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Lara Barazzuol1,2 and Rob P. Coppes 1,2

Abstract

Radiotherapy for head and neck cancer is associated with impairment of salivary gland function and consequent

xerostomia, which has a devastating effect on the quality of life of the patients. The mechanism of radiation-induced

salivary gland damage is not completely understood. Cellular senescence is a permanent state of cell cycle arrest

accompanied by a secretory phenotype which contributes to inflammation and tissue deterioration. Genotoxic

stresses, including radiation-induced DNA damage, are known to induce a senescence response. Here, we show that

radiation induces cellular senescence preferentially in the salivary gland stem/progenitor cell niche of mouse models

and patients. Similarly, salivary gland-derived organoids show increased expression of senescence markers and pro-

inflammatory senescence-associated secretory phenotype (SASP) factors after radiation exposure. Clearance of

senescent cells by selective removal of p16Ink4a-positive cells by the drug ganciclovir or the senolytic drug ABT263

lead to increased stem cell self-renewal capacity as measured by organoid formation efficiency. Additionally,

pharmacological treatment with ABT263 in mice irradiated to the salivary glands mitigates tissue degeneration, thus

preserving salivation. Our data suggest that senescence in the salivary gland stem/progenitor cell niche contributes to

radiation-induced hyposalivation. Pharmacological targeting of senescent cells may represent a therapeutic strategy to

prevent radiotherapy-induced xerostomia.

Introduction

Xerostomia is a severe side effect of radiotherapy for

head and neck cancer patients due to co-irradiation of the

salivary glands1,2. Multiple cellular mechanisms are

involved in radiation-induced salivary gland damage;

however, the fundamental cellular and molecular

mechanisms underlying the lasting loss of regenerative

potential of salivary glands after irradiation remain to be

fully elucidated.

Cellular senescence is a permanent state of cell cycle

arrest3 induced by many pro-aging stressors, including

radiation-induced DNA damage. Irradiation is known to

induce senescence in both normal tissue and cancer cells

after exposure to high4 or low doses5. Through secretion

of a range of cytokines, chemokines, growth factors, and

other signaling molecules known as the senescence-

associated secretory phenotype (SASP)6, senescent cells

can have a detrimental effect on the surrounding healthy

cells. As such senescent cells have been recently shown to

contribute to the development of many age-related dis-

eases, including pulmonary fibrosis7, neurodegeneration8,

atherosclerosis9, osteoarthritis10, and malignant and

benign diseases11. Radiation has been suggested to affect
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surrounding non-irradiated cells through the commu-

nication with irradiated cells by SASP factors12. This

radiation-induced bystander phenomenon is known to

affect the surrounding microenvironment through gap

junctions and secreted factors13,14, and mediate a variety

of cellular effects, such as cellular senescence, cell pro-

liferation, and malignant transformation. Accordingly, the

clearance of senescent cells using genetic15 or pharma-

cological approaches9 can rejuvenate hematopoietic stem

cells and increase the life span of aging mice16. However,

whether the radiation altered microenvironment affects

the stem cell pool and its subsequent regenerative

potential remains to be elucidated.

Although radiation leads to a severe loss of acinar cells,

the ductal compartment, where the salivary gland stem/

progenitor cells have been suggested to reside17 remains

after irradiation18 albeit with evidence of persistent DNA

damage and some ductal cells undergoing cellular

senescence19. Recent findings suggest that, in mice,

reduction of quality but not quantity of stem cells is

associated with aging16. Indeed, stem cell senescence, for

instance of hematopoietic stem cells and mesenchymal

stem cells16,20, can impair tissue homeostasis.

Salivary gland stem/progenitor cells (SGSCs) are mul-

tipotent cells that reside in the ductal compartment and

can proliferate and differentiate into acinar cells which

can produce saliva21. Senescence of SGSCs may play a

role in the permanent radiation-induced salivary gland

hypofunction. Therefore, it is important to understand

how senescent cells affect the stem cell niche and hence

the subsequent lack of regenerative potential. Moreover,

whether senescent cells can act as a therapeutic target to

improve salivary gland function still has to be established.

This study investigates the role of cellular senescence in

radiation-induced salivary gland damage. Here, we

showed accumulation of senescent cells after irradiation

in or near the SGSC niche in both salivary glands and

SGSC-derived organoids coinciding with upregulated

SASP gene expression. Selective genetic or drug-mediated

elimination of senescent cells improved the self-renewal

potential of SGSCs in vitro and mitigated radiation-

induced hyposalivation in vivo.

Materials and methods

Mice

Eight- to 12-week-old female C57BL/6 mice (Envigo,

Harlan, The Netherlands) and female p16-3MR mice

(kindly provided by Marco Demaria) were bred in the

central animal facility of the University Medical Center

Groningen. The mice were maintained under conventional

conditions. Animal experimental procedures were approved

by the Central Committee Animal Experimentation of the

Dutch government and the Institute Animal Welfare Body

at the University Medical Center Groningen.

Immunohistochemistry staining

Salivary glands were fixed with 4% formaldehyde and

embedded into paraffin. Five micrometer paraffin sections

were dewaxed and boiled for 8 min with pre-heated

antigen retrieval buffer. Subsequently, sections were

incubated with the following primary antibodies: mouse

anti-γH2AX (Merck, 06-636, Darmstadt, Germany),

mouse anti-BCL-2 (Dako, M0887, Glostrup, Denmark),

mouse anti-p16 (CINtec® Histology Kit, 9517, Man-

nheim, Germany), or rabbit anti-Aquaporin5 antibody

(Alomone labs, AQP-005, Jerusalem, Israel). Visualization

for bright field microscopy was accomplished by adding

specific secondary biotin carrying antibodies, biothynlated

rabbit anti-mouse (Dako, E0413), or biothynlated Swine

anti-rabbit (Dako, E0431) at 1:300 dilution. Nuclear

counterstaining was performed with hematoxylin. The

percentage of area positive for AQP5 staining in salivary

gland tissue was quantified using ImageJ on five repre-

sentative fields at ×10 magnification on three mice

per group.

