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Abstract (max 250 words) 

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

gland function and consequent xerostomia leading to a reduced quality of life. 

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 showed that radiation induces cellular senescence 

preferentially in the salivary gland stem and progenitor cell niche of mouse models 

and patients. Similarly, salivary gland-derived organoids show increased 

senescence markers and pro-inflammatory senescence-associated secretory 

phenotype (SASP) after radiation exposure. Selective clearance of senescent cells 

by GCV or ABT263 leads to increased stem cell self-renewal capacity as measured 

by organoid formation efficiency. Additionally, pharmacological treatment with the 

senolytic drug ABT263 in mice irradiated to the salivary glands mitigates tissue 

degeneration preserving salivation. Our data suggest an important role of 

senescence in the salivary gland stem and progenitor cell niche contributing to 

radiation-induced hyposalivation. Pharmacological targeting of senescent cells may 

represent a therapeutic strategy to prevent radiotherapy-induced xerostomia. 
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Introduction 

Xerostomia is a severe side effect of radiotherapy for head and neck cancer patients 

due to co-irradiation of the salivary glands (1). Salivary glands are very sensitive to 

radiation with a loss of saliva production within the first week after radiotherapy 

(2). Multiple cellular mechanisms are involved in radiation-induced salivary gland 

damage, such as acinar cell dysfunction, apoptosis, loss of stem and progenitor cell 

function, and cellular senescence (3, 4). However, the fundamental cellular and 

molecular mechanisms underlying the loss of regenerative potential of salivary 

glands after irradiation remains to be fully elucidated.   

Cellular senescence is a permanent state of cell cycle arrest (5) 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 high 

(6) or low doses (7). Through secretion of a range of cytokines, chemokines, 

growth factors and other signaling molecules known as the senescence-associated 

secretory phenotype (SASP) (8), senescent cells can have a detrimental effect on 

the surrounding healthy cells and have been recently shown to contribute to the 

development of many age-related diseases, including pulmonary fibrosis (9), 

neurodegeneration (10), atherosclerosis (11), osteoarthritis (12) and malignant and 

benign diseases (13). It is well established that radiation can affect surrounding 

non-irradiated cells, including tissue-specific stem cells, through the 

communication with irradiated cells by SASP factors (14). This radiation-induced 

bystander phenomenon is known to affect the surrounding microenvironment 

through gap junctions and media (15, 16), and mediate a variety of cellular effects, 

such as cellular senescence, cell proliferation and malignant transformation. 

Accordingly, the clearance of senescent cells via genetic (17) or pharmacological 

approaches (11) can mitigate radiation-induced tissue damage (18) and increase the 

life span of aging mice. However, whether the radiation mediated reconstructed 

microenvironment affects the stem cell pool and its subsequent regenerative 

potential remains to be fully elucidated. 



Chapter 3  

68 

Interestingly, although radiation leads to a severe loss of acinar cells, the ductal 

compartment, where the salivary gland stem and progenitor cells have been 

suggested to reside (19), remains after irradiation (20). In addition, a recent study 

showed that most of the ductal compartment undergoes cellular senescence after 

irradiation (3). Recent findings suggest that, in mice, reduction of quality but not 

quantity of stem cells is associated with aging as shown in the hematopoietic and 

muscle stem cell systems (18) part of which may be due to stem cell senescence. It 

is well known that tissue homeostasis and regeneration are maintained by resident 

stem cells that have the ability to self-renew and to generate all tissue-specific 

differentiated cell lineages. Stem cell senescence, for instance of mesenchymal 

stem cells and hematopoietic stem cells (18, 21), can have deleterious effects on 

normal tissue impairing tissue homeostasis. Salivary gland stem/progenitor cells 

(SGSCs) are multipotent cells that reside in the ductal compartment and can 

proliferate and differentiate into acinar cells which can produce saliva. Senescence 

of SGSCs may play a role in the permanent salivary gland hypofunction. Therefore, 

it is important to understand how senescent cells affect the stem cell niche and 

subsequent tissue damage. 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 in or near the 

