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Abstract 

Secretory function restoration is a challenge for regenerative therapy of radiation 

damaged salivary glands. Exogenously applied GDNF has been shown to improve 

post-irradiation secretory function potentially by enhancing proliferation of 

surviving salivary gland stem/progenitor cells (SGSCs). However, endogenous 

GDNF was shown to be highly upregulated in the ductal compartment of irradiated 

glands that exhibited severe morphological damage and impaired salivary secretion, 

the role of endogenous GDNF on SGSC survival and proliferation after irradiation 

remains unknown. Recently, GDNF has been shown to be highly expressed after 

irradiation acting as a core transcriptome signature of radiation-induced senescence 

in several cell lines. Cellular senescence is an irreversible state of cell cycle arrest 

induced by various stress factors and characterized by a distinct senescence-

associated secretory phenotype (SASP). Here, by using the GDNFCre-ERT2-tdtomato 

mouse model, we demonstrate that GDNF dynamically changes during the cell 

cycle in proliferating SGSCs. However, upon radiation-induced cell cycle arrest, 

GDNF expression is highly upregulated together with senescence markers SA-β-

gal and p16, and accumulates in enlarged lysosomes. Our data suggest that 

radiation-induced upregulation and accumulation of GDNF can act as a senescence 

marker. Therapies that activate the lysosomal degradation pathway might retard 

radiation-induced senescence and enhance SGSC regenerative potential .   
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Introduction 

Xerostomia is a condition that may result from hyposalivation as a consequence of 

damage to the salivary glands by radiotherapy for head and neck cancer treatment, 

which may severely impair the patient’s quality of life [1-3]. Current therapeutic 

options for xerostomia are limited and often result in temporary symptom 

improvement [4]. Stimulation of regeneration after irradiation using stem cell 

transplantation [5] or growth factors, such as keratinocyte growth factor (KGF) [6] 

and granulocyte-colony stimulating factor (G-CSF) [7], have demonstrated the 

potential of a stable improvement in salivary gland function.  

Another interesting protein is glial cell line-derived neurotrophic factor (GDNF). 

GDNF is known to play an important role in the survival, function and growth of 

neurons [8,9] and to participate in renal morphogenesis [10] and spermatogenesis 

[11] by promoting stem cell self-renewal and proliferation. Interestingly, 

exogenous applied GDNF has been shown to improve post-irradiation secretory 

function potentially by enhancing proliferation of surviving salivary gland 

stem/progenitor cells (SGSCs) [12,13]. However, endogenous GDNF was shown to 

be highly upregulated in the ductal compartment of irradiated glands that exhibited 

severe morphological damage and impaired salivary secretion, while it was 

downregulated in glands treated with stem cell therapy [13] with improved 

morphology and secretory function [14]. Recently, GDNF has been shown to be 

highly expressed after irradiation acting as a core transcriptome signature of 

radiation-induced senescence in fibroblasts, keratinocytes and melanocytes [15]. 

Collectively, these studies raise the question of what is the role of GDNF in 

radiation-induced senescence in salivary glands. 

Cellular senescence is an irreversible state of cell cycle arrest induced by various 

stress stimuli, such as radiation, cytotoxic drugs, oncogenes or telomere erosion 

[16-18]. Senescent cells are characterized by a distinct senescence-associated 

secretory phenotype (SASP), which includes cytokines, chemokines, extracellular 
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matrix proteases and growth factors [19,20]. Moreover, cellular senescence has 

been found to drive age-related tissue deterioration contributing to several diseases 

including neurodegenerative diseases [21,22], atherosclerosis [23] and 

osteoarthritis [24]. Interestingly, radiation has been shown to cause accumulation 

of senescent cells [25] contributing to the lack of regenerative response in salivary 

glands post-irradiation [26]. Notably, after irradiation, senescence markers, such as 

SA-β-galactosidase and p21, largely accumulate in the ductal cell compartment of 

the salivary glands, where the stem and progenitor cells have been suggested to be 

localized [26,27] (and Chapter 3 of this thesis). In this study, we aim to investigate 

the relation between GDNF expression and radiation-induced senescence. 