Isolation of mouse salivary gland cells and organoid

culture

Murine submandibular salivary glands were dissected

from 8- to 12-week-old female p16-3MR mice. Salivary

gland cells were isolated and cultured to form organoids

as described previously22. In short, salivary glands were

mechanically and enzymatically dissociated and cultured

in DMEM-12 (Gibco/Invitrogen, 11320-074, Bleiswijk,

The Netherlands) medium consisting of 1% penicillin/

streptomycin (Gibco, NY, USA), glutamax (2 mM; Ther-

moFischer Scientific, 35050038, Paisley, UK), EGF (20 ng/

ml; Sigma-Aldrich, E9644, Zwijndrecht, The Nether-

lands), FGF2 (20 ng/ml; peprotech, 100-18B, NJ, USA),

N2 (1×; Gibco, 17502-048), insulin (10 μg/ml; Sigma-

Aldrich, I6634), and dexamethasone (1 μM; Sigma-

Aldrich, d4902), here called minimal medium. After

3 days, primary spheres were dissociated into single cells,

seeded in Matrigel and cultured in minimal medium

supplemented with Y-27632 (10 μM; Abcam, ab120129,

Cambridge, UK), 10% R-spondin1 conditioned medium

(provided by C. Kuo), and 50% Wnt3a conditioned

medium to form organoids. After 7 days organoids were

passaged by dissociation into single cells and cultured as

described above.

SA-β-galactosidase staining

Organoids were collected 7 days after (sham) irradia-

tion, fixed and stained overnight with X-Gal solution

according to the manufacturer’s instructions (Merck

Millipore, KAA002RF, MA, USA). Senescent cells were

identified as blue-stained cells under light microscopy.

The percentage of cells positive for SA-β-gal staining in

salivary gland tissue was quantified using ImageJ on three
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representative fields at ×20 magnification on three mice

per group.

Renilla luciferase assay

The p16-3MR gene-reporter system used in this study

was as previously described23. Briefly, p16-3MR mice

carry a three molecular reporter protein (Luciferase-

mRFP-HSVtk fusion protein), which is regulated by the

p16 promoter (Fig. 2d). The luciferase protein can be

measured using the Renilla luciferase assay. Therefore,

p16-3MR mice can be used to track radiation-induced

senescence in 3D cultured organoids in vitro. Organoids

derived from the salivary glands of six p16-3MR mice

were collected and dissociated into single cells. The

Renilla luciferase assay system was used according to the

manufacturer′s protocol. In total, 100,000 cells were lysed

with 100 μl of 1× Renilla luciferase assay lysis buffer. For

each reaction, 20 μl of cell lysate was added to a well of a

96-well plate (Greiner Bio-one, 655075, Frickenhausen,

Germany). Each sample was analyzed in triplicate.

Quantitative real-time PCR

Cells were collected at designated time points. Total

cellular RNA was extracted following the manufacturer’s

instructions (Qiagen, RNeasy Mini Kit, Ref 74104, Hilden,

Germany) to measure expression of cell cycle genes

Cdkn2a (p16Ink4a), Cdkn1a (p21), and SASP genes

(including Il6, Mcp1 Cxcl1), and the senescence tran-

scriptome core signature Gdnf in mouse salivary gland

organoid-derived cells (3–6 mice per group) and salivary

gland tissue (6 mice per group). The primer sequences are

listed in Supplementary Table 1. RNA reverse transcrip-

tion was performed as described previously22. First-strand

cDNA synthesis was performed by using 500 ng total

RNA, 1 μl dNTP Mix (10 mM), 1 μl random primers

(100 ng), 4 μl 5× First-stand Buffer, 2 μl DTT (0.1M), 1 μl

RNase OUTTM (40 units/μl), and 1 μl M-MLV RT (200

units), 20 μl in total for each reaction volume. To measure

gene expression, the SYBR assay kit (Bio-Rad) was used.

Briefly, 2.5 μl cDNA was mixed with 6.25 μl SYBR Green

PCR Master Mix and 3.75 μl primers mix (20 μl forward

primer, 20 μl reverse primer and 1160 μl dH2O, primer

concentration of 100 nmol) for the genes of interest.

qPCR conditions were as follows: 95 °C for 3 min, 39×

(95 °C for 10 s, 55 °C for 10 s, and 72 °C for 30 s), 95 °C for

10 s, 65 °C for 5 s, 95 °C for 50 s. All reactions were run in

triplicate on a BIO-RAD Real-Time PCR System. All the

reagents mentioned above are from Invitrogen.

Flow cytometry

Salivary gland organoids derived from mice were har-

vested at designated time points and dissociated into

single cells. For cell cycle analysis, after two washes with

phosphate-buffered saline (PBS), cells were fixed with 70%

ethanol, incubated overnight at 4 °C. Cells were collected

by spinning them down for 5 min at 1000 r.p.m. at 4 °C,

followed by washing with PBS. After two washes with

PBS, cells were treated with 20 μl DNase free RNase A

(stock concentration of 20 mg/ml) to remove residual

RNA (Sigma-Aldrich) and incubated for 30 min at 37 °C.

Four hundred microliters of propidium iodide solution

(50 μg/ml) was added to cells and incubated for 1 h at

room temperature. For CD24/CD29 population analysis,

Pacific Blue™ anti-mouse CD24 (BioLegend, 101820, CA,

USA) and FITC anti-rat CD29 (BD Biosciences, 555005,

NJ, USA) antibody incubations were performed at room

temperature for 15 min, followed by a wash step in PBS.

Finally, propidium iodide solution (1 μg/ml) was added to

the cells. Samples were analyzed using the XDP flow

cytometry machine. Data were analyzed by FlowJo

software.