SGSC niche after irradiation both in salivary glands and in SGSC derived 

organoids together with upregulated SASP gene expression. Moreover, selective 

elimination of senescent cells improved the self-renewal potential of SGSCs in 

vitro and mitigated radiation-induced hyposalivation in vivo. 
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Results 

Radiation induces senescence in mouse and human salivary glands  

To determine whether radiation induces senescence in salivary glands, 

submandibular salivary glands (SGs) of control (Fig. 1a), 2-year-old (Fig. 1b), and 

8 week post 15 Gy irradiated mice (IR) (Fig. 1c) were stained for senescence-

associated β-galactosidase (SA-β-gal). High expression of SA-β-gal was observed 

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

were negative for SA-β-gal (Fig. 1a-1c). Interestingly, SA-β-gal expression was 

only observed in the striated and excretory ducts, which have been suggested to 

contain the mouse SGSCs (19, 22). To further verify senescence, SA-β-gal staining 

was performed in combination with p16, a widely used cell cycle marker of cellular 

senescence(23, 24). Indeed, p16 showed co-localization with SA-β-gal in the 

striated and excretory duct cells (Fig. 1d). Moreover, SG cells isolated from 

irradiated mice displayed increased levels of senescence-associated genes, 

including the cell-cycle regulators p16Ink4a (also known as Cdkn2a), p19Arf (Cdkn2d) 

and p21Cip1/Waf1 (Cdkn1a), the pro-inflammatory factors Il6, Mcp1, Cxcl1 and the 

senescence transcriptome core signature Gdnf (25) (Fig. 1e). A similar ductal 

staining pattern was observed in human SG samples obtained from a 37-year-old 

patient (control) and a 55-year-old patient (IR), as indicated by the presence of 

p16-positive cells in the main ducts (Fig. 1f-1g). These data indicate that in SGs 

senescence can be induced by aging and radiation, most abundantly in the region 

thought to contain the SG putative stem and progenitor cells. 

Senescence and SASP factors are elevated in irradiated salivary gland 
organoids 

To further study the role of radiation-induced senescence, we used our previously 

developed mouse SG organoid model. These organoids contain SG stem and 

progenitor cells capable of giving rise to all major cell types (26). 5-day-old (D5) 

organoids were irradiated with 7 Gy and analyzed 7 days later (D12), a dose and a 
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time known to induce senescence in vitro (27). As controls, D5 and D12 organoids 

were used (Fig. 2a).  

 
Fig. 1 Cellular senescence in irradiated mouse and human salivary glands. a-d) 

Representative images of SA-β-gal (blue) staining in 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) of co-staining with p16 (brown). Scale bar, 5 µm. e) RT-qPCR analysis of the 

expression of senescence markers in salivary gland tissue of control and 15 Gy irradiated 

mice. n=3/group. Data are mean ± s.e.m, *p<0.05; **p<0.01, ***p<0.001. Multiple 

Student’s t-test. f-g) Representative images of p16 (brown) of human control (37-year-old) 

(f) and radiation damaged (55-year-old) (g) salivary glands. Scale bar, 100 µm. 
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First, cell cycle distribution of the irradiated organoid-derived cells was assessed 

(Fig. 2b, supplementary Fig. 1). 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. 1) likely due to radiation-induced G2 arrest and aberrant cell 

cycle progression (28). 

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 controls. D12 organoids did exhibit some SA-β-gal positive cells in the 

center indicating the presence of endogenous cellular senescence, likely due to 

replicative senescence or lack of nutrition/oxygen after prolonged growth (Fig. 2c, 

supplementary Fig. 2a). To quantify the amount of senescent cells, p16-3MR 

transgenic reporter mice were used (Fig. 2d). These mice carry a 3MR (trimodality 

reporter) protein under the control of the promoter for p16INK4a (23, 27). The 3MR 

fusion protein consists of a Renilla luciferase (LUC, for luminescence detection), a 

monomeric red fluorescent protein (mRFP, for fluorescence), and a herpes simplex 

virus thymidine kinase (HSV-TK), which converts ganciclovir (GCV) into a toxic 

DNA chain terminator causing p16 expressing senescent cells to selectively 

undergo apoptosis.  

