salivary gland stem/progenitor cell function by reducing
senescence after irradiation

Cinat, Davide; Souza, Anna Lena De; Soto-Gamez, Abel; Jellema-de Bruin, Anne L; Coppes,
Rob P; Barazzuol, Lara

Published in:
Radiotherapy and Oncology

DOI:
10.1016/j.radonc.2023.110028

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2024

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):

Cinat, D., Souza, A. L. D., Soto-Gamez, A., Jellema-de Bruin, A. L., Coppes, R. P., & Barazzuol, L. (2024).
Mitophagy induction improves salivary gland stem/progenitor cell function by reducing senescence after
irradiation. Radiotherapy and Oncology, 190, Article 110028. https://doi.org/10.1016/j.radonc.2023.110028

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.


https://doi.org/10.1016/j.radonc.2023.110028
https://research.rug.nl/en/publications/1044df5e-083d-44f7-8cbf-7657b218d485
https://doi.org/10.1016/j.radonc.2023.110028

Radiotherapy and Oncology 190 (2024) 110028

Contents lists available at ScienceDirect

Radiotherapy
&Oncology

Radiotherapy and Oncology

journal homepage: www.thegreenjournal.com

ELSEVIER

Original Article ' :.)

Check for

Mitophagy induction improves salivary gland stem/progenitor cell function &=

by reducing senescence after irradiation

Davide Cinat®", Anna Lena De Souza ™™, Abel Soto-Gamez>"™', Anne L. Jellema-de Bruin ™",
Rob P. Coppes *", Lara Barazzuol >

@ Department of Biomedical Sciences of Cells & Systems, Section of Molecular Cell Biology, University Medical Center Groningen, University of Groningen, Groningen, the

Netherlands
Y Department of Radiation Oncology, University Medical Center Groningen, University of Groningen, Groningen, the Netherlands

ARTICLE INFO ABSTRACT

Keywords:
Salivary glands
Irradiation
Senescence
Mitochondria
Stem cells

Background and purpose: Patients undergoing radiotherapy for head and neck cancer often experience a decline in
their quality of life due to the co-irradiation of salivary glands. Radiation-induced cellular senescence is a key
factor contributing to salivary gland dysfunction. Interestingly, mitochondrial dysfunction and cellular senes-
cence have been reported to be strongly interconnected and thus implicated in several aging-related diseases.
This study aims to investigate the role of mitochondrial dysfunction in senescence induction in salivary gland
stem/progenitor cells after irradiation.

Materials and methods: A dose of 7 Gy photons was used to irradiate mouse salivary gland organoids. Senescent
markers and mitochondrial function were assessed using rt-qPCR, western blot analysis, SA-f-Gal staining and
flow cytometry analysis. Mitochondrial dynamics-related proteins were detected by western blot analysis while
Mdivi-1 and MFI8 were used to modulate the mitochondrial fission process. To induce mitophagy, organoids
were treated with Urolithin A and PMI and subsequently stem/progenitor cell self-renewal capacity was assessed
as organoid forming efficiency.

Results: Irradiation led to increased senescence and accumulation of dysfunctional mitochondria. This was
accompanied by a strong downregulation of mitochondrial fission-related proteins and mitophagy-related genes.
After irradiation, treatment with the mitophagy inducer Urolithin A attenuated the senescent phenotype and
improved organoid growth and stem/progenitor cell self-renewal capacity.

Conclusion: This study shows the important interplay between senescence and mitochondrial dysfunction after
irradiation. Importantly, activation of mitophagy improved salivary gland stem/progenitor cell function thereby
providing a novel therapeutic strategy to restore the regenerative capacity of salivary glands following
irradiation.

Introduction difficulties with swallowing and speaking [3]. Understanding the pre-

cise mechanisms responsible for the long-term impairment of salivary

Head and neck cancer (HNC) is the seventh most prevalent cancer
worldwide [1]. The primary treatment approach for the majority of HNC
patients involves radiotherapy, often in conjunction with surgery and
chemotherapy [1]. Unfortunately, radiotherapy leads to a decline in a
patient’s quality of life, primarily due to radiation-induced damage of
normal tissues [2]. Xerostomia, or dry mouth syndrome, is a side effect
that results from the co-irradiation of healthy salivary glands [3].
Consequently, patients suffer from impaired speech, dental issues, and
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gland function after irradiation remains limited.