SASP experiments with conditioned medium

Organoids cultured in WRY medium were (sham-)

irradiated at day 5 (D5) in culture. Medium was collected

at D12 and mixed with fresh medium in a 1:1 ratio,

resulting in control (C50%) and IR (IR50%)-conditioned

medium. 1 × 104 fresh single SGSCs released from passage

2 organoids were cultured with conditioned medium.

Seven days later, Matrigel was dissolved using Dispase and

organoid formation efficiency (OFE) was calculated as

mentioned previously22.

In vitro irradiation and treatment with ganciclovir (GCV)

and ABT263

The irradiation assay was performed as described pre-

viously24. In short, photon irradiation was performed

using a Cesium-137 source with a dose rate of 0.59 Gy/

min. All irradiation experiments were performed on 5-

day-old organoids cultured in 12-well plates derived from

at least three mice per group. Five-day-old organoids were

irradiated with 7 Gy. Seven days later, 10 μg/ml GCV

(Sigma-Aldrich, G2536) or 0.313 μM ABT263 (Sell-

eckchem, Cat No. S1001, TX, USA,) were administrated

to irradiated organoids and sham-irradiated control cells

were incubated, while the same volume of vehicle solvent

of GCV or ABT263 were added to the controls. Organoids

were collected and dissociated into single cells, and

reseeded to next passage at 1 × 104 cell density as men-

tioned previously. OFE was calculated 7 days later.

In vivo irradiation and treatment with ABT263

The irradiation experimental setup employed here was

as described previously24. In short, the salivary glands of

2–3-month-old female C57BL/6 mice were (sham-) irra-

diated with a single dose of 15 Gy X-rays (Precision X-

ray). Eight weeks after irradiation, mice were treated with

vehicle (ethanol:polyethylene glycol 400:Phosal 50 PG at
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10:30:60) or ABT263 (in ethanol:polyethylene glycol 400:

Phosal 50 PG at 10:30:60) by oral gavage at 50 mg/kg

per day for seven consecutive days for two cycles with a

2 week interval in between. Saliva production was mea-

sured as previously described25. Briefly, after stimulation

with pilocarpine (2 mg/kg), saliva was collected for 15 min

at baseline, 7, 13, and 22 weeks after irradiation and/or

ABT263 treatment. This in vivo experiment was per-

formed using eight mice per group.

Statistical analysis

GraphPad Software version 8 was used for all statistical

analyses. Two-tailed Student’s t-test, Wilcoxon signed-rank

test, and two-way ANOVA were used to estimate statisti-

cally significant differences between groups. Investigators

were blinded to allocation during in vivo experiments and

outcome assessments. All values were represented as

means ± s.e.m. Numbers (n) for tested groups are stated in

the figure legends. All p values were two-sided. P < 0.05 was

considered to be statistically significant. All replicates in this

study were samples from different mice.

Results

Radiation induces senescence in mouse and human

salivary glands

To determine whether radiation induces senescence in

salivary glands, submandibular glands (SGs) of control, 2-

year-old, and 8 weeks post 15 Gy irradiated mice (IR) were

stained for senescence-associated β-galactosidase (SA-

β-gal) (Fig. 1). High levels of SA-β-gal were observed in

both 2-year-old and irradiated SGs, whereas SGs of sham-

irradiated control mice were negative for SA-β-gal (Figs.

1a–d). Interestingly, SA-β-gal expression was only

observed in the striated and excretory ducts, which have

been suggested to contain the mouse SGSCs17,21,26.

Moreover, SG cells isolated from mice at 8 weeks post IR

displayed increased expression of senescence-associated

genes, including the cell cycle regulators p16Ink4a (also

known as Cdkn2a) and p21Cip1/Waf1 (Cdkn1a), the pro-

inflammatory factors Il6, Mcp1, Cxcl1, and the senescence

transcriptome core signature Gdnf27 (Fig. 1e). A similar

ductal staining pattern was observed in human SG sam-

ples obtained from a 45- and 65-year-old irradiated

patient (IR) but not in a 63, 65, and 85-year-old uni-

rradiated patient (control), as indicated by the increased

presence of p16-positive cells in the main ducts (Fig. 1f–g

and Supplementary Fig 1a). These data indicate that in

SGs senescence can be induced by both aging and

radiation, being most abundantly present in the region

thought to contain the putative SG somatic stem cells.

Interestingly, in salivary glands, BCL-2 is expressed in the

striated and excretory ducts28 where the salivary gland

stem cells have been suggested to reside17,26 and may be

related to resistance to apoptosis. Therefore, we verified

the expression of BCL-2 in the salivary gland striated and

excretory ducts as shown in Supplementary Fig. 1b.

Senescence and SASP factors are elevated in irradiated

salivary gland organoids

To further study the role of radiation-induced senes-

cence, we used our previously developed mouse SG

organoid model. These organoids contain SGSCs capable

of giving rise to all major SG cell types21,29. Five-day-old

(D5) organoids were irradiated with 7 Gy and analyzed

7 days later (D12), a dose and a time known to induce

senescence in vitro30. As controls, unirradiated D5 and

D12 organoids were used (Fig. 2a).

First, cell cycle distribution of the irradiated organoid-

derived cells was assessed (Fig. 2b and Supplementary Fig.

2a–c). The D12 control compared to the D5 control

organoids showed an increase in the percentage of cells in

G1 accompanied with a decrease in S and G2 indicating a

decrease in cell proliferation with time in culture. After IR

an increase in the percentage of cells in G2 was observed

accompanied with a decrease of cells in S, and an increase

in multinucleated cells (Supplementary Fig. 2a–c) likely

due to radiation-induced G2 arrest and aberrant cell cycle

progression31.