Using SGSCs isolated from GDNFCre-ERT2-tdTomato reporter mice and cultured in 

2D and 3D as organoids, the expression pattern of GDNF in proliferating untreated 

cells and cells after irradiation revealed that GDNF expression dynamically 

changes during the cell cycle. GDNF colocalizes with senescence markers in 

salivary gland tissue and 2D cultured cells, and increases and accumulates in 

lysosomes in cell cycle-arrested cells after irradiation. Collectively, these data 

suggest that GDNF could act as a novel additional marker of radiation-induced 

senescence in salivary glands.  

Results 

GDNF increased and colocalized with senescence after irradiation in 
salivary gland  

We first investigated the expression of GDNF in combination with senescence in 

mouse salivary glands irradiated with 15 Gy. This radiation dose has previously 

been shown to largely eliminate the acinar cell compartment causing profound 

hyposalivation [14]. In accordance with other studies [12,13], murine salivary 

glands show high levels of GDNF at 8 weeks post-irradiation (IR) with 15 Gy 

compared to unirradiated control glands (Fig. 1a). This was further confirmed 

using qRT-PCR gene expression analysis (Fig. 1b). To further assess the role of 
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GDNF in radiation-induced senescence, irradiated salivary glands were co-stained 

for GDNF and SA-β-gal, a known marker of senescence [28]. Indeed GDNF 

(brown) largely colocalized with SA-β-gal (blue) in the ductal compartment of the 

salivary glands (Fig. 1c) where the stem/progenitor cells have been suggested to 

reside [27], whereas GDNF but not SA-β-gal expression was observed in control 

glands. These data suggest that GDNF may play a role in radiation-induced cellular 

senescence in the salivary gland.  

 

Fig.1 GDNF co-localizes with SA-β-gal in irradiated salivary gland tissue. 6-8 week-old 

C57BL/6 mice were locally irradiated with 15 Gy to the salivary glands. Salivary glands 

were collected 8 weeks post-irradiation (IR) for analysis. a) GDNF immunofluorescence 

staining of mouse salivary gland paraffin sections (control vs IR). Scale bar=50μm. b) qRT-

PCR analysis of the expression of Gdnf in salivary glands 8 weeks post-IR. c) SA-β-gal and 

GDNF immunohistochemistry staining of mouse salivary gland frozen sections (control vs 

IR). Data represent mean ± SEM. Student t-test, **p <0.01. Pictures are representatives of 3 

independent experiments.  

To further investigate the role of GDNF in radiation-induced cellular senescence, 

mouse SGSCs derived organoids [14] were used to assess stem cell potential. 5 day 

old (D5) organoids were irradiated with 7 Gy, a dose known to induce senescence 

[29,30] (and Chapter 3), and were analyzed 7 days later (D12) allowing the 

formation of senescent cells (Fig. 2a). As control, D5 organoids were used. GDNF 
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expression was significantly increased in salivary gland organoids after irradiation 

when compared to control. The highest GDNF expression was observed in the 

middle of the irradiated organoids, where also the most intense staining of SA-β-

gal was observed (Fig. 2b-c). To better understand the role of GDNF in radiation-

induced senescent cells, single cells derived from organoids were reseeded in 2D 

(Fig. 2d), improving visualization, and cultured for 2 days to reach 80-90% 

confluence. The cells were irradiated with 7 Gy and analyzed 7 days later (D9) 

allowing the formation of senescent cells (Fig. 2d). Interestingly, GDNF was 

highly expressed in control cells that had just underwent cell division but were 

lacking SA-β-gal activity (Fig. 2e, left panel). After irradiation, the cells were 

enlarged with an irregular shape and showed substantially increased SA-β-gal 

activity indicating that the cells were senescent (Fig. 2e, right panel, 

Supplementary Fig. 1a). Interestingly, most cells appeared to be positive for GDNF. 