Radiation-induced cellular senescence is a contributing factor of
salivary gland dysfunction [4]. Studies have shown that senescence,
especially in the salivary gland stem/progenitor cell niche, can result in
impaired tissue regeneration and radiation-induced hyposalivation
[5,6]. Cellular senescence can be triggered by various stressors and is
characterized by a stable cell cycle arrest, resistance to apoptosis and
secretion of senescent-associated secretory phenotype (SASP) factors
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[7]. Mitochondrial dysfunction and cellular senescence have been
shown to be strongly interconnected [8]. Indeed, the accumulation of
dysfunctional mitochondria is typically accompanied by disrupted bio-
energetics and increased production of reactive oxygen species (ROS),
which contributes to the enforcement of the senescent phenotype [8].
Moreover, recent studies have shown a strong correlation between
dysregulated mitochondria and the inflammatory microenvironment in
the salivary gland of Sjogren’s and aged patients [9,10].

Mitochondria are dynamic organelles, able to adapt to different en-
ergy requirements and stress conditions [11,12]. They organize as
complex networks and their architecture constantly changes through
fission and fusion processes, which are regulated by specific GTPases,
such as Drpl, Mfnl, Mfn2 and Opal [11,13]. The disruption in the
balance of this dynamic process has been shown to be implicated in
inflammatory and aging-related diseases [8,14]. Furthermore, alter-
ations in mitochondrial dynamics can profoundly influence stem cell
function and self-renewal, contributing to loss in tissue regeneration
capacity and a decline in organ function [15]. Through mitophagy, a
highly selective autophagy process, cells can eliminate damaged mito-
chondria, re-establishing cellular homeostasis [16]. Importantly,
defective mitophagy has been shown to affect the regenerative capacity
of stem/progenitor cells in different tissues, contributing to their
exhaustion and the onset of various aging-related disorders [17]. The
effect of radiation on mitochondrial function and its causal role in the
development of senescence in the response of salivary glands remain to
be elucidated.

In this study, using mouse salivary gland organoids (mSGOs) that
resemble the corresponding in vivo tissue and contain adult stem/pro-
genitor cells [18], we show that radiation-induced senescence is asso-
ciated with an accumulation of dysfunctional mitochondria due to
impaired mitochondrial dynamics and reduced mitophagy. Rescue of
mitophagy by using the mitophagy inducer agent, Urolithin A (UA),
attenuated senescence and improved organoid growth and stem/pro-
genitor cell function, revealing a promising new approach to ameliorate
radiation-induced damage in the salivary gland and possibly other
normal tissues.

Materials and methods
Mice

8-to 12-week-old female C57BL/6 mice (Envigo, the Netherlands)
were housed under conventional conditions with a standard diet and
water ad libitum at the central animal facility of the University Medical
Center Groningen. Animal experimental procedures were approved by
the Central Committee of Animal Experimentation of the Dutch gov-
ernment [license number AVD1050020184824] and the Institute Ani-
mal Welfare Body of the University Medical Center Groningen [animal
welfare body (IVD) protocol number 184824-01-001].

Organoid culture and self-renewal assay

Submandibular glands were collected from adult female mice and
isolated as previously described [19]. In brief, following mechanic and
enzymatic digestion, cells were cultured in DMEM/F12 (Gibco/Invi-
trogen, cat#11320-074) supplemented with penicillin-streptomycin
antibiotics (Invitrogen, cat#15140-163), glutamax (2 mM; Thermo-
Fisher Scientific, cat#35050038), EGF (20 ng/ml; Sigma-Aldrich,
cat#E9644); FGF2 (20 ng/ml; Peprotech, cat#100-18-B), N2 (1x;
Gibco, cat#17502-048), insulin (10 ug/ml, Sigma-Aldrich, cat#16634-
100MG) and dexamethasone (1 uM; Sigma-Aldrich, cat#d4902-25 mg).
After 3 days, primary spheres were dissociated into single cells using
0.05 % trypsin EDTA (Invitrogen, cat#25300-096). After counting,
10.000 cells were plated in 75 pL gel/well [35 pL cell suspension + 40 uL
of culturex basement membrane extract Type 2 (BME) (R&D systems,
cat#3532-010-02P)] in a 12-well tissue culture plate. After
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solidification of the gels, 1 mL of WRY medium [DMEM/F12, pen-
icillin-streptomycin, glutamax, N2, EGF, FGF2, insulin, Y27632 (10 uM;
Abcam, cat#ab120129), 10 % R-spondinl-conditioned medium, and
50 % Wnt3a-conditioned medium] was added to each well.

One week after seeding, gels were dissolved using Dispase enzyme (1
mg/ml in DMEM/F12 at 37 °C for 30 min). The released organoids were
first counted and then dissociated into single cells using 0.05 % trypsin-
EDTA. The cells were reseeded in BME to start a new passage and kept in
culture for seven days to assess self-renewal potential.