Next, we analyzed the expression of stem cell enriched

markers CD24/CD29 (ref. 29) in organoid cells derived

from irradiated and unirradiated organoids (Supplemen-

tary Fig. 3). Indeed, CD24hi/CD29hi is abundantly

expressed in our organoids at 5 days of culture but

decreases significantly at D12 with or without irradiation.

Interestingly, the most differentiated population being

CD24lo/CD29lo is significantly increased after irradiation,

whereas CD24hi/CD29lo and CD24hi/CD29med progenitor

populations29 are increased in both control and irradiated

D12 organoids. These data show a shift from stem cells to

more differentiated cells after prolonged culture and

irradiation.

Evidence of DNA damage response in the salivary gland

stem/progenitor cells exposed to radiation has been pre-

viously shown in salivary gland organoids32 as well as in

irradiated salivary gland tissue19. Indeed, γH2AX foci indi-

cating radiation-induced double-strand breaks were high at

0.5 h and decreased at 3 and 24 h after irradiation with 7Gy

confirming activation of the DNA damage response in our

organoid system (Supplementary Fig. 2d, e).

Next, to assess the presence of cellular senescence,

SA-β-gal staining was performed on whole mount

organoids and organoid-derived cryo-sections (Fig. 2c).

Indeed, SA-β-gal activity was increased in irradiated

organoids compared to D5 and D12 control organoids.

D12 control organoids did exhibit some SA-β-gal-

positive cells in the center indicating the presence of

endogenous cellular senescence, likely due to lack of

nutrition and/or oxygen after prolonged growth (Fig. 2c
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and Supplementary Fig. 4a). Since it was not possible to

accurately quantify the level of senescence in 3D orga-

noids, we used organoids derived from p16-3MR

transgenic reporter mice (Fig. 2d) to assess senescence

based on p16 gene expression levels via luciferase

expression. These mice carry a 3MR (trimodality

reporter) protein under the control of the promoter for

p16INK4a (refs. 23,33). The 3MR fusion protein consists of

a Renilla luciferase (LUC) for luminescence detection, a

monomeric red fluorescent protein for fluorescence,

and a herpes simplex virus thymidine kinase (HSV-TK),

which converts GCV into a toxic DNA chain terminator

causing p16 expressing senescent cells to selectively

undergo apoptosis. Quantification of p16-expressing

cells was as such based on the luciferase activity. Indeed,

senescence-associated luciferase activity significantly

increased in irradiated organoids (Fig. 2e) when com-

pared to D12 control organoids while the total cell

number in irradiated organoids decreased (Supple-

mentary Fig. 4b, c). A significant increase in gene

expression of p16, p21 and the SASP factors, Il-6, Mcp1,

Cxcl1, and Gdnf further confirmed the induction of

radiation-induced senescence in our SG organoid

model (Fig. 2f).

Fig. 1 Cellular senescence in irradiated mouse and human salivary glands. a–d Representative images of SA-β-gal (blue) staining in mouse

salivary gland tissue from a control (14-week-old), b 2-year-old control, c 8 weeks post 15 Gy irradiation (14-week-old), and d quantification of SA-

β-gal-positive cell percentage, N= 3 mice/group. Student’s t-test. e RT-qPCR analysis of the expression of senescence markers in salivary gland tissue

of control and 15 Gy irradiated mice, N= 3 mice/group. Multiple Student’s t-test. f, g Representative images of p16 (brown) of human control (65-

year-old) (f) and radiation damaged (45-year-old) (g) salivary glands. Scale bar, 100 µm. Data are mean ± s.e.m., *p < 0.05; **p < 0.01, ***p < 0.001,

****p < 0.0001.
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SASP factors secreted by irradiated organoids compromise

SGSC self-renewal potential

Since the senescent cells are especially abundant in the

ductal compartment (Fig. 1), which has been suggested to

contain the SGSCs, we investigated the influence of SASP

factors on the self-renewal potential of SGSCs. D5 SG

organoids were irradiated with 7 Gy. At D12 in culture,

the conditioned medium from these organoids (Fig. 3a)

was collected and mixed with fresh medium in a 1:1 ratio,

resulting in control mixed medium (C50% medium) and

IR mixed medium (IR50% medium) (Fig. 3a). After

incubation with IR50% medium, the OFE of unirradiated

SG cells was significantly decreased compared to fresh

medium and C50% medium (Fig. 3b, c), suggesting that

the secreted factors may compromise SGSC self-renewal

potential.

Clearance of radiation-induced senescent cells by GCV or

ABT263 treatment increases SG OFE

Next, to further study the effect of senescent cells on

SGSC function, we used GCV treatment to specifically kill

senescent cells in SG organoids derived from p16-3MR

mice23. To select the appropriate concentration, we first

checked the toxicity of GCV treatment on the survival of

unirradiated SGSCs (Supplementary Fig. 5a). A reduced

OFE was observed at doses above 20 μg/ml GCV

Fig. 2 Induction of radiation-induced cellular senescence in salivary gland organoids. a Experimental design. b Cell cycle distribution of cells

derived from 5-day-old (D5), D12 control organoids, and 7 Gy-irradiated (IR) organoids. Data represent the percentage of cells in G1, S, and G2

phases of the cell cycle and being multinucleated. N= 6/group. c Representative images of SA-β-gal staining performed on whole mount and

cryo-sections of organoids collected at the indicated times. d Scheme of the p16-3MR mouse model. Experiments were performed as in panel

a. e Luminescence measurements of cells isolated from D12 control and IR organoids. N= 6/group. f RT-qPCR analysis of the expression of

senescence markers in D12 control and IR organoids. Fold change as compared to control of the levels of the indicated genes relative to Ywhaz.

p16Ink4a: N= 8/group; p21Cip/Waf1, Mcp1, Cxcl1: N= 6/group; Il6: N= 3/group; Gdnf: N= 5/group. Data are mean ± s.e.m. *p < 0.05; **p < 0.01;

****p < 0.0001, Student’s t-test (b), Wilcoxon signed-rank test (e, f). Compared to D5 controls (b) or D12 controls (e, f). Scale bar, 50 µm.
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(Supplementary Fig. 5b, c). Therefore, we chose to treat

irradiated organoids with 10 μg/ml GCV, a dose that did

not affect normal organoid culture. Organoids derived

from P16-3MR transgenic mice were irradiated with 7 Gy

at D5 and subsequently treated with 10 μg/ml GCV at

D12 in culture and refreshed every other day until D18

(Fig. 4a). GCV treatment resulted in a significant reduc-

tion in cell number (Fig. 4b, c) and p16 reporter expres-

sion (Fig. 4d) at D18. Next single cells derived from these

organoids were replated to assess self-renewal potential

after elimination of the senescent cells using GCV (Fig.