In addition, after irradiation, GDNF was highly expressed and co-localized with the 

senescence marker P16(INK4a) (Fig. 2f) [31]. However, control cells expressed 

only GDNF (Fig. 2f).  

It has been reported that GDNF is targeted to lysosomes for degradation [32]. To 

further substantiate if GDNF is degraded properly in radiation-induced senescent 

cells, expression of GDNF and the lysosomal marker LAMP1 was investigated. 

Staining for the lysosomal membrane protein LAMP-1 showed that irradiated cells 

had enlarged lysosomes compare to unirradiated cells (Fig. 2g, Supplementary Fig. 

1b). GDNF was highly upregulated and accumulated post-irradiation close or 

within LAMP-1 positive lysosomes (Fig. 2g), suggesting that GDNF may not be 

degraded properly or is upregulated in irradiated senescent cells (Supplementary 

Fig. 2b). This is consistent with the observation that lysosomal content is increased 

in senescent cells [33].  
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Fig. 2 GDNF expression after irradiation in salivary gland cells cultured in 2D and in 

3D as organoids. a) Experimental design for (b-c). b) GDNF immunofluorescence (IF) 

staining (red) and c) SA-β-gal staining (blue) was performed on whole mount organoids 

collected at the indicated time points in control and irradiated (IR) organoids. Scale bar=50 

μm. d) Experimental design for (e-g). e) SA-β-gal staining (blue) co-stained with GDNF 

(brown) on 2D cultured salivary gland cells. Scale bar=50 μm. f-g) Representative IF 

images of GDNF (green) co-staining with P16 (red) (f) and LAMP1 (red) (g) on 2D 

cultured salivary gland cells at the indicated time points in control and IR cells. Scale 

bar=25 μm.  

GDNF expression dynamically changes during cell cycle 

Interestingly, most of the GDNF positive cells in the unirradiated situation were 

cells undergoing or that have just completed cell division (Fig. 2e, left panel). To 

verify this, we next looked at GDNF expression using GDNFCre-ERT2-tdTomato 

transgenic mice. In this mouse model upon tamoxifen treatment GDNF-expressing 

cells are genetically labeled by persisting tdTomato expression from the 

constitutively expressed Rosa 26 locus (Fig. 3a). Indeed upon tamoxifen treatment 

(induction efficiency of 16.4±1.4%) tdTomato/GDNF expressing cells (Fig. 3a-c) 

exhibited, a high tdTomato positive organoid formation ability (80±2.83%, 

percentage of tdTomato positive organoids) (Supplementary Fig. 2a-c) indicative 
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of GDNF related stemness. Similar results were obtained when tamoxifen was 

administered to more maturated budding organoids (Supplementary Fig. 2d-e) 

which induced tdTomato expression in some cells of the organoids 24 h later. 

These data confirm that GDNF is expressed at different stages of organoid 

development. Interestingly, salivary gland stem cell selfrenewal assay showed no 

significance difference between GDNFcko/ko (het) and GDNFko/ko(ko) mice 

(Supplementary Fig. 3a-b), while lack of GDNF leads to promotion of SGSC 

maturation as quantified by the change in organoid morphology (budding) 

(Supplementary Fig. 3c-d), indicating that the role of GDNF can vary with its level. 

GDNF may promote SGSC self-renewal by inhibiting SGSC differentiation. 