Organoid irradiation and drug treatments

Organoids at day 5 in culture were irradiated with 7 Gy photons
using a Cesium-137 source with a dose rate of 0.59 Gy/min.

Mdivi-1 treatment (10 uM, MedChemExpress, cat#HY-15886) or
equivalent volume of solvent (DMSO) for controls were performed in 5
and 8 day-old organoids.

MFI8 treatment (20 pyM, MedChemExpress, cat#HY-150031) or
equivalent volume of solvent (DMSO) for controls were performed at 3
days after irradiation.

UA treatment (1 pM, MedChemExpress, cat#HY-100599) or equiv-
alent volume of solvent (DMSO) for controls were performed at 3 and 5
days after irradiation.

PMI treatment (10 uM, MedChemExpress, cat#HY-115576) or
equivalent volume of solvent (DMSO) for controls were performed at 3
and 5 days after irradiation.

Caspase 3/7 assay

Irradiated and non-irradiated (control) salivary gland organoids
were collected and immediately treated with CellEvent™ Caspase-3/7
Detection Reagent (cat#C10423, Thermo Fischer Scientific). Green
fluorescence intensity was measured in whole wells after 16 h of incu-
bation post-irradiation using an IncuCyte S3 microscope (Essen Biosci-
ence) under 10X magnification and 300 ms exposure. The average Green
Fluorescent Intensity per Object was calculated for each sample. For
outlier exclusion an upper fluorescence threshold was calculated based
on the mean fluorescent intensity across technical replicates (pn + 1.5 o).
Caspase-3/7 activity was next calculated relative to control samples.

Flow cytometry

For the measurement of the mitochondrial membrane potential and
total mitochondrial mass, the probes TMRE (MedChemExpress, cat#HY-
D0985A) and Mitotracker Green (ThermoFisher Scientific, cat#M7514)
were used at a final concentration of 200 nM. For the measurement of
intracellular ROS the probe H2DCFDA (MedChemExpress, cat#HY-
D0940) was used at a final concentration of 5 pM. In brief, salivary
gland organoids were collected, dissociated into single cells and resus-
pended with fresh culture medium. The desired probe was added to the
cell suspension and incubated at 37 °C for 30 min. Cells were then spun
down (for 5 min at 400 g) and washed with PBS/BSA 0.2 %. Cells were
resuspended in PBS/BSA 0.2 % and analyzed using the NovoCyte
Quanteon flow cytometer. Data was analyzed using the FlowJo software.

For the cell cycle analysis, mouse salivary gland organoids were
harvested and trypsinized into single cells. Single cells were next washed
with DPBS and fixed with 4 % PFA for 10 min. Fixed cells were per-
meabilized using 70 % (v/v) ice cold ethanol for 30 min and washed
twice with DPBS prior to nucleic acid staining with working buffer
(DAPI 2 pg/mL, RNAse 50 pg/mL, Triton X-100 0.1 %). Cell cycle was
analyzed under a Watson (Pragmatic model) using the NovoExpress
Flow Cytometry Software in a NovoCyte Quanteon flow cytometer in-
strument (Agilent Technologies, Inc, CA, USA).
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Quantitative real-time PCR

Total RNA was extracted from organoids by using RNeasy Mini Kit
(Qiagen, cat#74104) according to the manufacturer’s instructions.
Reverse transcription to cDNA was performed by using 1 uL. ANTP mix
(10 mM, cat# 10297-018), 1 uL random primers (100 ng, cat#S0142),
4 uL 5x First-strand Buffer (cat#28025013), 2 uL DTT (0.1 M,
cat328025013), 1 uL. RNase OUTTM (40 units/uL, cat#10777019), and
1 pL. M—MLV RT (200 units, cat#28025013), reagents were purchased
from Invitrogen. To measure the expression of the genes of interest,
specific primers were used together with iQ SYBR Green Supermix (Bio-
Rad, cat# 170-8885). The list of primers is specified in Supp. Table 1.
The Ywhaz gene was used as internal control.

Mitochondrial DNA content

For the determination of mitochondrial DNA copy number, genomic
DNA was extracted from organoids by using Monarch Genomic DNA
purification Kit (New England Biolabs, cat#T3010S) according to the
manufacturer’s instructions. Genomic DNA was amplified using specific
primers for mitochondrial DNA or nuclear DNA. The list of primers is
specified in Supp. Table 1. Ywhaz and Tert were used as a reference for
nuclear DNA.