4a). Strikingly, cells from irradiated GCV-treated orga-

noids showed a significant increase in OFE in the next

passage compared to that of irradiated vehicle-treated

organoids. A small but not significant increase was

observed using cells derived from non-irradiated GCV-

treated organoids (Fig. 4e, f). Next, we tested the com-

monly used senolytic drug ABT263 on C57BL/6 SG-

derived cells. ABT263, a specific inhibitor of BCL-2 and

BCL-xl, selectively kills senescent cells by inducing

apoptosis16. Similarly to GCV, 1 h treatment with

0.313 μM ABT263 (Fig. 4g), a dose effective in killing

radiation-induced senescent WI-38 fibroblasts16 and that

does not affect normal SG organoid growth (Supple-

mentary Fig. 6a–c), was used to remove senescent cells.

SG organoid-derived cells reseeded and collected 7 days

later showed a significant increase in OFE after irradiation

and ABT263 treatment (Fig. 4h, i and Supplementary Fig.

6d–f). Moreover, when exposed to ABT263 for 5 or 10 h,

a treatment that slightly reduced OFE in control cells

(Supplementary Fig. 6a–c), OFE of irradiated cells was

enhanced (Supplementary Fig. 6g–i). Cumulatively, these

data indicate that clearance of senescent cells in irradiated

organoids increases SGSC self-renewal potential.

ABT263 treatment ameliorates radiation-induced

hyposalivation

Next, we tested whether ABT263 treatment improved

salivary gland function after irradiation in vivo. The sali-

vary glands of C57BL/6 mice were locally irradiated with

15 Gy34. ABT263 was administered for 7 days by oral

gavage at a dose of 50 mg/kg/day at 8 and 11 weeks post

irradiation (Fig. 5a). As expected, at 13 weeks after irra-

diation saliva production of irradiated animals was

reduced compared to control animals. Interestingly,

ABT263 treatment significantly improved saliva produc-

tion in irradiated animals (Fig. 5b). Moreover, we

observed an increased number of Aquaporin5 (Aqp5)-

positive acinar cells in the irradiated and ABT263 treat-

ment group (Fig. 5c, d) and reduced gene expression of

p21waf1 and Il6 (p < 0.01), although not of Mcp1 and

Cxcl1, when compared to irradiated glands treated with

vehicle (Fig. 5e). These data indicate that treatment with

ABT263 can improve the morphology and function of the

irradiated salivary glands.

Discussion

Cellular senescence has recently been implicated in

many age-related diseases concurrently with tissue dete-

rioration35,36. Here, we showed the presence of senescent

cells after aging and irradiation in murine and human

salivary glands, most abundantly in the ductal compart-

ment thought to harbor the tissue somatic stem/pro-

genitor cells17,21,26. Similarly, after irradiation salivary

Fig. 3 Conditioned medium of irradiated organoids reduces self-renewal potential of salivary gland stem/progenitor cells. a Schematic

overview of the study design. b Representative images of passaged day 7 (D7) organoids cultured in fresh, C50% and IR50% medium and their

c organoids formation efficiency (OFE). Medium was collected at D12 and mixed with fresh medium in a 1:1 ratio, resulting in control (C50% medium)

and IR (IR50% medium) conditioned medium. Scale bar, 200 μm. N= 3/group, *p < 0.05; ns not significant, Wilcoxon signed-rank test.
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gland-derived organoids showed a significant induction of

senescence and elevated expression of SASP genes, lead-

ing to a partial decrease in SGSC self-renewal potential

due to secreted SASP factors. Importantly, selective

removal of senescent cells genetically or pharmacologi-

cally improved in vitro SGSC potency and enhanced

in vivo salivary gland function after irradiation, indicating

the close relation between radiation-induced senescence,

SASP factors, and stem cell function.

The inability of SGSCs, residing in a niche containing or

being close to senescent cells, to proliferate may exacer-

bate salivary gland damage by limiting tissue regeneration

potential after injury. The observation that after aging37 or

upon an ablative radiation dose38 the remaining SGSCs,

when taken out of their niche and cultured as organoids,

have the same regenerative potential as young/untreated

SGSCs agrees with this hypothesis. Indeed, evidence of

DNA damage response activation in organoids presented

here and in a previously published study32 and in irra-

diated salivary gland tissue19 and the high level of senes-

cence and SASP gene expression after irradiation as

shown here in SGSC-derived organoids may contribute to

this phenomenon.