To further elucidate the GDNF expression pattern during cell cycle at a single cell 

level, we analyzed cells dissociated from organoids, cultured in 2D and treated 

with tamoxifen (Fig. 3b). Indeed 24 h after tamoxifen treatment, tdTomato was 

expressed in cells undergoing or that have just finished cell division (Fig. 3c, 

supplementary Fig. 2f), confirming our findings using the GDNF antibody-based 

staining (Fig. 3d, supplementary Fig. 2g). Interestingly, GDNF expression as 

detected by antibody colocalized with tdTomato in proliferating cells (arrow head) 

and disappeared in those cells that had completed cell division (arrow), indicating 

that GDNF expression may dynamically change during cell cycle (Fig. 3e).  
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Fig. 3 GDNF expression during salivary gland cell proliferation. a) Schematic 

representation of the GDNFCre-ERT2-tdTomato transgene. GDNFCre-ERT2 mice were crossed 

with R26-tdTomato mice to generate GDNFCre-ERT2-tdTomato mice. Salivary glands cells 

were cultured and recombination was induced by 1 μM tamoxifen (Tam). b) Schematic 

overview of the study design for experiments carried out in c-e. Organoids derived from 

salivary gland cells of GDNFCre-ERT2-tdTomato mice were disrupted into single cells and 

reseeded into 2D. When 70% confluence was reached the cells were treated with 1 μM Tam 

for 24 h. c) Representative live images of 2D SG cells of GDNFCre-ERT2-tdtomato mice after 

24 h Tam treatment. Hoechst 33342 was used to visualize nuclei. Scale bar=100 μm. 

tdTomato positive cells were quantified after 24 h of Tamoxifen, 16.4±1.4% cells were 

induced. Data represent mean ± SEM. d) GDNF immunofluorescence staining of 2D 

cultured SG cells from GDNFCre-ERT2-tdtomato mice. Scale bar=25 μm. e) GDNF and 

tdTomato IF staining of 2D SG cells from GDNFCre-ERT2-tdtomato mice. Scale bar=25 μm. 

Pictures are representatives of 3 independent experiments. 

 

 



Chapter 4   

102 

GDNF expression in radiation-induced senescent cells 

Senescence is known as a state of irreversible cell cycle arrest, which can be 

induced by radiation. To further elucidate the role of GDNF in radiation-induced 

cell cycle arrest, we used our previously developed senescent organoid model. D5 

organoids were irradiated with 7 Gy and analyzed 7 days later, a dose and a time 

known to induce senescence in vitro [29,30] (see Chapter 3). As controls, D5 and 

age-matched D12 organoids were used (Fig. 4a). Considerable G0/G1 cell cycle 

growth arrest (81.43±0.48%; p<0.001 compared to D5 control) and decreased S-

phase cell population (2.57±0.31%, p<0.01 compared to D5 control) were observed 

in D12 control organoids, suggesting cell cycle exit and decreased proliferation, 

potentially due to quiescence, senescence or cell differentiation overtime in culture. 

Whereas irradiated organoids showed an increase in G2/M (24.1±2%) and a 

decrease in the S phase cell population (3.36± 0.24%, P<0.01) (Fig. 4b, 

supplementary Fig. 4a) compared to D5 control organoids. This is in line with 

previous data that irradiation activates cell cycle checkpoints arresting the cell 

cycle at the G1/S and G2/M phases [34]. An increased proportion of 

multinucleated cells (8.9±1.9%, p<0.05 compared to D5 control), a characteristic 

morphological change of senescence [18], was also observed in irradiated 

organoids.  

GDNF and PI flow cytometry analysis of cells dissociated from control D5, D12, 

and irradiated organoids (supplementary Fig. 4b-4c) revealed that 96.9±0.95% of 

the proliferating cells were GDNF positive (Fig. 4c, D5) in D5 control cells. This 

proportion decreased in D12 control cells (58.4±6.55%, p<0.01 compared to D5 

control) (Fig. 4c, D12), in which only 48.9% of cells in G1 phase were GDNF 

positive (P<0.0001 compared to D5) (Fig. 4d, D12 organoids). Compared to the D5 

control group, irradiated organoids show a slight decrease in the total number of 

GDNF positive cells (88.9±1.1%, P<0.01) (Fig. 4c, IR). Among the irradiated cells 

in G1 phase 85.2% were GDNF positive (Fig. 4d, IR). Strikingly, almost all the 

G2/M and multinucleated cells were GDNF positive (Fig. 4d), which was 
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confirmed by the IF staining pattern of GDNF in 2D cultured cells (Fig. 4e). 