Western blot

Organoids were collected and lysed with RIPA buffer. The lysates
were sonicated and spun down at 4 °C (for 5 min at max speed). The
protein concentration of the lysates was measured using the Bradford
quantification method. Before loading, the samples were boiled at 99 °C
for 5 min and an equal amount of protein was separated with 10 or 12 %
polyacrylamide gels. The transfer to nitrocellulose membranes was
performed using the Trans-Blot Turbo System (Bio-Rad). After blocking
with 10 % milk in PBS-Tween20 for 30 min, membranes were cut and
incubated with primary antibodies at 4 °C overnight followed by incu-
bation with horseradish peroxidase-conjugated secondary antibodies at
room temperature for 1.5 h. Membranes were developed using ECL re-
agent (Thermo Fisher Scientific, cat#32106) in a ChemiDoc imager
(Bio-Rad). Western blots analysis was performed using Image Lab soft-
ware. The list of primary antibodies is specified in Supp. Table 2.

SA-f-Galactosidase staining

Organoids were harvested at day 11, fixed and stained for 4 h with X-
Gal solution (pH 6) according to the manufacturer’s instructions (Merck
Millipore, cat#KAAOO02RF). Organoids were imaged using a Leica DM6
microscope and blue-stained cells were considered as senescent cells.

The quantification of the SA-p-Gal staining of control and irradiated
organoids, DMSO/Mdivi-1-treated organoids and DMSO/MFI8-treated
organoids has been performed using ImageJ, calculating the ratio be-
tween the blue area (positive area) and total area of the organoids.

For the quantification of the SA-$-Gal of DMSO/UA and DMSO/PMI-
treated samples, organoids were harvested, fixed and incubated for 30
min in Bafilomycin A1, followed by SPiDER-f-Gal reagent as indicated
by the manufacturer’s instructions (Dojindo EU GmbH, Munich Ger-
many). The samples were next stained with propidium iodide (1 pg/mL)
in PBS-Triton X-100 (0.4 %). Samples were imaged using an IncuCyte®
S3 microscope (Essen BioScience). The Green fluorescent intensity (300
ms) and red fluorescent intensity (600 ms) of whole-well scans were
measured and the green / red area ratio was used for normalization.

Immunofluorescence staining
For staining of the mitochondrial network, salivary gland organoids

were harvested at day 11 and dissociated into single cells. Cells were
counted and 90.000 cells were re-seeded on the top of a coverslip in a 24
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well plate. WRY media was added and cells were incubated at 37 °C
overnight. On the next day cells were fixed with 4 % formaldehyde and
incubated with the primary antibody at 4 °C overnight. Cells were then
incubated with the secondary antibody at room temperature for 1 h.
DAPI (Sigma Aldrich, cat#D9542) was used for nuclear staining.

For the staining of DRP1 and PINK1, previously archived mouse
salivary gland tissue sections were used. In brief, tissue sections were
first dewaxed and then incubated with the proper primary antibody at 4
°C overnight. On the next day, sections were incubated with the sec-
ondary antibody for 1 h at room temperature and DAPI for 10 min at
room temperature.

All images were acquired with a Leica DM6 microscope and quan-
tified using ImageJ. The list of antibodies is specified in Supp. Table 2.

Statistical analysis

Statistical analyses were performed using the GraphPad Software
version 8. Two-tailed Student’s t-test and two-way ANOVA were used to
determine significant differences between groups. All values are repre-
sented as mean + s.e.m. In all experiments, replicates were samples
derived from different animals, the number of biological replicates (n)
used in each experiment is stated in the figure legend. p-values < 0.05
were considered statistically significant.

Results

To evaluate the effect of radiation on the close interconnection be-
tween mitochondrial function and cellular senescence, we used our
previously established mSGO model. Consistent with the findings of
Peng et al. [20], we applied a dose of 7 Gy, which was shown to induce a
significant increase in senescent markers. Thus, mSGOs were irradiated
with 7 Gy photons and analyzed 6 days later (day 11) (Fig. 1A). After
irradiation, mSGOs displayed low levels of apoptosis at both 16 h and 6
days post-irradiation (Supp. Fig. 1A). However, they exhibited a sig-
nificant cell cycle arrest (Supp. Fig. 1B) and increased levels of senes-
cence-associated-p-Galactosidase (SA-p-Gal) at 6 days post-irradiation
(Fig. 1B), indicating an accumulation of senescent cells in the irradi-
ated samples. Moreover, qPCR and western blot analyses showed
increased levels of the cell cycle regulator P21 (Cdknla) and SASP fac-
tors following irradiation (Fig. 1C-E), confirming our previously pub-
lished data [20].

