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Radiation and cellular senescence 

Cellular senescence is a multifaced process in which cells exit the cell cycle and 

irreversibly stop proliferation. Senescent cells undergo distinctive phenotypical 

alterations, including changes in morphology, chromatin, metabolism and 

secretome, the latter also known as senescence-associated secretory phenotype 

(SASP) [1-7]. 

Cellular senescence is considered to be a stress response which can be induced by a 

variety of intrinsic and extrinsic factors, such as DNA damage [8-10], telomere 

dysfunction [11], oncogene activation [12-14], mitochondrial dysfunction [15], 

reactive oxygen species [16], cell–cell fusion, as well as exposure to radiation [10] 

and cytotoxic drugs [3].  

Senescent cells display a distinctive SASP, by which they secrete a combination 

of pro-inflammatory cytokines, chemokines, growth factors and extracellular 

matrix factors [17,18] that may result in a complex crosstalk with neighboring 

cells and surrounding tissues [3,17,19,20] interacting with multiple biological 

processes. These processes may have beneficial or detrimental effects depending 

on the specific composition of the SASP which can vary based on the cell type 

and the specific senescence triggering factor. Depending on the SASP content 

and other signaling cascade, such as those induced by ROS production [16], cell-

cell interaction or exosome release [21,22], the roles of senescence are 

pleiotropic. Cellular senescence has an important role in physiological processes 

such as wound healing [23], tissue repair and regeneration [11,23-25], embryonic 

development [26,27] and aging [28]. However, cellular senescence also plays a 

deleterious role in processes such as tissue inflammation [12,29,30], fibrosis [31] 

and loss of tissue homeostasis [32-34].   

Radiation, given as part of cancer treatment, is one of the main triggering factors 

of cellular senescence in both normal and cancer cells. Both high single doses 

such as 10 Gy [10,35,36] and lower cumulative doses such as 5 cGy every 12 
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hours with a total dose of 10 Gy [9,10,37,38] can induce senescence. Cellular 

senescence may act as a double-edged sword in tumorigenesis. On one side 

senescence-associated cell cycle arrest may act as a tumor suppressor [2,3,39] 

counteracting tumor development. On the other hand, given the effects of SASP 

in stimulating pre-neoplastic cells, senescence can also accelerate tumor relapse 

and increase the risk of metastasis [40]. Interestingly, radiation can also induce 

senescence in normal tissues [9,10,37,38]. This can be caused by the unwanted 

radiation dose to the normal tissue delivered during radiotherapy for cancer 

treatment. Moreover, the senescent cell bystander effect (also known as 

senescence-induced senescence) through gap junction-mediated cell-cell 

communication, metabolic alterations [41] or cytokine release plays an important 

role in radiation-induced senescence [42,43]. Radiation-induced normal tissue 

effects and cancer tissue senescence may significantly influence both the 

treatment outcome and the patient’s quality of life.  

Molecular pathways involved in radiation-induced 

senescence 

Senescence is triggered by different events and can lead to multiple changes in the 

nucleus and cytoplasm resulting in changes in multiple signaling pathways. These 

signals crosstalk within and between cells upon changes in the micro-environment. 

Cell intrinsic signaling pathways, which are involved in the cell state switch to 

senescence, are listed below (Fig. 1).  

Cell cycle arrest pathway 

After radiation exposure, the recognition of DNA damage and the subsequent 

activation of the DNA damage response (DDR) trigger a downstream signaling 

cascade. In the nucleus, the key mediators, the Ser/Thr protein kinase Ataxia 

Telangiectasia Mutated (ATM) and Rad3-related (ATR), phosphorylate the sensors 

and effectors of the DDR, such as CHK1/2, extracellular signal regulated kinases 
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(ERK) and P53 [44-46]. These phosphorylated effectors trigger the activation of 

the cell cycle blockers, Cyclin-dependent kinase 2 (CDK2) inhibitor p21 

(CDKN1A) [47-49] and CDK4/6 inhibitor p16 [50], both of which arrest the cell 

cycle in the G1 phase [13,14,51,52]. It has been shown that p21 and p16 play 

different roles in the process of senescence. P21 is more important in the early 

stages of senescence, whereas p16 plays an important role in the long term 

maintenance of cell cycle arrest [53-55]. Radiation-induced DNA damage induces 

CHK1, Ser345 phosphorylation and prevents CDK1 activation by CDC25-

mediated dephosphorylation [56], which blocks the cell cycle in the G2 phase. 

DDR-regulated SASP pathway 

Senescence-associated DDR signaling, genomic fragments and mTOR dependent 

protein synthesis profoundly affect secretion by senescent cells [8,10][57,58]. 

Persistent DNA damage signaling can initiate cytokine secretion, such as IL-6 [10]. 

Rodier et al. [10] showed that radiation-induced cytokine responses need DDR 

proteins like ATM, NBS1 and CHK2 but not p53 and pRb, which are known as the 

cell cycle arrest enforcers. P53 deficient cells can initiate the cytokine response 

without cell cycle arrest. Thus, the DDR controls both the p53-dependent cell cycle 

arrest and the senescence associated inflammatory secretion. GATA Binding 

Protein 4 (GATA4), a senescence and SASP regulator, when stabilized by the DDR 

proteins, ATM and ATR, mediates suppression of autophagy, which in turn can 

activate nuclear factor kappa light chain enhancer of activated B cells (NF-κB) to 

initiate the SASP and facilitate senescence itself [8]. One of the most abundant 

SASP factors, IL6, can reinforce the senescence associated G1 cell cycle arrest in a 

secretion-independent manner [11]. The SASP can also either suppress or promote 

the neighboring cells in a paracrine manner [59].  
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cGAS-STING-regulated SASP pathway 

DDR signaling drives only a subset of radiation-induced SASP factors. The Cyclic 

GMP-AMP synthase - stimulator of interferon genes (cGAS-STING) pathway 

mediates the other SASP factors including cytokines, chemokines and type I 

interferons (IFNs). Micronuclei [58] and cytoplasmic chromatin fragments (CCF) 

[11,60-62], arising from genome instability after exogenous DNA damage, can 

initiate a cGAS-STING-mediated SASP production. cGAS is a cytoplasmic 

double-stranded DNA sensor activated by double–stranded DNA damage. cGAS 

localized to micronuclei resulting from irradiation [58] gives rise to the production 

of a second messenger cGAMP which subsequently activates the STING [63]. 

STING subsequently upregulates interferon stimulated genes (ISGs) leading to 

type I IFNs (e.g. IFN-β and IFN-γ) and other inflammatory cytokines [58,64].  

DNA damage and autophagy  

Autophagy is essential to maintain cellular homeostasis by clearance of aged, 

damaged or misfolded proteins, which are recycled to sustain cellular metabolism 

[65-69]. Several studies showed that autophagy can be activated by DNA damage 

[70-72], in turn activation of autophagy contributes to DNA damage-induced 

senescence [70]. Recent studies showed that autophagy is needed for radiation-

induced senescence in pituitary tumor-transforming 1 (PTTG1)-depleted cancer 

cells [73]. Autophagy can inhibit senescence by selective degrading GATA4 in a 

p62-dependent manner [8]. Conversely, radiation or oncogene-induced activation 

of ATM and ATR can block autophagic degradation of GATA4 which in turn 

activates the downstream NF-kB pathway contributing to SASP production [8]. 

This subsequently facilitates senescence via IL1 mediated cell cycle arrest [12] and 

paracrine senescence. In vivo data showed that GATA4 accumulates during mouse 

radiation-induced senescence, which could contribute to the senescence-associated 

inflammation. Moreover, it has been shown that autophagy promotes cellular 

senescence by facilitating the synthesis of SASP in a mTOR-dependent manner 
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within a cellular compartment called TOR-autophagy spatial coupling 

compartment (TASCC), to where the mTOR is recruited and accumulates during 

senescence for protein degradation and synthesis [57]. Degradation of the nuclear 

lamina by autophagy and subsequent formation of CCF can trigger SASP 

formation in a cGAS-STING-mediated manner [62,74].  