Interestingly, D12 control organoids show the lowest level of GDNF expression 

(Fig. 4d-4e) while the highest amount of cells in G0/G1 phase (Fig. 4b), indicating 

that most of the cells might be in the G0 phase rather than the G1 phase, as has 

been suggested to occur after senescence [35]. Moreover, irradiated 2D cultured 

organoid derived cells showed morphological changes, larger size and 

multinucleated, compared to cells derived from D5 and D12 control organoids (Fig. 

4e). This is in line with Fig. 2 showing that a proportion of the irradiated cells 

undergo senescence.  
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Fig. 4 GDNF expression analysis after irradiation.  a) Schematic overview of the study 

design for experiments carried out in panels b-d. Mouse salivary gland organoids were 

cultured and irradiated with 7 Gy photons (IR) at day 5 in culture (D5) and collected 7 days 

later (D12). 5-day-old (D5) and age-matched 12-day-old (D12) organoids were used as 

controls. b) Pie charts showing cell cycle distribution of cells dissociated from D5, D12 and 

IR organoids, determined using flow cytometry. c) GDNF positive cells distribution in 

different cell cycle phases of cells dissociated from D5, D12 and IR organoids, determined 

using flow cytometry. d) GDNF positive cells percentage normalized to each cell cycle 

phase in D5, D12 and IR organoids, determined using flow cytometry. e) GDNF IF staining 

of 2D cultured SG cells dissociated from D5, D12 and IR organoids. Scale bar=50 μm. 

Data were compared to D5 control, Data represent mean ± SEM. N=3 mice.  Student t-test 

(c) and two-way Anova (b,d), *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

Discussion 

Despite multiple studies have been done, the function of endogenous GDNF 

remains poorly understood. Here, by using the GDNFCre-ERT2-tdtomato mouse 

model, we demonstrate that GDNF dynamically changes during the cell cycle in 

proliferating SGSCs. However, upon radiation-induced cell cycle arrest, GDNF 

expression is upregulated together with senescence markers SA-β-gal and p16, and 

accumulates in enlarged lysosomes.  

GDNF is known to play an important role in neuronal survival, renal 

morphogenesis and spermatogenesis by promoting stem cell self-renewal and 

proliferation [11,36-38]. Recently, it has been reported that GDNF also promotes 

salivary gland stem cell self-renewal capacity [12,13]. Interestingly, GDNFko/ko 

mice derived salivary gland organoid cultures showed no change in SGSC self-

renewal capacity, however, enhanced SGSC maturation was observed, suggesting 

that higher levels of GDNF may drive SGSC self-renewal and proliferation by 

inhibiting cell differentiation. A similar phenomenon was also observed in 

spermatogonial stem cells in which the role of GDNF varies with its expression 

level. The spermatogonial stem cells undergo differentiation with low level of 
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GDNF, while they undergo self-renewal with high level of GDNF [11]. However, 

since GDNFko/ko mice do not survive after birth due to the lack of the entire enteric 

nervous system and kidney agenesis [10], the exact role of GDNF on adult SGSC 

self-renewal and differentiation remains to be elucidated.  