Indeed, senescence-associated luciferase activity significantly increased in 

irradiated organoids (Fig. 2f) when compared to D12 control organoids while the 

total cell number in irradiated organoids decreased (supplementary Fig. 2b-2c). 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).  
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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 and IR organoids. Data represents the cell percentage in the G1, S, G2 phases 

of the cell cycle and the amount of multinucleated cells. 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 (a). e) Luminescence measurements of cells isolated from D12 control and IR organoids. 

f) RT-qPCR analysis of the expression of senescence markers in D12 control and IR 

organoids. Levels of the indicated genes relative to Ywhaz. n≥3, control set on 1. 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 5-day-old (D5) controls (a) or 12-day-old (D12) controls (e,f). Scale 

bar, 50 µm 

 

 



Cellular senescence contributes to IR-induced hyposalivation   

73 

 
3 

SASP factors secreted by irradiated organoids compromise SGSC self-
renewal 

SASP factors may induce non-malignant proliferating neighboring cells to undergo 

senescence in a paracrine manner (29). 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%) and 

irradiated mixed medium (IR50%) (Fig. 3a). After incubation with IR50% medium, 

the organoid formation efficiency (OFE) of untreated SG cells was significantly 

decreased compared to fresh medium and C50% (Fig. 3b-3c), indicating that the 

SASP factors compromise SGSC self-renewal potential. 

 
 
Fig. 3 Conditioned medium of irradiated organoids reduces self-renewal potential of 

SGSCs. a) Schematic overview of the study design. b) Representative images of passaged 

day 7 (D7) organoids cultured in fresh, C50% and IR 50% medium (medium was collected 

at D12 and mixed with fresh medium in a 1:1 ratio, resulting in control (C50%) and IR 

(IR50%) conditioned medium) and their (c) organoids formation efficiency (OFE). Scale 

bar, 200 μm. *p<0.05; ns=not significant, Wilcoxon signed-rank test. 
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Clearance of radiation-induced senescent cells by GCV or ABT263 

treatment increases organoid formation efficiency 

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 mice (27). First, we checked the effect of GCV treatment on SGSCs 

(Supplementary Fig. 3a). A reduced OFE was observed at doses above 20 μg/ml 

GCV (Supplementary Fig. 3b-3c). Therefore, we chose to treat irradiated organoids 

with 10 μg/ml GCV a dose that does not affect normal organoid culture. Organoids 

derived from P16-3MR transgenic mice were 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 reduction in cell number (Figs. 4b-4c) and p16 reporter expression 

(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 organoids showed a 

significant increase in OFE compared to irradiated vehicle-treated organoids. A 

small but not significant increase was observed using cells derived from non-

irradiated GCV-treated organoids (Figs. 4e-4f). Next, we tested the commonly 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 

apoptosis (18). Similarly to GCV, 1 hour treatment with 0.313 µM ABT263 (Fig 

4g), a dose effective in killing radiation-induced senescent WI-38 fibroblast cells 

(18) and that does not affect normal organoid growth (Supplementary Fig.4a-4c) 

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-4i, Supplementary Fig. 4d-4f). Strikingly, even when 

exposed to ABT263 for 5 or 10 hours, a treatment that slightly reduced OFE in 

control cells (Fig. 4a-4c), OFE of irradiated cells was enhanced (Supplementary 

Fig. 4g-4i). Cumulatively these data indicate that clearance of senescent cells in 

irradiated organoids increases self-renewal and stemness. 
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Fig. 4 Elimination of radiation-induced senescent cells enhance SGSC self-renewal 

potential. a) Experimental design for panels b-f. Organoids derived from p16-3MR mice 

were irradiated at day 5 (D5), 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. d) Luminescence quantification based on the same number of cells 

derived from D18 organoids of (sham-)IR group +/- GCV. e) Representative images of 

salivary gland organoids at D25. f) Quantification of OFE at D25. g) Experimental design 

for panels h-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 re-seeded to determine OFE at D19. h) Representative images of 

salivary gland organoids at D19. i) Quantification of OFE at D19. Data are means ± s.e.m. 

of at least 3 mice. *P<0.05, **P<0.01, Student’s t-test (c), Wilcoxon signed-rank test (d, f, 

i). Scale bar, 200 μm.      