 

Fig. 1. Molecular pathways controlling radiation-induced senescence. The DNA 

damage response (DDR), evoked by radiation-induced DNA damage, leads to G1 cell cycle 

arrest via induction of CDK inhibitors p16 and p21 [14,75] and G2/M cell cycle arrest via 

CHK1-mediated CDC25 degradation [76]. Moreover, radiation induces autophagy which 

promotes radiation-induced senescence [73].The SASP is driven by the DDR through 

autophagy inhibition of GATA4 and subsequent NF-κB activation [8], as well as by 

cytoplasmic chromatin fragments (CCFs) [61,62], including microbial and self-DNA 

fragments, sensed by the cGAS-STING pathway which drives SASP by activating IFN-γ/β. 

SASP are produced in an m-TOR dependent manner [57]. Some cytokines, like IL6, 

reinforce the G1 cell cycle arrest [12]. CHK1, Checkpoint kinase 1; CDC25; NF-κB, 



General introduction and thesis outline 

15 

 
1 

nuclear factor Κb; ERK, extracellular-signal-regulated kinase; CDK, Cyclin-dependent 

kinase; GATA4, GATA binding protein 4; IL6, Interleukin 6. cGAS, cGMP-AMP synthase; 

STING, stimulator of interferon genes; IFN-γ/β, Interferon gamma/beta; NK, Natural killer 

cells.  

SASP 

Senescent cells secrete a complex mixture of soluble and insoluble factors termed 

as senescence-associated secretory phenotype (SASP). The SASP consists of pro-

inflammatory cytokines, chemokines, growth factors, proteases and extracellular 

matrix factors [77-80], which can have detrimental or beneficial functions 

depending on the cell type, the senescence inducing factor and the nature of the 

SASP (Fig. 2) [12,81,82]. Initiation and maintenance of SASP production requires 

ATM and its downstream NF-kB-dependent transcriptional program as the main 

regulators [10,79,82]. It has been demonstrated that radiation affects the 

surrounding normal tissue through SASP by AMP-activated protein kinase (AMPK) 

and NF-KB signaling pathways [41]. Recent data also showed that cytoplasmic 

chromatin fragments (CCFs) and its downstream cGAS-STING pathway also play 

a role in the maintenance of SASP production.  

The SASP can reinforce the cell cycle arrest of its own senescent cells by an 

autocrine loop. This autocrine function can suppress the tumor growth and trigger 

the neighboring cells to undergo senescence in a paracrine manner, termed as 

paracrine senescence [16,30,83]. Paracrine senescence is triggered by SASP 

components through a mechanism that generates ROS and DNA damage 

[16,30,83]. This is reminiscent of the bystander effect of radiation by which 

irradiated cells influence non-irradiated neighboring cells through cellular gap 

junctions and by oxygen radicals and cytokines shown to be released in culture 

media [16,84]. Bystander responses have been observed in several cell types, like 

lymphocytes, fibroblasts, endothelial cells and tumor cells [85-87]. Increasing 

evidence indicates that SASP mediates the bystander effect of radiation by 

inducing senescence and affecting the microenvironment [16,88].  
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Therefore, with potent autocrine and paracrine activities, SASP may act as an 

important mediator of the pathophysiological functions of senescent cells, such as 

the induction of tissue inflammation and fibrosis, attraction of immune cells, the 

reinforcement of senescence itself and the induction of paracrine senescence. 

Acting as a double-edged sword in tumor, SASP can induce malignant phenotypes 

in senescent cells and their nearby cells (Fig. 2).  

 

Fig. 2. The detrimental and beneficial effects of the SASP in the pathophysiological 

function of senescent cells. Scheme summarizing some of the SASP functions.   

 

 

 

 

Senescent cell 
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Therapeutic interventions for radiation-induced senescence 

Several studies have shown that cellular senescence might be involved in the 

progression of several diseases, like pulmonary fibrosis [31], cancer [89,90], 

neurodegenerative diseases [91,92] and atherosclerosis [93], making senescent 

cells an attractive therapeutic target. Thus, to reduce the possible detrimental 

effects of senescent cells, identification and inhibition of SASP or selective 

elimination of senescent cells have been suggested as possible therapeutic 

strategies (Fig. 3).  

Modulation of SASP 

Since SASP plays an important role in the physiological function and pathological 

progression of age-related diseases and treatment-related side effects, it is of great 

interest to explore its regulation and subsequent effects. The modulation of the 

SASP, for example, by inhibiting the function of NF-KB [94], the major driver of 

SASP, or by neutralizing some of SASP members, was proposed as a potential 

therapeutic option. Indeed, inhibition of SASP signaling, by knock down of IL-6R, 

IL6 or CXCR2 (a receptor for IL-8), has been shown to prevent senescence 

[12,81,95]. Moreover, mTOR inhibitors (RAD001 and rapamycin) or Janus kinase 

1 (JAK1) and JAK2 inhibitors have been shown to reduce some SASP components, 

to enhance physical function and to increase the lifespan of mice [96-99]. The 

complex nature of SASP requires a context-dependent therapeutic strategy to 

specifically modulate SASP without unwanted and unpredictable toxicities. 

However, most of the SASP inhibitors are unspecific for senescent cells, 

potentially leading to side effects on the long-term [100]. More studies need to be 

performed to better understand which specific SASP factors have to be modulated 

to improve patients’ outcome considering the different functions of these factors in 

different diseases. 
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Semi-genetic and pharmacological elimination of senescent cells 

The selective removal of senescent cells, the source of detrimental factors, has been 

suggested to be an attractive therapeutic approach for age-associated diseases. 

Semi-genetic clearance of p16-expressing senescent cells [101] was shown to delay 

age-associated pathologies, such as tau-mediated disease and the aged 

hematopoietic system [32,102,103]. Given that resistance to apoptosis is the main 

feature of senescent cells, pharmacological therapies targeting apoptosis related 

proteins in senescent cells have become a major focus. Several compounds have 

been discovered so far like ABT-263, ABT-737, dasatinib and quercetin, 

Alvespimycin ( 17-DMAG), FOXO4-DRI and cell-penetrating peptides (CPPs) 

(Table 1). ABT-263, a specific inhibitor of the BCL-2 family of anti-apoptotic 

proteins, was shown to mitigate radiation injury of senescent hematopoietic and 

muscle stem cells. The combination of Quercetin (Q, a polyphenol found in fruits 

and vegetables) and Dasatinib (D, a Src kinase family inhibitor with various 

functions [94]) can decrease senescent cells in a variety of tissues [104-108]. A 

single dose of D+Q treatment can improve limb exercise capacity impaired by 10 

Gy irradiation in mice [105]. The FOXO4-DRI peptide can selectively promote 

p53 nuclear exclusion and cause apoptosis of senescent cells by disturbing the 

FOXO4-p53 interaction [109]. To limit off-target toxicity, antisenescence 

compounds should not only have the ability to selectively target senescent over 

normal cells, but also specifically target the deleterious senescent cells. CCPs can 

specifically redirect protein-protein interactions and they can be designed as 

antisenescence compounds selectively impairing the crucial signaling pathways 

important for senescent cell viability [101]. 
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Fig. 3. Therapeutic interventions for cellular senescence. Senolytics selectively induce 

death of senescent cells, while SASP inhibitors work by interfering with SASP signaling 

pathways. 
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Table 1. List of compounds used as antisenescence drugs. 