Previous data showed that GDNF was highly expressed and localized in the 

secretory ducts of irradiated murine and human salivary glands [12,13], where 

most senescence was shown to occur [26]. These findings raise the possibility that 

GDNF may play a role in radiation-induced senescence. Indeed, RNA sequencing 

and qPCR data showed that GDNF expression is consistently increased in 

radiation-induced senescence in several cell lines, including fibroblasts, 

keratinocytes and melanocytes [15]. One possible mechanism by which GDNF 

may contribute to radiation-induced senescence is by activating the NF-κB 

signaling pathway, which is a major inducer of cellular senescence and SASP 

[39,40]. Indeed, it has been shown that the noncanonical pathway of NF-κB 

p62/p52 signaling [41,42] was activated by GDNF and was involved in the 

antiapoptotic role of GDNF via upregulation of the antiapoptotic proteins Bcl2 and 

Bcl-w [39,43,44]. Interestingly, our data showed that GDNF was upregulated and 

accumulated in enlarged lysosomes together with the expression of senescence 

markers, SA-β-gal and p16, in irradiated salivary gland organoid-derived cells 

cultured in 2D. This finding seems to resemble the condition of senescence caused 

by radiation where the cell cycle is blocked while growth is stimulated leading to 

cellular hypertrophy and subsequent compensatory responses, such as SA-β-gal 

positivity and lysosomal activation [35,45]. In addition, it has been reported that 

GDNF is targeted to lysosomes for degradation [32]. Based on our own finding that 

GDNF dynamically changes during the cell cycle while it accumulates in enlarged 

lysosomes during radiation-induced cell cycle arrest, we speculate that GDNF is 

not properly degraded after irradiation due to the dysfunction of lysosomes, which 

may be due to autophagy impairment [46]. Activation of the lysosomal pathway by 

restoring autophagy might be a way to reduce senescence and enhance SGSC 
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regenerative potential. However, whether GDNF functions as a regenerative factor 

or a senescence enhancer may depend on issues such as timing, inducer and 

expression levels. Therefore, inhibition/stimulation of GDNF specifically in SGSC 

derived organoids may represent a way to further elucidate its function during the 

cell cycle and radiation-induced senescence.   

Our study indicates that GDNF expression can be used to confirm cellular 

senescence together with other senescence markers. However, whether GDNF acts 

as a cause or a consequence of senescence remains to be further investigated. 

Materials and Methods  

Mice 

8 to 12-week-old female C57BL/6 mice (Envigo, Harlan, The Netherlands) were 

bred in the Central Animal Facility of University Medical Center, Groningen. 

GDNFCre-ERT2-tdTomato transgenic mice, GDNFcKO/KO and GDNFKO/KO mice were 

bred in the Central Animal Facility at the Institute of Biotechnology, University of 

Helsinki, Finland. The mice were maintained under conventional feeding 

conditions and water. All experiments were approved by the Ethical Committee of 

the University of Groningen. 

Isolation of 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 

[3,14,47]. 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 
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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; 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.  

Organoid Differentiation  

Primary salispheres (passage 0,Day 5 old in MM medium) were mixed properly 

with differentiation matrix ingredients (40% collagen and 60% growth factor 

reduced matrigel (BD Biosciences) and seeded 100 μl per well in 96 wells plates. 

After incubate at 37℃ for 20 minutes, 150 μl differentiation medium containing 

fetal calf serum (FCS, Invitrogen), Hepatocyte growth factor (HGF) and DAPT 

was added and changed every 4 days. Differentiated budding structures were 

checked 6 days later. 

Radiation treatment on salivary gland cells and organoids   

Photon irradiation were performed using a Cesium-137 source with a dose rate of 

0.59 Gy/min. Senescence induction experiments were performed with 7 Gy on 5-

day-old (D5) organoids cultured in Matrigel in 12-well plates, or on 70% confluent 

2D cultured salivary gland cells dissociated from the organoids.  

SA-β-galactosidase staining 

Organoids/cells were collected 7 days after (sham) irradiation, fixed and stained 

overnight with X-Gal solution according to the manufacturer’s instructions (Merck 
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Millipore, KAA002RF). Senescent cells were identified as blue-stained cells under 

light microscopy.  

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 

tissue, respectively. The primer sequences are listed in Supplementary Table 1. 