ABT263 treatment ameliorates radiation-induced hyposalivation 

Next, we tested whether ABT263 treatment improves salivary gland function after 

irradiation in vivo. The salivary glands of C57BL/6 mice were locally irradiated 
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with 15 Gy (30). 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 irradiation saliva production of irradiated animals significantly dropped 

compared to control animals. Interestingly, ABT263 treatment significantly 

improved saliva production in irradiated animals (Fig. 5b).  

 

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 x 7 days, 2 cycles with a 2-week interval). Saliva 

secretion was measured at the indicated time points. b) Total stimulated saliva secretion 

measured before irradiation (-1 week, basal), before ABT263 treatment (7 weeks after 

irradiation) and after ABT263 treatment (13, 18, 22 weeks after irradiation). n≥6/group. 

**p<0.01, Multiple Student’s t-test.  

 

 



Cellular senescence contributes to IR-induced hyposalivation   

77 

 
3 

Discussion 

Cellular senescence has recently been implicated in many age-related diseases 

concurrently with tissue deterioration (31, 32). Here, we showed the presence of 

senescent cells after aging and irradiated murine and human salivary glands, most 

abundantly in the ductal compartment thought to harbor the tissue stem and 

progenitor cells (19). Similarly, after irradiation mouse salivary gland-derived 

organoids showed a significant induction of senescence and elevated expression of 

SASP genes. Additionally, conditioned medium containing SASP from irradiated 

organoids led to a reduction of SGSC self-renewal. Importantly, selective removal 

of senescent cells in vitro improved SGSC self-renewal capacity and enhanced in 

vivo salivary gland function after irradiation, indicating the close relation between 

radiation-induced senescence, SASPs and stem cell function.  

Emerging evidence supports the possibility that reduction of quality but not 

quantity of tissue specific stem cells is associated with tissue deterioration as 

shown in hematopoietic, muscle and mesenchymal stem cells (18, 21). It is 

therefore possible that senescence induction in SGSCs could contribute to salivary 

gland hypofunction. The inability of SGSCs, in a niche with or close to senescent 

cells, to proliferate, may exacerbate salivary gland damage by limiting tissue 

regeneration after injury. The stem cell niche is the local in vivo microenvironment 

that maintains and regulates stem cell fate. The observation that after aging (33) or 

upon an ablative radiation dose (34) the remaining stem cells have the same 

regenerative potential as young/untreated stem cells of the salivary gland, when 

taken out of their niche and cultured as organoids agrees with this hypothesis. 

Indeed, the high level of senescence and SASP gene expression after irradiation as 

shown here in SGSC-derived organoids may be responsible for this phenomenon.  

Indeed, SASP can disrupt the surrounding healthy cells through paracrine activity 

via different mechanisms. These include recruitment of inflammatory cells, 

remodeling of the microenvironment, induction of fibrosis and inhibition of stem 
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cell function, the latter recently called “senescence-stem lock model” (35). This 

model showed that chronic SASP secretion can prevent tissue regeneration by 

locking stem cells in a state of de-differentiation (8, 35, 36). Our data indicates that 

SASP factors inhibit the regenerative potential of SGSCs after irradiation 

ultimately contributing to salivary gland dysfunction. However, which SASP 

factors directly mediate SGSC dysfunction after irradiation remains unknown. IL1 

and IL6, two main SASP factors, were recently reported to block stem cell 

differentiation promoting tissue aging (37, 38). Here we observed a similar 

increase in IL-6 secretion following irradiation both in vitro and in vivo, suggesting 

that IL-6 may play a role in radiation-induced SGSC dysfunction and the 

subsequent loss of saliva secretory function. Indeed, IL-6-/- mice revealed that IL6 

deficiency can ameliorate radiation-induced salivary hypofunction (3). Moreover, 

IL-6 can attract immune cells like T cells to senescent regions (39), and inhibit the 

proliferation of neural stem cells in vitro and in vivo (40). However, IL-6 knock out 

was not sufficient to rescue saliva secretory function back to normal level, 

suggesting that additional SASP factors, like extracellular matrix remodeling 

factors (21), may need to be taken into consideration. Whether SASP related 

micro-environment remodeling affects the SGSC niche architecture and hence 

SGSC function needs further investigation.  