SASP factors can disrupt the surrounding healthy cells

through paracrine activity via different mechanisms, such

as recruitment of inflammatory cells, remodeling of the

microenvironment, induction of fibrosis, and inhibition of

stem cell function, the latter recently called “senescence-

stem lock model”39. This model showed that chronic

SASP secretion can prevent tissue regeneration by locking

stem cells in a state of de-differentiation6,39,40. Our data

indicate that SASP factors inhibit the regenerative

Fig. 4 Elimination of radiation-induced senescent cells enhances SGSC self-renewal potential. a Experimental design for panels b–f. Organoids

derived from p16-3MR mice were irradiated at day 5 (D5) in culture, and treated with 10 μg/ml ganciclovir (GCV) at D12. GCV was refreshed every

other day for 6 days. b Representative images and c cell number of organoids at D18. N= 7/group. d Luminescence quantification based on the

same number of cells derived from D18 organoids of (sham-)IR group ± GCV. N= 3/group. e Representative images of salivary gland organoids at

D25. f Quantification of OFE at D25. N= 4/group. g Experimental design for panels h and i. Organoids derived from C57BL/6 mice (6–8 weeks old)

were (sham-)irradiated at D5, and (sham-) treated with 0.313 μM ABT263 for 1 h at D12. Organoid-derived single cells were reseeded to determine

OFE at D19. h Representative images of salivary gland organoids at D19. i Quantification of OFE at D19. N= 3/group. Data are means ± s.e.m.

*p < 0.05, **p < 0.01, Student’s t-test (c), Wilcoxon signed-rank test (d, f, i). Scale bar, 200 μm.
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potential of SGSCs after irradiation ultimately contribut-

ing to salivary gland dysfunction. However, which SASP

factors directly mediate SGSC dysfunction after irradia-

tion remains unknown. IL1 and IL6, two main SASP

factors, were recently reported to block stem cell differ-

entiation promoting tissue aging41,42. Here we observed a

similar increase in IL6 expression after irradiation sug-

gesting that IL6 may play a role in radiation-induced

SGSC dysfunction. Indeed, using IL6−/− mice it was

shown that IL6 deficiency can ameliorate but is not suf-

ficient to rescue radiation-induced salivary hypofunc-

tion19. Interestingly, IL6 can attract immune cells like

Fig. 5 ABT263 treatment improves SG secretory function after irradiation. a Experimental design for panel b. (sham-)irradiated C57BL/6 mice

were administered with vehicle or ABT263 (50 mg/kg/day × 7 days, two cycles with a 2-week interval). Saliva secretion was measured at the indicated

time points for 15 min. b Total stimulated saliva secretion measured before irradiation (−1 week, baseline), before ABT263 treatment (7 weeks after

irradiation), and after ABT263 treatment (13 and 22 weeks after irradiation). N= 8 mice/group. Two-way ANOVA. c Aqp5 staining of SGs at 26 weeks

after IR with or without ABT263 treatment. Aqp5-positive cells are functional acinar cells. Scale bar, 100 µm. d Quantification of the percentage of

acinar area relative to the total salivary gland area. Two-way ANOVA. N= 3 mice/group. e qRT-PCR analysis of cell cycle and senescence marker genes

at 26 weeks after IR with or without ABT263 treatment. N= 6 mice/group. Student’s t-test. Data are means ± s.e.m., *p < 005. **p < 0.01, ***p < 0.001,

****p < 0.0001.
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T cells to senescent regions43, and inhibit the proliferation

of neural stem cells in vitro and in vivo44.

It has been found that the clearance of senescent cells

may attenuate aging45 and radiation-induced premature

aging16,39. Indeed, removal of radiation-induced senescent

cells, either genetically with GCV on p16-3MR mouse

derived cells or pharmacologically with ABT263, amelio-

rated SGSC self-renewal capacity in vitro, and improved

saliva production in vivo. Moreover, ABT263 treatment

successfully improved function and morphology of sali-

vary glands after irradiation. This might be the result of a

rejuvenation of the stem cells themselves and/or the

restoration of the stem cell microenvironment

(niche)16,46. Indeed, downregulation of cell cycle arrest

gene p21 and most importantly the SASP gene IL6 by

ABT263 treatment seems to agree with this. In salivary

glands, the constitution of the stem cell niche before and

after irradiation and the signals governing the stem cell

niche have not been fully established. Interestingly, BCL-2

is expressed in salivary gland striated and excretory ducts

where the SGSCs have been suggested to reside17,28,

making them more resistant to radiation-induced apop-

tosis. Previous data showed that BCL-2 enhances hema-

topoietic stem cell function by anti-apoptotic action47,48

and mediates radio-resistance of hair follicle bulge stem

cells49. Moreover, overexpression of BCL-2 increases

quiescence of hematopoietic stem cells50. Taken together,

these data suggest that overexpression of BCL-2 might

mediate radiation-induced resistance to apoptosis but

could also increase quiescence in salivary gland stem/

progenitor cells. However, it is unclear to what extent

BCL-2 targeted senolytics work on the quiescent stem

cells while eliminating the senescent cells in vivo.

Therefore, the effects of senolytics on stem cells, their

niche, and the related long-term (side-)effects need fur-

ther investigation.

In conclusion, this study provides evidence that senes-

cent cells contribute to radiation-induced hyposalivation

and suggests that eliminating senescent cells may repre-

sent a new therapeutic intervention for the treatment of

xerostomia associated with radiotherapy. However, it

should not be neglected that ABT263 has some toxic side

effects in patients, such as thrombocytopenia and neu-

tropenia51. Based on the current study, it is tempting to

speculate that a few treatment cycles of ABT263 would be

sufficient to eliminate the radiation-induced senescent

cells; however, further work is needed to determine the

safety, efficacy, and therapeutic window of it and other

senolytic drugs.

Acknowledgements

X.P. and Y.W. have been supported by China Scholarship Council. X.P. has been

supported by National Natural Science Foundation of China (82003312). We

also thank the staff and other members of the Department of Biomedical

Sciences of Cells & Systems of the University Medical Center of Groningen for

fruitful discussion of data.

Author details
1Department of Biomedical Sciences of Cells & Systems, University Medical

Center Groningen, University of Groningen, Groningen, The Netherlands.
2Department of Radiation Oncology, University Medical Center Groningen,

University of Groningen, Groningen, The Netherlands. 3Laboratory of Cellular

Senescence and Age-related Pathologies, European Research Institute for the

Biology of Aging (ERIBA); University Medical Center Groningen, University of

Groningen, Groningen, The Netherlands

Conflict of interest

The authors declare that they have no conflict of interest.