Compounds Targets 
Type of 
target 

Functions Reference 

Rapamycin mTOR SASP 

Reduce 
production of 

SASP 

[110] 
RAD001 mTOR SASP [40][97] 

Metformin NF-KB SASP [111] 
Anakinra IL-receptor SASP [78] 

5Z-7-oxozeaenol 

Transforming 
growth factor-β1-
activated kinase-1 

(TAK1) 

SASP [112] 

ABT-263 BCL-2 family 
Anti-apoptotic 

proteins 

Induce 
senescent 

cells to die 

[102,103] 

ABT-737 BCL-XL/BCL-2 
Anti-apoptotic 

proteins 
[113,114] 

A1331852 and 
A1155463 

BCL-XL 
Anti-apoptotic 

proteins 
[115] 

FOXO4-DRI 
FOXO4-P53 

interfering peptide 
 [109] 

Quercetin 
Lipoprotein lipase 
(LPL), Glycolysis 

Antioxidant 
enzymes 

[104] 

Dasatinib 
Pan-receptor 

tyrosine kinases 

Receptor 
tyrosine 
kinases 

[104] 
 

Alvespimycin (17-
DMAG) 

Heat-shock 
protein 90 
(HSP90) 

Chaperone 
subfamily 
PI3K/AKT 

anti-apoptotic 
pathway 

 [116] 

Cell penetrating 
peptides (CPPs) 

Protein-protein 
interactions 

Endogenous 
interaction 

parters 
 [101] 

MAP kinase-activated 
protein kinase 2

（MAPKAPK2） 
ZEP36L1 

m-RNA 
binding 
protein 

Target SASP 
mRNA 

degradation 
[117] 
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Glial-cell-line-derived neurotrophic factor in response to 
radiation 

Introduction to GDNF and its functions 

Glial-cell-line-derived neurotrophic factor (GDNF) was first identified as a 

survival factor in midbrain dopaminergic neurons [111,118], which degenerate in 

Parkinson’s disease [119]. It has also been shown that GDNF is produced in spinal 

motor neurons [120], noradrenergic neurons, astrocytes, oligodendrocytes and 

Schwann cells [120] acting as a trophic factor. Neurotrophic factors regulate many 

critical aspects of the development of neurons, such as neurite branching, 

synaptogenesis and electrophysiological maturation. Exogenously applied GDNF 

promotes the growth of dopaminergic neurons both in vitro and in vivo [119,121]. 

However, the side effects and effectiveness of GDNF treatment on Parkinson’s 

disease patients varies between trials [122-125]. GDNF hypermorphic mice 

revealed that GDNF plays an important role in the development of the postnatal 

nigrostriatal system and regulates the structure and function of the nigrostriatal 

dopaminergic system [126]. In addition, GDNF plays an important role in many 

peripheral neurons, for instance, sympathetic, parasympathetic, sensory and enteric 

neurons [127-129]. The production of GDNF from oligodendrocytes, Schwann 

cells and astrocytes showed neuroprotective function to neighboring neuronal 

populations through anterograde transport in dorsal root ganglia and motor neurons 

[130,131]. In addition to those neuroprotective effects [132-134], GDNF plays a 

role in mitigating astrocyte cell death and minimizing microglia activation 

[135,136].  

GDNF has several roles outside the central nervous system. It functions as a 

regulator of kidney morphogenesis and spermatogonial differentiation. In the 

embryonic kidney, GDNF is expressed by the metanephric mesenchyme and binds 

to its receptor RET, which is expressed by the adjacent tips of the branching 
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ureteric bud, and promotes the ureteric budding [137-139]. Indeed, knock out of 

GDNF or its receptors lead to mouse death at birth due to severe hypodysplasia and 

lack of kidney development [126,137]. GDNF is expressed by the sertoli cells in 

the testis and controls spermatogonial stem cell differentiation and self-renewal in 

a paracrine manner [140]. The role of GDNF varies with the dosage level. When 

GDNF is low, the spermatogonial stem cells undergo differentiation, while high 

levels of GDNF promote spermatogonial stem cell self-renewal instead of 

differentiation. It has been shown that overexpression of GDNF in the testis can 

lead to mouse infertility and seminomatous germ cell tumors [141]. Moreover, 

GDNF promotes salivary gland stem cell self-renewal capacity in vitro and 

increases the number of salivary gland stem cells [142,143] (Fig. 4).  

 

 

Fig. 4. GDNF functions. Scheme summarizing some of the functions of GDNF. 

Abbreviations: GDNF, glial cell-derived neurotrophic factor; GFRα1, GDNF receptor 

alpha-1; RET, receptor tyrosine kinase. 

 

 

Survival of salivary gland stem cells  
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GDNF receptors and molecular signaling  

GDNF belongs to the transforming growth factor-β (TGF-β) superfamily. GDNF 

binds to glycosyl-phosphatidylinositol-anchored coreceptor (GFRα1) to form a 

homodimer, then activates the receptor tyrosine kinase (RET) through 

transphosphorylation of specific tyrosine residues in their tyrosine kinase domains 

and downstream intracellular signaling [127] (Fig. 4). RET activates the 

PI3K/AKT, MEK/ERK, p38 activated MAPK and JNK pathways. Through the 

downstream targets, the GDNF/RET signaling pathway is involved in neuronal and 

glial cell survival and differentiation [144-146], kidney morphogenesis [147] and 

spermatogenesis [148].  

Interestingly, GDNF can also signal independently from RET through GFRα1. In 

RET-deficient cell lines and primary neurons, GDNF triggers RET independent Src 

and Met activation. It has been demonstrated that NCAM functions as an 

alternative signaling receptor for GDNF [149]. GDNF-GFRα1-NCAM signaling 

activates the Src-like kinase Fyn and the focal adhesion kinase FAK [149]. 

Through GDNF-NCAM pathway, GDNF contribute to Schwann cell migration and 

promote axonal growth.  

GDNF and radiation 

It has been shown that GDNF was highly expressed and localized in the secretory 

ducts of irradiated murine and human salivary glands [142,143]. Moreover, RNA 

sequencing data showed that GDNF consistently increased in radiation-induced 

senescence in three cell lines (fibroblasts, keratinocytes and melanocytes) and also 

in senescent astrocytes induced by oxidative stress [150]. Therefore, GDNF may 

act as a core transcriptome signature of senescence. However, there is no universal 

marker of senescence, whether GDNF can act as a specific hallmark of radiation-

induced senescence still needs to be further investigated.  
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Senescence and different radiation types 

Linear energy transfer (LET) is the average amount of energy that an ionizing 

particle transfers to the material is traversing per unit of distance. Heavy ions (e.g. 

carbon ions) have higher LET values compared to low LET photons and protons. 

Importantly, high LET radiation are biologically more effective per Gray and in 

addition they display an improved dose distribution when compared to photons. 

These characteristics make high LET radiation a promising radiation modality in 

cancer treatment.  

Indeed, high LET particle therapy can be used to more accurately and effectively 

target the tumor while reducing the volume of co-irradiated normal tissue 

[151,152]. This is due to the depth-dose distribution characterized by what is 

known as the “Bragg peak”. In clinical practice high LET radiation can be 

modulated to cover the whole tumor in a “spread-out Bragg peak”, which exhibits a 

higher LET than the plateau entrance dose, thereby minimizing the entrance and 

exit dose, and thus sparing the surrounding normal healthy tissue.  

Preclinical studies with high LET radiation focused more on mechanisms involved 

in the differential induction of biological responses, such as clonogenic survival 

[153], induction and repair of DNA damage [154], and apoptosis [155]. The 

increased level of cell killing (higher relative biological effect, RBE) together with 

more precise tumour targeting and sparing of normal tissue support the idea that 

high LET radiation can achieve better tumor control while limiting normal tissue 

side effects compared to photons, largely used in conventional radiotherapy. 

However, radiation-induced normal tissue effects are not only caused by cell death 

but can also depend on many other biological processes such as cell differentiation, 

cellular senescence, extracellular matrix deposition, epithelial to mesenchymal 

transition, proliferation of specific cells, and other responses [156-160]. Therefore, 

a better understanding of normal tissue responses such as those related to 

senescence for high LET radiation might allow to further protect the normal tissue.  
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Salivary glands and radiation-induced side effects 

The salivary glands are exocrine glands that produce saliva through the acinar 

compartment (formed by mucous, serous and seromucous acini) which is secreted 

through a system of ducts (intercalated, striated and finally excretory ducts). The 

three pairs of major salivary glands (parotid, submandibular and sublingual glands) 

can produce 90% of the saliva in humans and rodents [161]. Multiple causes, 

including Sjögren’s syndrome, uncontrolled diabetes, age-related senescence [162] 

and radiotherapy for head and neck cancer patients [163], contribute to the loss of 

saliva production. Radiation-induced hyposalivation and resulting xerostomia is a 

severe side effect of radiotherapy for head and neck cancer patients, which severely 

influences patients’ quality of life. Multiple events could be involved in radiation-

induced hyposalivation, such as the damage to salivary gland epithelial cells, 

impairment of microvessels and parasympathetic innervation [163,164]. After 

radiation, cells will undergo cell death, cellular senescence or DNA repair 

depending on the severity of the DNA-damage. Cell death, loss of stem/progenitor 

cell function and cellular senescence [165-168], may play a role in the 

development of this severe radiation-induced side effect.       