Senescent cells have been found previously in irradiated salivary glands in vivo (3), 

but the causal relation to salivary gland damage and the subsequent hypofunction 

was not established. It has been found that the clearance of senescent cells can 

attenuate aging (41) and radiation-induced premature aging diseases (18, 35) 

raising the possibility that their elimination may attenuate radiation-induced 

salivary gland dysfunction. Indeed, removal of senescent cells, genetically with 

GCV on p16-3MR mice or pharmacologically with ABT263, ameliorated SGSC 

self-renewal capacity in vitro and improved saliva production in vivo. Similarly, 

ABT263 effectively depleted senescent hematopoietic stem cells which mitigated 

radiation-induced premature aging of the hematopoietic system (18). This might be 
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the result of a rejuvenation of the stem cells themselves or the restoration of the 

stem cell micro-environment (niche) (18, 42). Stem cells are involved in multiple 

physiologic events that dictate the outcome of developmental or stress-induced 

events, such as irradiation. Stem cell activity is often regulated by the 

microenvironment so that the stem cells can accurately adjust according to 

homeostatic needs (43). In salivary glands, the composition of the stem cell niche 

before and after irradiation and the signals governing the stem cell niche have not 

been fully established. Interestingly, in salivary glands, Bcl2 is expressed in 

striated and excretory ducts where the salivary gland stem cells have been 

suggested to reside (19, 44). However, it is unclear to what extend Bcl-2 targeted 

senolytics work on the quiescent stem cells while eliminating the senescent cells in 

vivo. Therefore, the effect of senolytics on stem cells, their niche and the related 

long term (side-)effects need further investigation. 

In conclusion, this study provides evidence that senescent cells have a detrimental 

role in radiation-induced hyposalivation and suggest that eliminating senescent 

cells may represent 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 neutropenia (45). 

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 this and other senolytic drugs. 

Material and methods 

Mice 

8 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 University Medical Center Groningen. The mice were 

maintained under conventional conditions. All experiments were approved in 
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accordance with the Ethical Committee on Animal Testing of the University of 

Groningen. 

Immunohistochemistry staining 

Human salivary glands were fixed with 4% paraformaldehyde and embedded into 

paraffin. 5 µm paraffin sections were dewaxed and boiled for 8 min with pre-

heated antigen retrieval buffer. Subsequently, sections were incubated with primary 

antibody, mouse anti-p16 (CINtec® Histology Kit, 9517). Visualization for bright 

field microscopy was accomplished by adding specific secondary biotin carrying 

antibody, biothynlated rabbit anti-mouse (Dako, E0413) was used at 1:300 dilution 

as secondary antibody Nuclear counterstaining was performed with hematoxylin. 

Mouse salivary glands cryo-sections were fixed with 4% paraformaldehyde for 10 

min and staining was performed as described above, mouse anti-p16 ( Abcam, 

ab54210).  

Isolation of mouse salivary gland cells and organoid culture  

Murine submandibular salivary glands were dissected from 8-12 week-old female 

p16-3MR mice. 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 Centre Groningen. Salivary gland 

cells were isolated and cultured to form organoids as described previously (46-48). 

In short, salivary glands were mechanically and enzymatically dissociated and 

cultured in DMEM-12 (Gibco/Invitrogen, 11320-074) medium consisting of 1% 

penicillin/streptomycin (Gibco), glutamax (2 mM; ThermoFischer Scientific, 

35050038), EGF (20 ng/ml; Sigma-Aldrich, E9644), FGF2 (20 ng/ml; peprotech, 

100-18B), N2 (1×; Gibco, 17502-048), insulin (10 μg/ml; Sigma-Aldrich, I6634), 

and dexamethasone (1 μM; Sigma-Aldrich, d4902 ), here called minimal medium. 

After three days, primary spheres were dissociated into single cells, seeded in 

Matrigel and cultured in minimal medium supplemented with Y-27632 (10 μM; 
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Abcam, ab120129), 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) irradiation, fixed and stained 

overnight with X-Gal solution according to the manufacturer’s instructions (Merck 

Millipore, KAA002RF). Senescent cells were identified as blue-stained cells under 

light microscopy.  