Publisher’s note

Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/

10.1038/s41419-020-03074-9).

Received: 10 May 2020 Revised: 28 September 2020 Accepted: 30

September 2020

References

1. Vissink, A. et al. Clinical management of salivary gland hypofunction and

xerostomia in head-and-neck cancer patients: successes and barriers. Int. J.

Radiat. Oncol. Biol. Phys. 78, 983–991 (2010).

2. Dirix, P., Nuyts, S. & Van den Bogaert, W. Radiation-induced xerostomia in

patients with head and neck cancer: a literature review. Cancer 107,

2525–2534 (2006).

3. Tchkonia, T., Zhu, Y., van Deursen, J., Campisi, J. & Kirkland, J. L. Cellular

senescence and the senescent secretory phenotype: therapeutic opportu-

nities. J. Clin. Invest. 123, 966–972 (2013).

4. Rodier, F. et al. Persistent DNA damage signalling triggers senescence-

associated inflammatory cytokine secretion. Nat. Cell Biol. 11, 973–979

(2009).

5. Tsai, K. K. C., Stuart, J., Chuang, Y.-Y. E., Little, J. B. & Yuan, Z.-M. Low-dose

radiation-induced senescent stromal fibroblasts render nearby breast cancer

cells radioresistant. Radiat. Res. 172, 306–313 (2009).

6. Coppé, J.-P. et al. Senescence-associated secretory phenotypes reveal cell-

nonautonomous functions of oncogenic RAS and the p53 tumor suppressor.

PLoS Biol. 6, 2853–2868 (2008).

7. Beach, T. A., Johnston, C. J., Groves, A. M., Williams, J. P. & Finkelstein, J. N.

Radiation induced pulmonary fibrosis as a model of progressive fibrosis:

contributions of DNA damage, inflammatory response and cellular senes-

cence genes. Exp. Lung Res. 43, 134–149 (2017).

8. Luo, X.-G., Ding, J.-Q. & Chen, S.-D. Microglia in the aging brain: relevance to

neurodegeneration. Mol. Neurodegener. 5, 12 (2010).

9. Childs, B. G. et al. Senescent intimal foam cells are deleterious at all stages of

atherosclerosis. Science 354, 472–477 (2016).

10. Jeon, O. H. et al. Local clearance of senescent cells attenuates the develop-

ment of post-traumatic osteoarthritis and creates a pro-regenerative envir-

onment. Nat. Med. 23, 775–781 (2017).

11. Nguyen, H. Q. et al. Ionizing radiation-induced cellular senescence promotes

tissue fibrosis after radiotherapy. A review. Crit. Rev. Oncol. Hematol. 129, 13–26

(2018).

12. Liao, E. C. et al. Radiation induces senescence and a bystander effect through

metabolic alterations. Cell Death Dis. 5, e1255 (2014).

13. Hagelstrom, R. T. et al. DNA-PKcs and ATM influence generation of ionizing

radiation-induced bystander signals. Oncogene 27, 6761–6769 (2008).

14. Nelson, G. et al. A senescent cell bystander effect: senescence-induced

senescence. Aging Cell 11, 345–349 (2012).

15. Baker, D. J. et al. Naturally occurring p16(Ink4a)-positive cells shorten healthy

lifespan. Nature 530, 184–189 (2016).

Peng et al. Cell Death and Disease          (2020) 11:854 Page 10 of 11

Official journal of the Cell Death Differentiation Association

https://doi.org/10.1038/s41419-020-03074-9
https://doi.org/10.1038/s41419-020-03074-9


16. Chang, J. et al. Clearance of senescent cells by ABT263 rejuvenates aged

hematopoietic stem cells in mice. Nat. Med. 22, 78–83 (2016).

17. Pringle, S., Van, Os,R. & Coppes, R. P. Concise review: adult salivary gland stem

cells and a potential therapy for xerostomia. Stem Cells 31, 613–619 (2013).

18. Price, R. E., Ang, K. K., Stephens, L. C. & Peters, L. J. Effects of continuous

hyperfractionated accelerated and conventionally fractionated radiotherapy

on the parotid and submandibular salivary glands of rhesus monkeys.

Radiother. Oncol. 34, 39–46 (1995).

19. Marmary, Y. et al. Radiation-induced loss of salivary gland function is driven by

cellular senescence and prevented by IL6 modulation. Cancer Res. 76,

1170–1180 (2016).

20. Severino, V. et al. Insulin-like growth factor binding proteins 4 and 7 released

by senescent cells promote premature senescence in mesenchymal stem

cells. Cell Death Dis. 4, e911 (2013).

21. Maimets, M. et al. Long-term in vitro expansion of salivary gland stem cells

driven by Wnt signals. Stem Cell Rep. 6, 150–162 (2016).

22. Nagle, P. W. et al. The in vitro response of tissue stem cells to irradiation with

different linear energy transfers. Int. J. Radiat. Oncol. Biol. Phys. 95, 103–111

(2016).

23. Demaria, M. et al. An essential role for senescent cells in optimal wound

healing through secretion of PDGF-AA. Dev. Cell 31, 722–733 (2014).

24. Peng, X., Varendi, K., Maimets, M., Andressoo, J. O. & Coppes, R. P. Role of glial-

cell-derived neurotrophic factor in salivary gland stem cell response to irra-

diation. Radiother. Oncol. 124, 448–454 (2017).

25. Pringle, S. et al. Human salivary gland stem cells functionally restore503

radiation damaged salivary glands. Stem Cells 34, 640–652 (2016).

26. van Luijk, P. et al. Sparing the region of the salivary gland containing stem cells

preserves saliva production after radiotherapy for head and neck cancer. Sci.

Transl. Med. 7, 305ra147 (2015).

27. Hernandez-Segura, A., Nehme, J. & Demaria, M. Hallmarks of cellular senes-

cence. Trends Cell Biol. 28, 436–453 (2018).