Use of organoids in radiation research 

Organoids, mini-organs derived from organ specific stem cells, can be used for 

drug screening [169-171], disease diagnosis [170,171], disease modeling [172,173], 

and radiation-induced side effects [153] (Table 1.). Moreover, organoids can be 

derived both from animal and human organs. Human organoids can offer the 

unprecedented opportunity to study patient and organ specific drug and/or radiation 

interactions holding the possibility to further develop personalized medicine.  

When compared to 2D cultured cells, 3D organoid models resemble more closely 

the in vivo tissue response to drugs and radiation [174,175]. For instance, 2D cells 

are more sensitive than 3D organoids to radiation [174]. In addition, 3D organoids 

offer a more complex environment, for example, 3D cultured cells have different 
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cell-cell and cell-matrix interactions which may play a role in radio-resistance 

compared with 2D cultured cells. Therefore, organoids offer the opportunity to 

study tissue specific responses to radiation including radiation-induced side effects. 

Recently, using 3D cultured salivary gland stem cell derived organoids, our group 

developed a novel organoid model to study normal tissue responses to radiation 

treatment with both photons and particles [153].  

Table 1. Organoid models have been developed from certain healthy tissues or 

cancer types. These organoids may be used for several purposes including the 

study of radiation-induced side effects.  

Healthy tissue organoid 
model 

Cancer tissue organoid 
model 

Potential use of 
organoid model 

Kidney [176] Breast cancer [177] Disease diagnosis [171] 

Lung [99][178] Prostate cancer [179] Drug screening [169] 

Liver [180] Glioblastoma [179] Gene-modified therapy 
[171] 

Pancreas [181] Pancreatic cancer [182] Radiation induced side 
effects [153] 

Salivary gland [183] Colon/Colorectal 
cancer[184]  

Brain [185] Gastrointestinal cancers 
[186]  

Small intestine [180] Liver cancer [187]  
Gastric epithelium [188] Bladder cancer [189]  

Mammary [190]   
Esophagus [191]   
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Concluding remarks 

While the development of high precision radiotherapy techniques might reduce the 

normal tissue side effects, there is still much to be explored about the fundamental 

mechanisms underlying the response of normal tissue to radiation. Many questions 

still remain unanswered, for instance, what is the role of radiation-induced cellular 

senescence in normal tissue side effects? Do different types of radiation induce 

different levels of senescence? What is the effect on normal tissue when senolytics 

are used to eliminate radiation-induced senescent cells? The development of 3D 

organoid models to study radiation-induced side effects [153,192] on tissue 

resembling structures in vitro can be used to investigate mechanisms and even 

allow testing of modulators of damage such as the use of GDNF and senolytics. 

Aim and outline of the thesis 

The main goal of this thesis is to characterize and modulate radiation-induced 

senescence in the salivary gland and its relation to tissue regeneration. 

Although GDNF pretreatment can increase mouse salivary gland stem/progenitor 

cell (SGSC) number and rescue saliva production in irradiated salivary glands, the 

role of GDNF in the modulation of SGSC response to irradiation remains elusive. 

In Chapter 2, a GDNF hypermorphic mouse model was used to study whether 

GDNF may act as a radio-protector on SGSCs by enhancing post-irradiation 

regeneration.  

Radiation-induced loss of salivary gland function has been suggested to be driven 

by cellular senescence. Therefore, Chapter 3 aims to develop a radiation-induced 

senescence system by using maturated salivary gland organoids as a tool for 

investigation of the role of senescence in radiation-induced salivary gland damage. 

Furthermore, this model is used for testing the effects of senolytics on the 

elimination of senescent cells in vitro using the self-renewal potential of salivary 
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gland stem cell derived organoids and subsequently the in vivo effect of senolytics 

on radiation-induced salivary gland dysfunction. 

Interestingly, GDNF is highly upregulated in irradiated glands with severe 

morphological damage and impaired saliva secretion [143]. Moreover, GDNF has 

been found to be a core transcriptome signature of radiation-induced senescence in 

different cell lines [150]. Therefore, using the radiation-induced senescence model 

described in Chapter 3, Chapter 4 aims to assess the role of GDNF in radiation-

induced senescence in salivary glands.  

Various mechanisms have been proposed to be involved in the development of 

normal tissue damage and may be differentially regulated depending on the 

radiation type and its linear energy transfer (LET). Hence, Chapter 5 explored the 

difference in induction of cellular senescence between low (photons) and high LET 

(carbon ions) radiation in salivary gland tissue resembling organoids derived from 

p16-3MR mice. These mice carry a 3MR (trimodality reporter) protein under the 

control of the promoter for p16INK4a which can be used to identify senescence and 

selectively kill senescent cells [23,32,193]. Differences in senescence induction 

between photons and carbon ions could be assessed by comparing survival, 

luminescence reporting p16 expression as a measure of senescence and SASP gene 

expression. 

In Chapter 6, we summarize and discuss the data obtained in our experimental 

chapters and provide future perspectives. 
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Abstract 

Background and purpose: Recently, stem cell therapy has been proposed to allow 

regeneration of radiation damaged salivary glands. It has been suggested that glial-

cell-derived neurotrophic factor (GDNF) promotes survival of mouse salivary 

gland stem cells (mSGSCs). The purpose of this study was to investigate the role of 

GDNF in the modulation of mSGSC response to irradiation and subsequent 

salivary gland regeneration. 

Methods: Salivary gland sphere derived cells of Gdnf hypermorphic (Gdnfwt/hyper) 

and wild type mice (Gdnfwt/wt) were irradiated (IR) with γ-rays at 0, 1, 2, 4 and 8 

Gy. mSGSC survival and stemness were assessed by calculating surviving fraction 

measured as post-IR sphere forming potential and population doublings. Flow 

cytometry was used to determine the CD24hi/CD29hi stem cell (SC) population. 

QPCR and immunofluorescence was used to detect GDNF expression. 

Results: The IR survival responses of mSGSCs were similar albeit resulted in 

larger spheres and an increased cell number in the Gdnfwt/hyper compared to Gdnfwt/wt 

group. Indeed, mSGSC of Gdnfwt/hyper mice showed high sphere forming efficiency 

upon replating. Interestingly, GDNF expression co-localized with receptor tyrosine 

kinase (RET) and was upregulated after IR in vitro and in vivo, but normalized in 

vivo after mSGSC transplantation. 

Conclusion: GDNF does not protect mSGSCs against irradiation but seems to 

promote mSGSCs proliferation through the GDNF-RET signaling pathway. Post-

transplantation stimulation of GDNF/RET pathway may enhance the regenerative 

potential of mSGSCs. 
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Introduction 

Dry mouth syndrome or xerostomia is a common radiation-induced side effect 

resulting from damage to salivary glands (SG) which severely affects cancer 

patients’ quality of life [1,2]. Xerostomia is a multi-faceted syndrome which 

manifests in oral dryness and infections, dental caries, and difficulties with food 

mastication [3]. Currently, no cure is available therefore the main focus is 

optimizing regenerative potential of the gland post-irradiation. This can be 

achieved by reducing the damage caused to the glands by limiting the given 

irradiation dose [4] or move the submandibular glands out of the irradiation field 

before radiation therapy [5,6], pharmacologic treatments like amifostine [7,8] or 

pilocarpine [9,10]. If not successful only the generally supportive measurements 

like water drinking, artificial saliva and special food applied remain [3]. Recently, 

stem cell therapy has been suggested as an optional treatment [11-14]. Several 

signaling pathways involved in stem cell maintenance, such as WNT and NOTCH 

[13,15-18] have been suggested to be involved in mouse salivary gland stem cell 

(mSGSC) self-renewal, proliferation, and radiation response [19]. However, 

knowledge on the molecular cues underlying the maintenance of mSGSCs after 

therapeutic irradiation is scarce. Recently, it was suggested that GDNF may play an 

important role in survival of mSGSCs and therefore could be used as a tool for SG 

function restoration after irradiation induced damage[2,12]. GDNF is a member of 

GDNF family ligands, which belongs to the transforming growth factor-β (TGF-β) 

superfamily [20]. GDNF protects the survival of dopamine neurons and acts as a 

morphogen in renal branching morphogenesis  and regulates the differentiation of 

spermatogonia [21,22]. However, the role of GDNF on mSGSC survival 

and proliferation after therapeutic irradiation is still an enigma.  