Renilla luciferase assay 

The p16-3MR gene-reporter system used in this study was as previously described 

(49). Briefly, p16-3MR mice carry a three molecular reporter protein (Luciferase-

mRFP-HSVtk fusion protein) which is regulated by the p16 promoter (Fig 1a). 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 p16-3MR salivary glands were 

collected and dissociated into single cells. The Renilla Luciferase Assay System 

was used according to the manufacturer’s protocol. 100,000 cells were lysed with 

100 μl of 1xRenilla luciferase assay lysis buffer. For each reaction, 20 μl of cell 

lysate were added to a well of a 96 well plate (Greiner Bio-one, 655075). Each 

sample was analysed in triplicate.   

qRT-PCR  

Cells were collected at designated time points. Total cellular RNA was extracted 

following the manufacturer’s instructions (Qiagen, RNeasy Mini Kit, Ref 74104) to 

measure expression of cell cycle genes Cdkn2a (p16Ink4a), Cdkn1a (p21) and 

SASP genes (including Il6, Mcp1 Cxcl1), and the senescence transcriptome core 

signature Gdnf in mouse salivary gland stem/progenitor cells and salivary glands 
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tissue, respectively. The primer sequences are listed in Supplementary Table 1. 

RNA reverse transcription was performed as described previously (50). 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 5x First-stand Buffer, 2 μl DTT(0.1 M), 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) for genes of interest. qPCR conditions were as follow: 95℃ for 3 min, 39 

x ( 95℃ for 10 s, 55℃ for 10 s and 72℃ for 30 s), 95℃ for 10 s, 65℃ for 5 s, 95℃ 

for 50 s. All reactions were run in triplicate on a BIO-RAD Real-Time PCR 

System. All agents mentioned above are from Invitrogen. 

SASP experiments with conditioned medium 

Organoids cultured in WRY medium were (sham-) irradiated at D5. Medium was 

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

(C50%) and IR (IR50%) conditioned medium). 1x104  fresh single SGSCs released 

from passage 2 organoids were cultured with conditioned medium. 7 days later, 

Matrigel was dissolved with Dispase and organoid formation efficiency was 

calculated as mentioned previously. 

Irradiation treatment in vitro and treatment with ganciclovir (GCV) 

and ABT263 

The irradiation assay was performed as described previously (50). 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. 5-day-old organoids were irradiated with 7 Gy. 7 days 

later, 10 μg/ml GCV (sigma-aldrich, G2536) or 0.313 μM ABT263 (selleckchem, 

Houston, TX, USA, Cat No. S1001) were administrated to irradiated organoids, 
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while sham-irradiated control cells were incubated with the same volume of 

vehicle solutions. Organoids were collected and dissociated to single cells, and 

reseeded to next passage at 1x104 cell density as mentioned previously. Organoid 

formation efficiency was calculated 7 days later.  

In vivo irradiation and treatment with ABT263  

The in vivo irradiation experimental setup employed here was as described earlier 

(50). In short, the salivary glands of 2-3-month-old female C57BL/6 mice were 

sham irradiated as controls or irradiated with a single dose of 15 Gy X-rays 

(Precision X-ray). 8 weeks after irradiation, mice were treated with vehicle

（ethanol :polyethylene glycol 400: Phosal 50 PG AT 10:50:60）or ABT263 

(selleckchem, Houston, TX, USA, Cat No. S1001) (ethanol :polyethylene glycol 

400: Phosal 50 PG AT 10:50:60) by oral gavage at 50 mg/kg per day for 7 

consecutive days for 2 cycles with a 2 weeks interval in between. Saliva was 

measured at different time points (-1, 7, 13, 22 weeks) before and after IR and 

ABT263 treatment.  