RNA reverse transcription was performed as described previously [13]. 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 reagents mentioned above are from Invitrogen. 

Immunostaining 

Mouse salivary gland tissues were fixed with 4% formaldehyde (24 h at room 

temperature) and processed for paraffin embedding. Following dehydration, the 

tissue was embedded in paraffin and sliced into 5-μm sections. The sections were 

dewaxed, boiled for 8 min in pre-heated 10 mM citric acid retrieval buffer (pH 6.0) 

containing 0.05% Tween 20; 2D cultured salivary gland cells were fixed with 4% 

Paraformaldehyde for 10min and incubate with 0.1% triton for 5min, washed 
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thoroughly prior to primary antibody exposure, and labeled for the following 

markers: GDNF (Abcam, ab18956); P16, Abcam, ab54210); LAMP1 (Abcam, 

ab25245), tdTomato (Anti RFP antibody, Biovision3984-100). For 

immunofluorescence staining, Alexa Fluor 488 donkey anti-rabbit (Life 

Technologies, A-21206) or Alexa Fluor 594 goat anti-rabbit (Thermofischer 

a11012), Alexa Fluor 594 donkey anti-mouse (Life Technologies, A21203) or 

Alexa Fluor 594 donkey anti-rat ( Thermofischer a21209), conjugates at 1:400 

dilution were used as secondary antibodies. Nuclear staining was performed with 

DAPI (Sigma-Aldrich). For immunohistochemistry (IHC) staining, specific 

secondary biotin-carrying antibodies (Dako),  an avidin-biotin-horseradish 

peroxidase complex (ELITE ABC Kit, Vector Laboratories) and the 

diaminobenzidine chromogen were accomplished according to standard IHC 

protocol. Nuclear staining was performed with hematoxylin. For SA-β-

galactosidase and IHC double staining, SA-β-gal staining was performed first 

followed by IHC staining.  

Tamoxifen-induced gene recombination 

Single cells or salivary gland organoids derived from GDNFCre-ERT2-tdTomato 

transgenic mice were induced by 1 μM tamoxifen for 24h, nuclear counterstaining 

was performed with Hoechst 33258 (Sigma-Aldrich) for 10 min at room 

temperature.  

Flow cytometry   

Salivary gland organoids were harvested at designated time points. After two 

washes with PBS, cells were fixed with 70% ethanol, incubated overnight at 4℃. 

Cells were collected by spin down 5 min at 1000 rpm at 4℃. Cells were incubated 

with anti-GDNF antibody (Abcam, ab18956) in PBS. 1% BSA (bovine serum 

albumin) (1:50) at room temperature for 2 hours, followed by washing with PBS, 

then incubated with Alexa 488 goat anti-Rabbit secondary antibody (a11008)(1:50) 
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at room temperature for 30 mins in the dark, followed by washing with PBS. After 

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

remove residual RNA (Sigma Aldrich) and incubated for 30 mins at 37℃. 400 µl 

of Propidium Iodide solution was added to cells and incubated for 1 h at room 

temperature. Samples were analyzed by using the XDP flow cytometry machine. 

The Flowjo software was used to determine the distribution of GDNF positive and 

negative cells in the G0/G1, S and G2/M phases. 

Statistical analysis 

Statistical comparisons using the student t test as indicated were performed using 

GraphPad Prism 8.0 software. Numbers (n) for tested groups are stated in the 

figure legends. All values are represented as mean ± SEM, P<0.05 considered as 

statistically significant.  
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Supplemental Figures 

 

Supplementary Fig. 1 Expression of senescence, GDNF and lysosomal marker after 

irradiation in organoid-derived salivary gland cells cultured in 2D. a) SA-β-gal staining 

(blue) was performed on 2D cultured salivary gland cells collected at the indicated time 

points in control (day 2, D2) and 7 Gy IR (D9) groups. Scale bar=50 μm. b) Representative 