To investigate the role of GDNF in mSGSC response to irradiation and subsequent 

salivary gland regeneration, we modulated GDNF expression. To this end, we used 

hypermorphic Gdnfwt/hyper mice that exhibit elevated levels of GDNF expression 

from Gdnf native locus, enabling analysis of endogenous GDNF functions in vivo 
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[23] or added recombinant GDNF in vitro. We used our recently developed 3D 

salivary gland stem cell culture system [11,13] to show the survival of mSGSCs 

with upregulated GDNF expression in response to irradiation. We demonstrated 

that endogenous GDNF does not act as a radiation protector but stimulates 

proliferation and regeneration potentially through increasing mSGSC self-renewal 

ability. Expression of GDNF and its receptor RET is upregulated in mSGSCs and 

in irradiated tissue but is reduced after mSGSC transplantation. Post-

transplantation stimulation of GDNF/RET pathway may enhance the regenerative 

potential of mSGSCs and therefore could represent a promising treatment for 

radiation-induced hyposalivation and consequential xerostomia. 

Methods and Materials 

Mice 

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

from Harlan, The Netherlands. 8 to 12-week-old female Gdnfwt/hyper mice 

(129Ola/ICR/C57bl6), Gdnfwt/wt mice (129Ola/ICR/C57bl6) [1], were bred in the 

Helsinki University, Finland. The mice were maintained under conventional 

conditions. All experiments were approved by the Ethical Committee on animal 

testing of the University of Groningen. 

Isolation of salivary gland cells 

Salivary glands (SG) were dissected.  SGs cells were isolated and cultured to form 

spheres as described previously [2-4]. SGs were mechanically disrupted using a 

gentle MACS dissociator (Milteny), then digested with hyaluronidase (Sigma-

Aldrich), CaCl2(Sigma-Aldrich), collagenase type II(Gibco). Cell suspension was 

filtered through the 100 µm filter. Floating cells were seeded in 12-well plates in 

minimal medium (MM) (DMEM:F12 medium containing 1X Pen/Strep antibiotics 

(Invitrogen), Glutamax (1X; Invitrogen), EGF (20ng/ml; Sigma-Aldrich),FGF-2 
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(20ng/ml; Sigma-Aldrich), N2 (1X; Gibco), insulin (10ug/ml; Sigma-Aldrich) and 

dexamethasone (1uM; Sigma-Aldrich).  

Self-renewal assay 

Three days old primary salispheres were collected and dissociate using 0.05% 

trypsin-EDTA After filtering with 100 µm cell strainer, single cells were seeded in 

Basement Membrane Matrigel (BME) (BD Biosciences) at a density of 1×104 cells 

per well. Cells were cultured in enriched medium (EM, is MM + Rho-inhibitor, Y-

27632) [2]. 7 days later, Matrigel was dissolved by Dispase (1mg/ml; Sigma) for 

30 min at 37℃. Spheres were harvested and dissociated as described above. This 

procedure was repeated for up to 12 passages. spheres/organoids forming 

efficiency (SFE/OFE) and population doublings (PD) were calculated using the 

following formula: SFE or OFE = number of organoids  harvested/cells seeded 

×100; PD =ln (cells harvested / cells seeded)/ln2  (ln=natural log) 

Luciferase assay 

GFL-GFRa1/RET-luc reporter gene system was described earlier [5]. In short, to 

check GDNF activity in solution, GDNF was mixed with cell suspension before 

plating, the final concentration was 75ng/ml. Subsequently, 20.000 cells /well were 

plated on 96 well plate and cultured for 24 hours to produce luciferase. Then, add 

100ul lysis buffer per well and left in -80℃ for 24h before luciferase detection.  

Flow cytometry   

Primary salispheres were harvested after 3 days of culture. Cells were incubated 

with anti-mouse CD31-PE (eBioscience),CD45-PE (Biolegend), TER-119-PE/Cy7 

(Biolegend) and Pacific Blue anti mouse-CD24 (BD Biosciences) and FITC anti-

rat CD29 ( BD Biosciences)  antibody at room temperature for 30min, followed by 

washing with PBS.0.2%BSA (bovine serum albumin). Finally, cells were 

resuspended in 1ml PBS.0.2%BSA containing MgSO4(10mM; Sigma-Aldrich), 
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DNase I (50ug/ml; Sigma-Aldrich) and propidium iodide(PI; Sigma-Aldrich). 

Positive gating was decided based on the single staining. FACS were performed on 

XDP Flow Cytometer machine, 50.000 events for each measurement were recorded. 

Data were analyzed with FlowJo software (Ashland, OR).  

Irradiation treatment 

The irradiation assay employed here was described earlier [6]. In short, irradiation 

was performed with a 137 Ce source (IBL 637 Cesium-137 γ-ray machine) with a 

dose rate of 0.59Gy/min.  Murine SG sphere/organoids derived single cells were 

irradiated at a density of 1×104 cells per well (0-2 Gy) or 3×104 cells per well (4-8 

Gy). The radiation (0-8 Gy) response of mSGSCs of GDNFwt/hyper and GDNFwt/wt 

mice was measured in our 3D cell culturing model as SFE as a representative of the 

surviving number of mSGSCs 7days later (Figure 1A). SFE was normalized to 0 

Gy to calculate the surviving fraction. Cells were counted to determine the 

population doublings (PD) to assess the cell number after irradiation. Sphere 

surviving fraction= SFE treated / SFE at 0Gy. 

Irradiation and transplantation Assay in vivo 

The irradiation and transplantation assay performed here was described earlier [7] .  

In brief, Female C57BL/6 mice salivary glands were x-ray irradiated at 15Gy. One 

month later, 10,000  passage 7 single-cells of donner cells were suspended in α-

MEM (Gibco) and injected intraglandularly into both SMGs of irradiated mice. 3 

months later, irradiated mice were sacrificed and SG were embedded in paraffin. 

Immunostaining 

Salivary glands or organoids were fixed with 4% formaldehyde and embeded into 

paraffin. 5µm paraffin section were dewaxed and boiled for 8 min in pre-heated 

10mM citric acid retrieval buffer, subsequently, incubated with primary antibody, 

and labeled with the markers as follows: rabbit anti-Aqp5 (1:100, Abcam 
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polyclonal), mouse anti-ck8 (1:100, Abcam), rabbit anti-GDNF (1:100,Abcam, 

ab18956), rabbit anti-RET (1:100, Abcam, ab134100), rabbit anti-NCAM (1:100, 

Millipore, ab5032). For secondary antibody, Alexa Fluor 488 goat anti-rabbit (Life 

Technologies, A11008), Alexa Fluor 594 goat anti-rabbit (Life Technologies) 

conjugates, were used at 1:500 dilutions. DAPI (Sigma Aldrich) were used for 

nuclear staining. 

Image analysis 

Immunofluorescence images of tissue sections and organoids sections were 

acquired with Leica Sp8 confocal microscope. TissueFAXS high-throughput 

fluorescence microscope was used to analyse the whole tissue section GDNF 

expression after IR. 