28. Pammer, J., Horvat, R., Weninger, W. & Ulrich, W. Expression of bcl-2 in salivary

glands and salivary gland adenomas. A contribution to the reserve cell theory.

Pathol. Res. Pract. 191, 35–41 (1995).

29. Nanduri, L. S. et al. Purification and ex vivo expansion of fully functional salivary

gland stem cells. Stem Cell Rep. 3, 957–964 (2014).

30. Wang, Y., Boerma, M. & Zhou, D. Ionizing radiation-induced endothelial cell

senescence and cardiovascular diseases. Radiat. Res. 186, 153–161 (2016).

31. Wang, B. Analyzing cell cycle checkpoints in response to ionizing radiation in

mammalian cells. Methods Mol. Biol. 1170, 313–320 (2014).

32. Nagle, P. W. et al. Lack of DNA damage response at low radiation doses in

adult stem cells contributes to organ dysfunction. Clin. Cancer Res. 24,

6583–6593 (2018).

33. Burd, C. E. et al. Monitoring tumorigenesis and senescence in vivo with a p16

(INK4a)-luciferase model. Cell 152, 340–351 (2013).

34. Lombaert, I. M. et al. Rescue of salivary gland function after stem cell trans-

plantation in irradiated glands. PLoS ONE 3, e2063 (2008).

35. van Deursen, J. M. The role of senescent cells in ageing. Nature 509, 439–446

(2014).

36. Campisi, J. Aging, cellular senescence, and cancer. Annu. Rev. Physiol. 75,

685–705 (2013).

37. Maimets, M., Bron, R., de Haan, G., van Os, R. & Coppes, R. P. Similar ex vivo

expansion and post-irradiation regenerative potential of juvenile and aged

salivary gland stem cells. Radiother. Oncol. 116, 443–448 (2015).

38. Lombaert, I. M. et al. Keratinocyte growth factor prevents radiation damage to

salivary glands by expansion of the stem/progenitor pool. Stem Cells 26,

2595–2601 (2008).

39. de Keizer, P. L. The fountain of youth by targeting senescent cells? Trends Mol.

Med. 23, 6–17 (2017).

40. Wiley, C. D. et al. Mitochondrial dysfunction induces senescence with a distinct

secretory phenotype. Cell Metab. 23, 303–314 (2016).

41. Orjalo, A. V., Bhaumik, D., Gengler, B. K., Scott, G. K. & Campisi, J. Cell surface-

bound IL-1alpha is an upstream regulator of the senescence-associated IL-6/

IL-8 cytokine network. Proc. Natl Acad. Sci. USA 106, 17031–17036 (2009).

42. Pietras, E. M. et al. Chronic interleukin-1 exposure drives haematopoietic stem

cells towards precocious myeloid differentiation at the expense of self-

renewal. Nat. Cell Biol. 18, 607–618 (2016).

43. Prata, L., Ovsyannikova, I. G., Tchkonia, T. & Kirkland, J. L. Senescent cell clear-

ance by the immune system: emerging therapeutic opportunities. Semin.

Immunol. 40, 101275 (2018).

44. Dulken, B. W. et al. Single-cell analysis reveals T cell infiltration in old neuro-

genic niches. Nature 571, 205–210 (2019).

45. Baar, M. P. et al. Targeted apoptosis of senescent cells restores tissue home-

ostasis in response to chemotoxicity and aging. Cell 169, 132–147.e116 (2017).

46. Yosef, R. et al. Directed elimination of senescent cells by inhibition of BCL-W

and BCL-XL. Nat. Commun. 7, 11190 (2016).

47. Domen, J., Gandy, K. L. & Weissman, I. L. Systemic overexpression of BCL-2 in

the hematopoietic system protects transgenic mice from the consequences

of lethal irradiation. Blood 91, 2272–2282 (1998).

48. Matsuzaki, Y. et al. Role of bcl-2 in the development of lymphoid cells from the

hematopoietic stem cell. Blood 89, 853–862 (1997).

49. Sotiropoulou, P. A. et al. Bcl-2 and accelerated DNA repair mediates resistance

of hair follicle bulge stem cells to DNA-damage-induced cell death. Nat. Cell

Biol. 12, 572–582 (2010).

50. Qing, Y., Wang, Z., Bunting, K. D. & Gerson, S. L. Bcl2 overexpression rescues the

hematopoietic stem cell defects in Ku70-deficient mice by restoration of

quiescence. Blood 123, 1002–1011 (2014).

51. Rudin, C. M. et al. Phase II study of single-agent navitoclax (ABT-263) and

biomarker correlates in patients with relapsed small cell lung cancer. Clin.

Cancer Res. 18, 3163–3169 (2012).

Peng et al. Cell Death and Disease          (2020) 11:854 Page 11 of 11

Official journal of the Cell Death Differentiation Association


	Cellular senescence contributes to radiation-induced hyposalivation by affecting the stem/progenitor cell niche
	Introduction
	Materials and methods
	Mice
	Immunohistochemistry staining
	Isolation of mouse salivary gland cells and organoid culture
	SA-&#x003B2;nobreak-nobreakgalactosidase staining
	Renilla luciferase assay
	Quantitative real-time PCR
	Flow cytometry
	SASP experiments with conditioned medium
	In vitro irradiation and treatment with ganciclovir (GCV) and ABT263
	In vivo irradiation and treatment with ABT263
	Statistical analysis

	Results
	Radiation induces senescence in mouse and human salivary glands
	Senescence and SASP factors are elevated in irradiated salivary gland organoids
	SASP factors secreted by irradiated organoids compromise SGSC self-renewal potential
	Clearance of radiation-induced senescent cells by GCV or ABT263 treatment increases SG OFE
	ABT263 treatment ameliorates radiation-induced hyposalivation

	Discussion
	Acknowledgements