To evaluate the state of mitochondria after irradiation, we assessed
different mitochondrial parameters, including mitochondrial mass,
mitochondrial membrane potential (A¥YM) and mitochondrial DNA
(mtDNA) copy number. Flow cytometry analysis showed a significant
increase in the total mitochondrial mass after irradiation, as measured
by the mean intensity of Mitotracker Green (Fig. 1F), and in agreement
with the fact that senescent cells are often characterized by an increased
number of mitochondria [12]. Alongside this response, we observed a
significant decrease in AYM (Fig. 1G), suggesting an accumulation of
non-functional mitochondria. An increase in malfunctioning mitochon-
dria has been associated with increased ROS production, which can
further damage the cell [21]. Indeed, flow cytometry analysis showed a
significant increase in H2DCFDA mean intensity after irradiation, which
indicates enhanced ROS generation in irradiated organoids compared to
control (Fig. 1H). Additionally, gene expression via qPCR analysis
revealed a significant decrease in the total amount of mtDNA after
irradiation (measured as mtDNA copy number, Fig. 1I). A lower amount
of mtDNA has previously been shown to be involved in aging and dis-
eases [22-24]. This data confirms that radiation induces senescence and
an accumulation of dysfunctional mitochondria.

Mitochondrial dynamic processes are essential for maintaining
mitochondrial bioenergetics and function [25]. However, to date, little
is known about the potential effects of radiation on mitochondrial dy-
namics in the context of normal tissue stem/progenitor cells. In line with
previous studies [26], irradiation led to upregulation of mitochondrial
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Fig. 1. Radiation-induced senescence and mitochondrial dysfunction. A. Experimental timeline, salivary gland organoids were irradiated at day 5 and collected
at day 11 for the analysis. B. Representative images of whole mount SA-p-Gal staining in non-irradiated (control) and irradiated (7 Gy) salivary gland organoids (left),
and SA-p-Gal quantification (right) (n = 5 animals/group). C. Western blot analysis of P21 in non-irradiated (control) and irradiated (7 Gy) salivary gland organoids
(analysis performed on samples derived from 3 different animals, m1 — m3). D. P21 western blot quantification, data was normalized to GAPDH (n = 3 animals/
group). E. rt-qPCR analysis of senescence-related genes (n = 5 animals/group). F. Flow cytometry analysis of total mitochondrial mass measured as mean intensity of
Mitotracker green (n = 5 animals/group). G. Flow cytometry analysis of mitochondrial membrane potential measured as mean intensity of TMRE normalized to
Mitotracker green (n = 5 animals/group). H. Flow cytometry analysis of total ROS measured as mean intensity of H2DCFDA (n = 5 animals/group). I. rt-qPCR
analysis of mitochondrial DNA genes normalized to nuclear DNA genes (n = 3 animals/group). Scale bars, 10 ym. Data are means + s.e.m. Student’s t-test. *p < 0.05,
**p < 0.01, ***p < 0.005. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

fission proteins 2 days after 7 Gy photon irradiation (day 7) (Supp. Fig.
1C). However, western blot analysis revealed a strong downregulation of
the fission proteins DRP1 and MFF at day 6 after irradiation, while no
significant changes were detected in the expression of fusion proteins,
such as MFN2 and OPA1l (Fig. 2A, B and Supp. Fig. 1D). Moreover,
consistent with the previous observations, we detected a significant in-
crease in TOMM20, a mitochondrial receptor commonly used as a
marker of total mitochondrial mass, in irradiated samples (Fig. 2A, B and
Supp. Fig. 1D). Next, to assess the effect of loss of mitochondrial fission
on mitochondrial morphology, we performed immunofluorescence
staining for TOMM20. As shown in Fig. 2C and Supp. Fig. 1E, irradiated
samples exhibited elongated mitochondria and a denser mitochondrial
network, further corroborating the observed reduction in mitochondrial
fission.