Protein extraction and Western blot analysis 

Cell pallets harvested at certain time point were lysed in RIPA buffer and protease 

inhibitor (80ul in 1ml RIPA), followed by 5s sonicate. Calculate the protein 

concentration of each samples using linear regression of the linear part of the curve 

(DC protein assay, Bio-RAD). Cell lysates were dissolved by 2x SDS sample 

loading buffer (20% SDS, 50% glycerol, 0.33M Tris-HCl pH 6.8, 0.05% 

bromophenol blue) and 10% β-mercaptoethanol to make a final concentration of 

1.0 µg/µl in the sample buffer. Samples were boiled for 5 min at 99℃. Equal 

amounts of protein were separated on 12.5% SDS-PAGE gels, transferred onto 

PVDF membranes and probed with anti-α tubulin (Sigma), anti-GDNF (Abcam), 

anti-RET(Abcam), anti-NCAM (Millipore). Blots were subsequently incubated 

with HRP-conjugated anti-rabbit or anti-mouse secondary antibodies (Dako). ECL-

detection (Amersham) was performed to detect protein signals and quantified by 

Image J software. 
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Cell cycle  

Mouse cells treated with or without GDNF were harvested 3 days after 4 Gy 

irradiation and processed to single cells from 3D BME as describe above. After 

twice wash 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℃. After two 

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

remove residual RNA( Sigma Aldrich). 400 µl of Propidium Iodide solution was 

added to cells and incubated for 1h at room temperature. Samples were analyzed by 

using Calibur flow cytometry followed by using Flowjo software to determine the 

distribution of cells in G1, S and G2/M phase.  

qRT-PCR  

Cells were collected at the end of each passages. Total RNA was extracted by 

using the RNA Miniprep kit (Agilent Technologies), following the manufacturer’s 

instructions. 500ng total RNA was reverse transcribed by using 1ul*10mM dNTP 

Mix, 100ng random primers, 5x First-strand Buffer, 0.1M DTT,40units of RNase 

OUTTM  and 200 units of M-MLV RTa, in total 20ul for each reaction. Quantitative 

polymerase chain reaction (Bio-Rad)(qPCR) was performed using Bio-Rad iQ 

SYBR Green Supermix according to manufacturer’s instructions.100ng cDNA was 

mixed with PCR buffer, sybergreen and both forward and reverse primers for genes 

of interest, in total volume of 10ul for each sample. 3 step PCR reaction were 

applied subsequently. All agents mentioned above are Invitrogen.  

qPCR Primer 

GDNF  

fp   CGCTGACCAGTGACTCCAATATGC  

rp   TGCCGCTTGTTTATCTGGTGACC  
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Results 

To investigate the role of endogenous GDNF on mSGSC survival after irradiation 

we used salivary glands obtained from Gdnfwt/hyper mice that have increased but 

spatially unchanged GDNF expression [23]. Using our mSGSC expansion method 

[24] Gdnfwt/hyper and Gdnfwt/wt mice mSGSCs were cultured as spheres and re-seeded 

as single cells in Matrigel with enriched medium (EM) (Fig.1A). After passaging, 

sphere-derived single cells were irradiated (IR) with γ-rays (Fig.1A), after which 

sphere formation efficiency (SFE) (Fig. 1B), surviving fraction (Fig. 1C) and cell 

number doublings (Fig. 1E) were calculated [1]. SFE of isolated mSGSC of 

Gdnfwt/hyper and Gdnfwt/wt mice showed a clear dose-dependent decline, always  had 

the tendency to be higher in Gdnfwt/hyper compared to Gdnfwt/wt (Fig.1B). However, 

the normalized surviving fraction of the two was not different (Fig.1C). The 

spheres  size of Gdnfwt/hyper mice was larger when compared to Gdnfwt/wt mice, at 4-8 

Gy (Fig. 1D), which was confirmed by quantification of the cell numbers (Fig. 1E). 

Here, Gdnfwt/hyper SG cells show even a slight increase in the population doubling 

after 1 Gy and 2 Gy despite a dramatic reduction in sphere formation. Next, Gdnf 

mRNA level was checked by quantitative RT-PCR (Fig.1F). Indeed, Gdnf mRNA 

in Gdnfwt/hyper mice spheres compared to Gdnfwt/wt, was elevated at all doses. Thus, 

GDNF doesn’t seem to act as a radiation protector of mSGSCs, but seems to 

promote mSGSCs proliferation after IR.  

To examine whether GDNF may have modified radiation induced cell cycle 

changes, cells were treated before IR with GDNF recombinant protein whose 

activity were checked by Strata1LUC cell line through luciferase assay (Fig.S1A, 

Fig.S1B)[27] and analyzed using flow cytometry(Fig.S2A-2D). Although IR 

induced a significant increase in the G1 population and a significant decrease in the 

G2 population (Fig. S2E), no significant differences were observed between cells 

GDNF treated with untreated cells at 24h (Fig. S2E) and 72h (Fig. S2F). Thus, the 

effects of GNDF are not induced by changes in cell cycle.    



Chapter 2  

50 

 

Figure 1. GDNF does not protect mSGSCs against irradiation but promotes mSGSCs 

proliferation. (A) scheme showing overview of isolation, expansion and irradiation of both 

Gdnfwt/hyper mice and Gdnfwt/wt mice salivary glands. (B) SFE of mSGSCs of Gdnfwt/hyper and 

Gdnfwt/wt mice in BME after irradiation (0Gy,1Gy, 2Gy, 4Gy, 8Gy). (C) Sphere surviving 

fraction based on survival of non-irradiated mSGSCs. (D) Representative images of 
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irradiated mSGSCs of Gdnfwt/hyperand Gdnfwt/wt mice. (E) Cell population doubling of 

mSGSCs of Gdnfwt/hyper and Gdnfwt/wt mice after irradiation (0,1Gy, 2Gy, 4Gy, 8Gy). (F) 

GDNF mRNA expression.  Error bars represent standard error of mean. *, P<0.05, **, 

P<0.01, N=3. Scale bar=200 µm. 

Next, we investigated the effect of endogenous GDNF on mSGSCs in the adult 

gland. No significant differences in appearance and gland weight were observed 

between Gdnfwt/hyper and Gdnfwt/wt mice (Fig 2A). Moreover, no difference in ability 

to form primary spheres from tissue were observed (Fig. 2B). To investigate 

potential differences in stem cells number within the glands, primary spheres were 

assessed for CD24/CD29, known to contain salivary gland stem cell [24], using 

flow cytometry (Fig. 2C). Corresponding to our previous observation, no 

significant differences in both, CD24hi/CD29med putative progenitors and 

CD24hi/CD29hi stem cell enriched populations, were observed. These data suggests 

that high endogenous levels of GDNF do not change adult salivary gland 

homeostasis and stem cell number.  

Next, we investigated the effect of GDNF on mSGSC long-term self-renewal 

potential (Fig. 2D). To this end, primary spheres were dissociated into single cells 

and passaged every 7 days (Fig. 2D) [24]. Indeed, we observed an increase in 

mSGSCs sphere formation efficiency during passages between Gdnfwt/hyper and 

Gdnfwt/wt mice (p<0.05)(Fig. 2E), accompanied by an increase of sphere size in 

Gdnfwt/hyper mice (Fig. 2F). Interestingly, passaging increased Gdnf mRNA levels in 

mSGSCs of Gdnfwt/hyper mice when compared to Gdnfwt/wt mice (Fig. 2G), GDNF 

protein levels were also higher in mSGSCs from Gdnfwt/hyper mice compared to 

Gdnfwt/wt mice, where GDNF levels remained below the level of detection in our 

analysis (Fig. 2H, GDNFko/ko mice were used as negative control)[28], suggesting 

that an increase in endogenous GDNF contributes to the stem/progenitor cell self-

renewal ability and is accompanied by an even further enhancement of GDNF 

expression during stimulated proliferation.  
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Figure 2.  Endogenous GDNF on adult mSGSCs. (A) Appearance and tissue weight of 

SGs of  Gdnfwt/hyper mice and Gdnfwt/wt mice. (B) salisphere number and number of cells in 
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primary salisphere. (C) Representative flow plots of CD24/CD29 populations. 