IF images of GDNF (green) and LAMP1 (red) co-staining on 2D cultured salivary gland 

cells 7 days after IR. Blue is DAPI. Arrows point out the enlarged lysosomes.  
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Supplementary Fig. 2 GDNF expression during cell proliferation in salivary gland 

organoids and 2D cultured cells. a) Schematic overview of the study design for 

experiments carried out in b-c. Single cell were treated with 1 μM Tam for 24 h, after that 

the medium was refreshed. Organoids were analyzed at 7 days from the start of the culture. 

b) Representative images of single cells in Matrigel after 24 h Tam treatment. Scale 

bar=100 μm. c) Representative images of 7-day-old (D7) organoids after 24 h Tam 

treatment in culture. 80±2.83% organoids were red. Data represent mean ± SEM, Scale 

bar=100 μm. d) Schematic overview of the study design for experiments carried out in e. 

D7 organoids were differentiated to budding organoids (D11 organoids) and subsequently 

treated with 1 μM Tam for 24 h and analyzed immediately after D12. e) Representative 

images of D12 budding organoids after 24 h Tam treatment in culture. Scale bar=100 μm. f) 

Representative live images of 2D cultured SG cells derived from GDNFCre-ERT2-tdTomato 

mice after 24 h Tam treatment. Scale bar=100 μm. g) GDNF IF staining of 2D cultured SG 

cells of GDNFCre-ERT2-tdtomato mice. Scale bar=25 μm. Pictures are representatives of 3 

independent experiments.  
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Supplementary Fig. 3 GDNF deficiency promote SGSC differentiation while has no 

effects on SGSC self-renewal capacity. GDNFko/ko mice were established as described 

previously [48,49]. GDNFko/ko mice do not survive after birth due to lack of the entire 

enteric nervous system and kidney agenesis. SGs were isolated from embryos and 

genotyping was performed to identify GDNFcko/ko (het) and GDNFko/ko(ko) embryos. a) 

Representative images of D7 organoids in culture derived from GDNFcko/ko (het) and 

GDNFko/ko(ko) embryos. b) Organoid formation efficiency (OFE%) of SGSCs derived from 

GDNFcko/ko (het) and GDNFko/ko (ko) embryos in different passages. Data represent 

mean±SEM, N=3 embryos. c) Representative images of primary differentiation of 

organoids derived from GDNFcko/ko (het) and GDNFko/ko(ko) embryos. d) Primary sphere 

differentiation percentage were calculated by budding organoids relatively to the total 

number of seeded 5-day-old spheres in differentiation medium for 6 days. Mean ± SEM are 

shown, Student t-test. ***p<0.001. N=3 embryos. 
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Supplementary Fig. 4 Analysis by flow cytometry of cell cycle and GDNF expression 

profiles. a) Representative cell cycle analysis of cells dissociated from D5, D12 and IR 

organoids after staining with PI. G0/G1, S, G2/M indicate the different cell cycle phases. 

Multinucleated refers to the cells that have more than 4N of DNA content. b) Detection of 

GDNF by flow cytometry in cells dissociated from D5, D12, and IR organoids. Cells was 

stained with anti-GDNF primary antibody and Alexa Fluor® 488 conjugated donkey anti-

Rabbit secondary antibody (Red histogram) or blanc (Yellow histogram) or PI (Blue 

histogram). Red line showed the threshold that was used to gate the GDNF positive cells. c) 

Two parameter density plots of cells dissociated from D5, D12 and IR organoids after 

staining with GDNF (y-axis) and PI (x-axis). Cells were gated based on the threshold 

shown in panel b.  
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Supplementary Fig. 5 Proposed model of GDNF during cell proliferation and cellular 

senescence. GDNF dynamically changes during the cell cycle, while it accumulates in 

enlarged lysosomes after radiation-induced cell cycle arrest. We speculate that GDNF is not 

properly degraded after irradiation due to the dysfunction of the autophagy-lysosomal 

pathway. 
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