To evaluate the potential link between loss of mitochondrial fission

and mitochondrial dynamics dysregulation with the observed increase
in senescence following irradiation, we treated control mSGOs with the
mitochondrial division inhibitor-1 (Mdivi-1). Non-irradiated mSGOs
were treated with Mdivi-1 at 5 and 8 days after seeding, and samples
were collected on day 11 for analysis (Supp. Fig. 2A). Mdivi-1 and
DMSO-treated samples exhibited a similar number of organoids, shown
as organoid forming efficiency (OFE) (Supp. Fig. 2B, C). However,
Mdivi-1 treatment slightly affected organoid growth, as demonstrated
by the reduced total cell number (Supp. Fig. 2B, C). To assess the pres-
ence of senescence, we performed whole mount SA-B-Gal staining. As
shown in Fig. 2D and Supp. Fig. 2D, inhibition of fission led to an
increased number of senescent cells. Moreover, qPCR analysis showed a
significant upregulation of some SASP factors following Mdivi-1 treat-
ment (Fig. 2E). Next, to confirm the importance of mitochondrial fission
loss in promoting senescence in irradiated samples, we enhanced
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Fig. 2. Impaired mitochondrial dynamics after irradiation. A. Western blot analysis of fission-related proteins (left) and fusion-related proteins (right) in non-
irradiated (control) and irradiated (7 Gy) salivary gland organoids (analysis performed on samples derived from 3 different animals, m1 — m3). B. Western blot
quantification, data was normalized to GAPDH or TUBULIN. Western blot images for mouse 4 (m4) and mouse 5 (m5) are provided in Supp. Fig. 1A (n = 5 animals/
group). C. Representative images of immunofluorescence staining of salivary gland cells, TOMM20 (white) and DAPI (blue). Boxes show zoom-ins of selected areas.
Scale bar, 5 um. D. Representative images of whole mount SA-B-Gal staining after DMSO and Mdivi-1 treatment in control salivary gland organoids (left). SA-p-Gal
quantification (right). Scale bar, 10 pm. n = 5 animals/group. E. Heatmap showing the average gene expression of senescence-related genes detected by rt-qPCR after
Mdivi-1 and DMSO treatment (n = 4 animals/group). F. Representative images of whole mount SA-p-Gal staining after MFI8 and DMSO treatment in irradiated (7 Gy)
salivary gland organoids (left). SA-B-Gal quantification (right). Scale bar, 10 um. n = 3 animals/group. G. Heatmap showing the average gene expression of
senescence-related genes detected by rt-qPCR after MFI8 and DMSO treatment in irradiated (7 Gy) salivary gland organoids (n = 3 animals/group). H. Western blot
analysis of P21 after DMSO and MFI8 treatment in irradiated (7 Gy) salivary gland organoids (analysis performed on samples derived from 3 different animals, m1 —
m3) (top). P21 western blot quantification (bottom), data was normalized to GAPDH (n = 3 animals/group). Data are means + s.e.m. Student's t-test and two-way
ANOVA. *p < 0.05, **p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

mitochondrial fission by treating irradiated mSGOs with the mito-
chondrial fusion inhibitor MFI8 [27] (Supp. Fig. 3A). Treatment with
MFI8 led to a more pronounced mitochondrial network fragmentation
compared to DMSO-treated samples (Supp. Fig. 3B). Notably, fission
enhancement significantly decreased the levels of SA-p-Gal (Fig. 2F and
Supp. Fig. 3C), SASP-related gene expression (Fig. 2G and Supp. Fig. 3D)
and P21 protein (Fig. 2H and Supp. Fig. 3E) in irradiated samples.
Moreover, MFI8 treatment improved mSGOs organoid growth as shown
by the increase of total number of cells at day 11 (Supp. Fig. 3F). Taken

together, this data confirms the involvement of dysregulated mito-
chondrial dynamics in enhancing cellular senescence in normal tissue-
derived mSGOs. Indeed, our data indicate that loss of mitochondrial
fission contributes to the accumulation of non-functional mitochondria
and the increased senescence observed after irradiation.

The maintenance of mitochondrial homeostasis relies on a balanced
mitochondrial dynamics and an efficient clearance of damaged mito-
chondria via mitophagy [28]. Therefore, we sought to determine
whether the observed loss of mitochondrial fission and accumulation of
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dysregulated mitochondria following irradiation were associated with
reduced mitophagy. qPCR analysis revealed a significant down-
regulation of mitophagy-related genes such as PTEN-induced putative
kinase 1 (Pink1), Parkin RBR E3 Ubiquitin Protein Ligase (Parkin2),
BCL2 Interacting Protein 3 (Bnip3) and BLC2 Interacting Protein 3 Like
(Bnip3l), after irradiation (Fig. 3A). Moreover, western blot analysis
showed a decrease of BNIP3 protein levels in irradiated samples (Supp.
Fig. 4A, B), which has been shown to play a pivotal role in regulating
mitophagy and mitochondrial function in different conditions [29].
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Notably, in agreement with our in vitro findings, immunofluorescence
staining of mouse salivary gland tissues showed reduced levels of the
mitochondrial fission protein DRP1 and the mitophagy regulator PINK1
in the ductal compartments at 30 days after local salivary gland irradi-
ation with 15 Gy X-rays (Supp. Fig. 2E). These results aligned with our
previous study, where we observed an accumulation of senescent cells in
striated and excretory ducts, which are believed to harbor salivary gland
stem/progenitor cells [20,30].