Quantification of CD24hiCD29hi and CD24hiCD29med population in Gdnfwt/hyper mice and 

Gdnfwt/wt mice.  (D) Scheme showing long term expansion of mSGSCs. (E) SFE of 

mSGSCs of Gdnfwt/hyper mice and Gdnfwt/wt mice in Matrigel during passages (* P<0.05, 

two-way ANOVA). (F) Representative images of Gdnfwt/hyper mice and Gdnfwt/wt mice 

mSGSC spheres in passage 3 (P3) and passage 7 (P7). (G) qPCR analysis of Gdnf mRNA 

level of Gdnfwt/hyper mSGSCs during passages (normolized to Gdnfwt/wt mice, dashline). (H) 

Western blot images of GDNF protein expression, using GDNFko/ko mice as a negative 

control. Arrowhead show the GDNF bands, the upper bands are unspecific. Error bars 

represent standard error of mean; N=3, scale bar=200 µm.  

Previously it was reported that GDNF levels rise after irradiation [29]. To confirm 

this and test when GDNF protein would increase, we performed a sphere based 

mSGSC irradiation to mimic the tissue response (Fig. 3A). IR significantly 

increased GDNF protein level both at 24h (Fig. 3B, Fig. S3A) and 48h (Fig. 3C, 

Fig. S3B). This was confirmed by in vivo salivary gland irradiation. SG were 

dissected 24h after 10Gy X-irradiation and TissueFAXS were performed on GDNF 

immune-histochemical expression (Fig. 3D, 3E). Indeed, also here GDNF 

expression (Fig. 3F, p<0.05) and intensity (Fig. 3G, p<0.01) increased significantly 

when compared to the un-irradiated controls. 

Based on our observation and published data [12], GDNF may contribute to 

mSGSCs survival and reduce irradiation induced damage. Therefore, we 

questioned what the role of GDNF after irradiation could be. To this end, 15 Gy 

irradiated SG transplanted with 10.000 mSGSCs known to almost completely 

reconstitute the irradiated salivary gland [13], were analyzed for GDNF expression 

3 months after transplantation. GDNF was highly upregulated after IR alone, but 

unprecedentedly down-regulated after transplantation (Fig. 3H). Receptor tyrosine 

kinase (RET) expression for which GDNF is the ligand, co-localized and parallel 

with GDNF expression in salivary gland secretary ducts after IR (Fig. 3I). These 

data indicate upregulation of GDNF after IR and down regulation in a normalized 

situation suggesting an attempt to induce proliferation after IR. 
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Figure 3.  Effect of IR on GDNF expression. (A) Scheme showing isolation method of 

mSGSCs and establishment of 6 day spheres irradiation at 4Gy, cells were collected after 

24h and 48h. (B-C) Western blot quantification data of GDNF in control and in IR group 

after 24h and 48h. (D-G) TissueFAXs of immunofluorescence images for GDNF(red) (D, E) 

and quantification of GDNF expression cells percentage (F) and GDNF intensity (G). (H) 

GDNF single staining on mice salivary gland paraffin sections (control vs IR vs IR+10.000 

P7 mSGSC). (I) RET and GDNF double staining on salivary gland paraffin sections 

(control vs IR vs IR+10.000 P7 mSGSC). Merges are shown. All mice sacrificed 120 days 

after irradiation. All sections exposed to the same labeling protocol. Nuclei are counter 



 Role of GDNF in SGSC response to radiation 

55 

 2 

stained with DAPI. *, P<0.05 , Student's test. Scale bars=100 µm. N=3 for control, N=3 for 

IR. 

Discussion 

Modulation of the GDNF signaling pathway has been suggested as potential 

therapeutic target to ameliorate radiation-induced xerostomia [12], but the 

mechanism is not completely understood. Here, we show that endogenous 

increased GDNF in GDNF hypermorphic mice [23] does not protect against 

radiation-effects on the salivary gland but rather seems to enhance its regenerative 

potential through enhanced stem cell proliferation. GDNF itself does not increase 

normal morphology, number of stem cells or stem cell potential. However, in a 

regenerative situation, such as in our 3D cell culture system, GDNF enhances self-

renewal, expansion potential and its own expression of mSGSC. Upon irradiation 

wild type animal derived SG cells show increased dose dependent expression of 

GDNF both in vitro and in vivo up to 120 days after irradiation. Interestingly, 

restoring salivary gland function through stem cell transplantation also restores 

normal level of GDNF. Therefore, GDNF seem to be expressed to enhance 

regeneration of salivary glands which may not be possible in a situation of 

sterilized mSGSCs. However, we speculate that when healthy stem cells are 

reintroduced, GDNF may help to stimulate regenerative potential of the salivary 

gland. Therefore, GDNF pathway stimulation may be useful as an additive 

treatment upon stem cell therapy. 

Our findings are consistent with previous reported increase in GDNF expression 

after IR and functional protection by GDNF [12]. The observed larger spheres and 

increased cell number in Gdnfwt/hyper mice after irradiation notwithstanding a 

dramatic reduction in the spheroid formation efficiency, suggest that GDNF may 

regulate mSGSCs regeneration and proliferation after irradiation by certain 

mechanisms, such as GDNF-RET or GDNF-NCAM pathway[30][31]. 
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The observed and previously reported increase in IR induced GDNF expression in 

irradiated salivary glands [12]. In human fibroblast this was shown to be dependent 

on both ATM signaling and P53 activity that regulate both RNA synthesis and 

stability following exposure to IR[29] . Since ATM is the major orchestrator of 

DNA damage response[32], whether GDNF is involved in DNA repair and DNA 

damage response in SGSCs still needs to be further elucidated. We could speculate 

here that GDNF might be induced due to lack of function of the gland through an 

unknown feedback mechanism. Indeed, when some stem cells are still viable, 

stimulation by growth factors such as KGF is able to enhance regeneration[33,34]. 

However, when insufficient stem cells are available, even cytokine stimulation 

does not have any effect. Introduction through transplantation of healthy viable 

stem cells may yield an effect of GDNF restoring the gland function and reducing 

GDNF expression. 

Previous studies have shown that GDNF-RET signaling pathway is involved in 

preventing cell apoptosis and cell death [35][36]. Ret is essential to mediate 

GDNF's protective and regenerative effect[37]. GDNF could attenuate cell loss by 

suppressing cytotoxic signaling pathways and cell suicide and activating both AKT 

and ERK survival pathways. Together, these results imply that irradiation induced 

elevated GDNF may play a role in the radiation response of salivary glands 

through GDNF-RET signaling pathway. 

Conclusion 

Endogenous GDNF doesn’t protect mSGSCs against irradiation, but seems to 

promote mSGSCs regeneration and proliferation likely thorough the GDNF-RET 

signaling pathway. Whether increasing endogenous GDNF levels could contribute 

to patient-specific treatment planning has to be clarified. Further studies will aim at 

elucidating the function of post transplantation stimulation of GDNF/RET pathway 

on the mSGSCs regenerative potential. 
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Supplemental Figures 

 

Supplemental Figure 1. Luciferase assay of GDNF protein  

(A) Scheme of GFRα1/RET/Elk-1-mediated luciferase induction. This reporter–gene 

systems possess exceptionally high sensitivity and a heuristic power to identify novel 

biologically relevant growth factor–receptor interactions, it was used to check GDNF 

protein activity through Luciferase assay[1] (B) GDNF protein activity  were checked by 

Luciferase assay. Lysis buffer used as Blank.   
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Supplemental Figure 2.  Irradiation induce a G1 arrest of SGSCs, but GDNF didn’t 

change SGSC cell population distribution after irradiation.  

(A) Schematic overview of isolation, expansion, and irradiation of mouse salivary gland 

stem cells (control vs IR vs IR plus GDNF), GDNF were added to EM medium 

immediately after seeding cells into Metrigel. Cells were collected after 24h and 72h. (B-

D)Representative cell cycle analysis plots of SGSCs of control (B), IR (C), IR plus GDNF 

(D). (E-F) Histogram showing the percentage of cells in the G1, S and G2/M phase of the 

cells cycle obtained after FACS analysis(control vs RT vs RT plus GDNF). For each 

sample 10.000 cells were acquired.  Error bars represent standard error of mean, N=3, 

*P<0.05, **P<0.01. 
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Supplemental Figure 3. 