Statistical analysis  

GraphPad Software version 8 was used for all statistical analyses. Two-tailed 

Student’s t-test and Wilcoxon signed-rank test were used to estimate statistically 

significant differences between two groups. Investigators were blinded to 

allocation during in vivo experiments and outcome assessments. All values were 

represented as mean ± 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.  
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Supplemental Figures 

 

 

Supplementary Fig. 1 Cell cycle distribution of salivary gland organoids. DNA 

content-based cell cycle histogram of cells derived from a) D5 control, b) D12 control, and 

c) IR (D7 after irradiation with 7 Gy) organoids.  
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Supplementary Fig. 2 Irradiation response of SGO. a) SA-β-gal staining was performed 

on whole mount organoids collected at the indicated times. Representing images of D5 

control, D12 control and IR organoids. Scale bar, 50 μm. b) Experiment design for c. c) 

Cell number analysis, single cells derived organoids from p16-3MR mice were (sham-) 

irradiated at D5. At D12 cell numbers were quantified. **P<0.01, Wilcoxon signed-rank 

test. 
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Supplementary Fig. 3 Effect of GCV on salivary gland organoids. a) Experimental 

design for panels b-c. Single cells were seeded in matrigel (D0) and cultured for 7 days to 

yield secondary organoids (D7). Vehicle or GCV (10 μg/ml, 20 μg/ml, 50 μg/ml, 100 μg/ml 

and 200 μg/ml) were added to the medium immediately after cell seeding. GCV was 

refreshed every other day for 6 days. Organoids formation efficiency (OFE) percentage was 

quantified at D7. b) Representative images of D7 organoids in culture. c) Quantification of 

organoids formation efficiency at D7. Throughout, data are means ± s.e.m. of at least 3 

mice. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Student’s t-test. Scale bar, 200 μm. 
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Supplementary Fig. 4 Effects of ABT263 on proliferating and senescent salivary gland 

stem cells. a) Experimental design for b-c. Single cells were seeded in matrigel (D0) and 

cultured for 7 days to yield organoids (D7). Vehicle or 0.313 μM ABT263 were 

administrated immediately after cell seeding for 1, 5, 10 and 24 h, where after the media 

was refreshed. Organoid formation efficiency (OFE) percentage was quantified at D7. b) 

Quantification of OFE at D7. c) Representative images of D7 organoids in culture treated 

with vehicle or ABT263 1, 5, 10 and 24 h. d) Experimental design for e-f. Organoids were 



Chapter 3  

92 

treated with 0.313 μΜ ABT263 for 1 h at day 5 (D5). Single cells were passaged to check 

OFE at day 12 (D12). e) Quantification of OFE at D12. f) Representative images of D12 

organoids in culture treated with vehicle or ABT263 for 1 h. g) Experimental design for h-i. 

Single cells were seeded in matrigel (D0) and cultured to yield organoids. Organoids were 

(sham-)IR-treated at day 5 (D5), and subsequently (sham-) treated with 0.313 μM ABT263 

for 1, 5, 10 and 24 h at day 12. Single cells were passaged to check OFE at day 19 (D19) 

(h). i) Representative images of organoids at D19. n=3, **P<0.01, ***P<0.001. Student’s t-

test (b, e), Wilcoxon signed-rank test (h). Scale bar, 200 μm. 

Supplementary Table 1 

qPCR Primer 

SASP gene Forward primer Reverse primer length 

Cdkn1a(p21) AGGCAGACCAGCCTGAC
AGAT (21) 

TCCTGACCCACAGCAGAAGA
G (21) 111 

Cdkn2a(p16Ink4a) GAACTCTTTCGGTCGTAC
CC (20) 

CGAATCTGCACCGTAGTTGA(
20) 88 

Gdnf CGCTGACCAGTGACTCCA
ATATGC (24) 

TGCCGCTTGTTTATCTGGTGA
CC (23) 116 

Il-6 ATACCACTCCCAACAGAC
CTGTC(23) 

CAGAATTGCCATTGCACAACT
C(22) 111 

Mcp1 GCTCAGCCAGATGCAGTTA
A(20) 

TCTTGAGCTTGGTGACAAAA
ACT(23) 148 

Cxcl1 TGTTGTGCGAAAAGAAGTGC
(20) 

ACACGTGCGTGTTGACCATA(
20) 160 

mYwhaz TTACTTGGCCGAGGTTGCT(1
9) 

TGCTGTGACTGGTCCACAAT(2
0) 60 
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