Reduced mitophagy and the consequent loss of normal
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Fig. 3. Activation of mitophagy ameliorates salivary gland organoid growth and self-renewal capacity. A. rt-qPCR analysis of mitophagy-related genes (n = 4
animals/group). B. Experimental timeline, organoids were treated with UA (1 uM) at day 3 and 5 after irradiation. Samples were collected at day 11 and re-plated to
assess self-renewal potential. C. Representative images of whole mount SA-B-Gal staining after DMSO and UA treatment in irradiated (7 Gy) salivary gland organoids
(left). SA-p-Gal quantification (right). Scale bar, 10 ym. n = 4 animals/group. D. Heatmap showing the average gene expression of senescence-related genes detected
by rt-qPCR after DMSO and UA treatment in irradiated (7 Gy) salivary gland organoids (n = 6 animals/group). E. Western blot analysis of P21 after DMSO and UA
treatment in irradiated (7 Gy) salivary gland organoids (analysis performed on samples derived from 3 different animals, m1 — m3) (top). P21 western blot
quantification (bottom), data was normalized to GAPDH. Western blot images for mouse 4 (m4), mouse 5 (m5) and mouse 6 (m6) are provided in Supp. Fig. 4F (n =6
animals/group). F. Representative images of irradiated organoids in culture at day 11 after DMSO and UA treatment (left). Organoid quantification shown as
percentage of organoid forming efficiency (OFE %) (right). Scale bar, 100 um. n = 5 animals/group. Each irradiated sample was normalized to its own control. G.
Representative images of organoids in culture after self-renewal (left). Organoid quantification shown as OFE % (right). Scale bar, 100 um. n = 5 animals/group. Each
irradiated sample was normalized to its own control. Data are means + s.e.m. Two-way ANOVA. *p < 0.05, **p < 0.01.
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mitochondrial turnover are strongly linked with mitochondria accu-
mulation and the senescent phenotype [31]. We here treated organoids
with UA, previously shown to increase mitophagy [32], or DMSO at 3
and 5 days after irradiation and assessed the expression of senescence
markers, organoid growth and their ability to self-renew on day 11
(Fig. 3B). qPCR analysis showed an increased expression of mitophagy
markers in UA-treated samples (Supp. Fig. 4C), accompanied by a
decrease in senescent cells detected by whole mount SA-B-Gal staining
(Fig. 3C and Supp. Fig. 4D). Furthermore, qPCR and western blot anal-
ysis exhibited a significant reduction of some SASP factors, such as 116,
Mcp1 and Ccl5 (Fig. 3D and Supp. Fig. 4E) and the cell cycle arrest
marker P21 (Cdknla) (Fig. 3D, E and Supp. Fig. 4E, F) in irradiated
samples, confirming the positive effect of UA in attenuating radiation-
induced senescence in mSGOs. To further corroborate our findings
with UA, we assessed senescence levels upon treatment of irradiated
mSGOs with another mitophagy inducer. For this purpose, mSGOs were
treated with the P62-mediated mitophagy inducer (PMI) [33] at days 3
and 5 after irradiation and analyzed on day 11 (Supp. Fig. 5A). Similar to
UA, PMI treatment significantly reduced senescent markers (Supp. Fig.
5B-D), confirming the induction of mitophagy as an effective strategy to
mitigate radiation-induced senescence.

Next, to assess the effect of UA on stem/progenitor cell activity and
organoid growth, we first calculated the number of mature organoids at
day 11 (shown as OFE) and performed a self-renewal assay by dissoci-
ating and re-plating the organoids. UA-treated irradiated organoids
showed a higher OFE compared to DMSO-treated samples (Fig. 3F and
Supp. Fig. 4G). Moreover, both UA and PMI-treated samples exhibited
higher self-renewal potential (Fig. 3G and Supp. Fig. 4G, Supp. Fig. 5E),
indicating improved stem cell function after mitophagy induction,
similar to what we observed after treatment with senolytics [5]. These
findings suggest that UA partially attenuates the senescent phenotype by
improving mitophagy. Moreover, UA increased organoid formation and
self-renewal potential, indicating its positive role in enhancing stem/
progenitor cell function after irradiation.

Discussion

Salivary gland stem cell homeostasis is tightly regulated, and
endogenous and exogenous stress factors, including radiation, can
disrupt its balance, resulting in reduced regenerative capacity contrib-
uting to long-term organ dysfunction after radiotherapy [34]. Mito-
chondria have been shown to play a crucial role in maintaining stem cell
function in different tissues, and their dysregulation has been implicated
in several inflammatory and aging-related diseases [35]. In this study,
we demonstrate that irradiated mSGOs exhibit an accumulation of
dysfunctional mitochondria due to defective mitochondrial dynamics
and mitophagy. Notably, we observed that activation of mitophagy
resulted in reduced senescence induction, improving both organoid
growth and stem/progenitor cell activity after irradiation.

Radiation can promote senescence in the salivary gland stem/pro-
genitor cell niche, partly contributing to the decline in regenerative
capacity and tissue functionality [5,6]. In line with the findings of Peng
et al. [5], we observed an increase in senescent markers in mSGOs after
7 Gy photon irradiation accompanied by an accumulation of dysfunc-
tional mitochondria. The interplay between cellular senescence and
mitochondrial dysfunction is multifaceted. On the one hand, senescent
cells often exhibit an increased mitochondrial mass as a compensatory
mechanism to cellular stress [12,36]. On the other hand, dysfunctional
mitochondria with reduced mitochondrial membrane potential can
contribute to the development of cellular senescence through ROS
production and altered bioenergetics [12]. In agreement with this
intricate relationship, our study revealed a profound dysregulation of
the mitochondrial dynamic process following irradiation. In particular,
we found a strong downregulation of mitochondrial fission, essential for
mitochondrial division [37]. This resulted in a denser mitochondrial
network characterized by longer and more connected mitochondria. It
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has been previously demonstrated that senescent cells can exhibit
elongated mitochondria, which lead to reduced energy demand and
increased resistance to apoptosis [38]. Intriguingly, the increased
mitochondrial mass detected after irradiation was associated with a
decrease in mtDNA copy number. Irazoki et. al [14] have recently
demonstrated that mitochondrial elongation can lead to mtDNA leakage
into the cytoplasm of muscle cells. This can be recognized by cyto-
plasmic nucleic acid sensors and ultimately being degraded by nucleases
[34,39]. Since the mitochondria of irradiated mSGOs exhibited an
elongated phenotype, the leakage of mtDNA may explain the simulta-
neous increase of the mitochondria number and decrease of mtDNA at
later timepoints. Moreover, due to its important role in regulating cell
bioenergetics, impaired mitochondrial dynamics and lack of mtDNA
integrity can also affect stem cell function and proliferation, ultimately
leading to a decline in their regenerative potential [40,41].

Mitochondrial fission plays a crucial role in regulating mitophagy,
essential for the turnover and removal of damaged mitochondria [42].
Studies have demonstrated that loss of mitochondrial fission can impair
mitophagy and alter the regular degradation of mitochondria [43].
Here, we observed a reduction in mitophagy following irradiation,
indicating a decline in the mitochondrial quality control mechanisms
and the clearance of dysfunctional mitochondria. These findings align
with previous works highlighting mitophagy‘s impairment in senescence
and aging-related diseases [31,44]. Mitophagy defects and the accu-
mulation of damaged mitochondria in stem cells have been shown to
affect their self-renewal ability and regenerative potential [17]. Addi-
tionally, studies have revealed that lack of mitophagy can impact stem
cell reprogramming and pluripotency in vitro [45]. In line with this, we
found that induction of mitophagy attenuated senescence and improved
salivary gland stem/progenitor cell function after irradiation, high-
lighting the importance of mitophagy in maintaining stem/progenitor
cell function under stress conditions.

Overall, our findings suggest that activation of mitophagy could help
to prevent the radiation-associated premature decline in salivary gland
stem/progenitor cell function by improving mitochondrial function and
reducing senescence.

Although previous works from our group have established that SGOs
are enriched in stem/progenitor cells and closely resemble the original
tissue architecture [18,46], our model presents limitations such as the
absence of immune cells and systemic inflammation. The secretion of
SASP, for instance, is essential for the recruitment of immune cells and
removal of senescent cells in aged and damaged tissues [47]. Moreover,
since UA has been shown to be a well-tolerated orally available
mitophagy inducer able to modulate inflammation and immunity in
different contexts [32,48-50], in vivo experiments are required to
comprehensively understand the effects of UA on radiation-induced
mitochondrial dysfunction, senescence and immunity. In this way,
therapeutic strategies aimed at enhancing mitophagy, or more broadly
mitochondrial function, could be used as a potential treatment option to
restore the regenerative capacity of salivary glands and thus mitigate the
side effects of radiotherapy in HNC patients.
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