Representative Western blot images of GDNF in control and in IR group after 24h (3A) and 

48h (3B). N=3. 
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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. 
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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 
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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.  
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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. 

 

 

 

 

 

 



Cellular senescence contributes to IR-induced hyposalivation   

91 

 
3 

 

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 
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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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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. 
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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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Abstract  

Normal tissue cells may become senescent after irradiation. Here, we show that the 

senescence response, but not the associated secretory phenotype (SASP) reflects 

the clonogenic response to low and high LET radiation. The lack of dose/LET 

relation for the SASP may have important consequences for the normal tissue 

response to different radiation quality types. 

Keywords: 

LET, Organoids, stem cells, senescence, normal tissue damage 

Introduction   

Radiotherapy is an essential part of the treatment of head and neck cancer patients 

achieving relatively high survival rates. However, over 40% of patients develop 

normal tissue complications, including xerostomia (dry mouth syndrome) which 

severely compromises patient’s quality of life [1]. Normal tissue complication 

probability depends not only on the mean dose to the salivary glands but also on 

the dose to the region of the salivary glands rich in stem and progenitor cells [2]. 

Particle therapy can be used to limit the volume and dose of co-irradiated normal 

tissues [3-5], which may allow the selective sparing of this specific region.  High 

linear energy transfer (LET) radiation has an additional potential biological 

advantage compared to low LET radiation [6]. However, current knowledge on 

high LET radiation is largely limited to in vitro 2D cell survival experiments which 

generally result in lower cell survival per absorbed dose than low LET radiation [4]. 

Various mechanisms have been proposed to be involved in the development of 

normal tissue damage and may be differentially regulated depending on the LET. 

Indeed, it has been suggested that p53-dependent apoptosis and expression of the 

profibrotic gene plasminogen activator inhibitor 1 (PAI-1) are differentially 
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induced by low and high LET radiation [6], thus potentially resulting in different 

normal tissue damage.   

Cellular senescence is a process induced by various factors, including radiation-

induced DNA damage, in which cells cease to divide and are accompanied by a 

distinctive senescence-associated secretory phenotype (SASP) [7-12]. Recently, 

cellular senescence has been shown to contribute to several age-related diseases 

and tissue dysfunction, affecting processes like inflammation, fibrosis and loss of 

tissue homeostasis. Hence, radiation-induced cellular senescence may play a 

pivotal role in the development of radiation-induced normal tissue complications 

[13-16] inducing an aging-like phenotype [17-19].   

Recently, we developed a novel in vitro 3D-model using mouse salivary gland 

stem cell derived organoids (SGOs) to study normal tissue side effects after 

irradiation [20]. Organoids, by harboring multiple tissue specific cell types 

(including stem cells) with cell-cell and cell-matrix interactions [20,21], resemble 

more closely the normal tissue environment than 2D culture systems.  

The aim of this study was to investigate differences in induction of cellular 

senescence and related SASP using salivary gland tissue resembling organoids 

exposed to low and high LET radiation.  

Material and Methods 

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 

[20,22,23]. In short, salivary glands were mechanically and enzymatically 
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dissociated and cultured in DMEM-12 medium consisting of 1% penicillin 

/streptomycin (Gibco), glutamax (2 mM; Gibco), EGF (20 ng/ml; Sigma-Aldrich), 

FGF2 (20 ng/ml; Sigma-Aldrich), N2 (1×; Gibco), insulin (10 μg/ml; Sigma-

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

Sigma-Aldrich), 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.  

Irradiation treatment 

Carbon ions (C-ions) irradiation were performed as previously described [20]. In 

brief, 3.5 mm (long) *30 mm (diameter) of a spread-out Bragg peak were used to 

get a dose averaged LET of 149.9±10 keV/μm at the center of the Matrigel samples. 

Photon irradiation were 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. 

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 

[24]. Briefly, p16-3MR mice carry a three molecular reporter protein (Luciferase-

mRFP-HSVtk fusion protein) which is regulated by the p16 promoter (Fig 1a) [24]. 

The luciferase protein can be measured using the Renilla luciferase assay. 
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Therefore, p16-3MR mice can be used to track the radiation-induced senescence in 

3D cultured organoids in vitro. Organoids derived from p16-3MR salivary glands 

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

was used according to the manufacturer’s protocol. 100000 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 of SGOs 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 Cdkn2d (p19), Cdkn1a (p21) and 

SASP genes (including Dcr2, Il6, Cxcl1, Mcp1 and Cxcl15). The primer sequences 

are listed in supplementary Table 1. RNA reverse transcription was performed as 

described previously [25]. All reactions were run in triplicate on a BIO-RAD Real-

Time PCR System.  

Statistical analysis  

Statistical comparisons using the Wilcoxon Signed Rank Test 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 

statistically significant. 

Results 

High and low LET radiation induce similar levels of cellular senescence 

at equivalent cell survival based doses 

To study LET related radiation-induced senescence, 5-day-old (D5) SGOs [22,23] 

derived from p16-3MR senescence reporter mice, a mouse model that allows 
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tracking the 3MR-expressing senescent cells using Renilla luciferase (LUC) [24] 

(Fig. 1a), were irradiated with photons or C-ions at an LET of 149.9 keV/μm. 

Previously we found that 7 Gy photons resulted in the same amount of clonogenic 

survival, based on SGO formation efficiency (OFE), as 2.5 Gy C-ions (Fig. 1b) 

[20]. Furthermore, 7 Gy photons was found to induce measurable levels of 

senescence in SGOs (Fig.1f). 2.5 Gy C-ions and a nominal equivalent dose of 7 Gy 

C-ions were used for senescence induction. Consistent with the SGOs surviving 

fraction data [20], 7 Gy photons and 2.5 Gy C-ions resulted in a similar number of 

surviving cells in SGOs 7 days post irradiation, while a higher dose of 7 Gy C-ions 

resulted in a more pronounced decrease in surviving cells (Fig. 1c-1e). To 

determine the level of senescence after low and high LET radiation, we 

subsequently stained SGOs for senescence-associated-β-galactosidase (SA-β-Gal) 

(Fig. 1f). Indeed, irradiated SGOs showed considerably more SA-β-Gal positive 

cells than the non-irradiated controls. SGOs irradiated with 7 Gy photons and 2.5 

Gy C-ions express similar intensity of SA-β-Gal positive cells. After 7 Gy C-ions, 

SGOs were smaller in size and showed higher intensity staining for SA-β-Gal when 

compared to control, 2.5 Gy C-ions and 7 Gy photons irradiated organoids. 

Additionally, 12-day-old (D12) unirradiated organoids showed the presence of 

some SA-β-Gal positive cells albeit to a much lower level, possibly due to 

replicative senescence or lack of nutrition/oxygen overtime in culture [26,27,28]. 

Next, to quantify the level of senescence, we measured luciferase activity based on 

the same number of cells for each condition. After both low and high LET 

radiation, increased luminescence was observed as compared to control (Fig. 1g), 

consistent with the SA-β-Gal staining (Fig. 1f) and inversely related to the cell 

number (Fig. 1e). These findings indicate that the relative biological effect of 

cellular senescence is similar to what was measured based on SGO survival (Fig. 

1b).  
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Fig 1. Induction of cellular senescence after low and high LET radiation. a), Schematic 

of the p16-3MR transgene [24]. b), Surviving fraction of SGOs after irradiation with 

increasing doses of photons and C-ions at an LET of 149.9 keV/μm (data as previously 

published [20]). c), Schematic overview of the study design for experiments carried out in 

panels d-g. SGOs were cultured for 5 days and irradiated with either photons or C-ions. 

Cellular senescence was quantified 7 days after irradiation in 12-day-old organoids. d), 

Representative images of control and irradiated 12-day-old organoids in culture. e), 

Organoids were dissociated and the number of cells was quantified relatively to the control 

group. n = 9 mice per group. f), SA-β-gal staining was performed on control and irradiated 

organoids collected at the indicated times as described in panel c. g), Luminescence 

measurements of cells treated as described in  panel c. Briefly, the same number of cells in 

each group was lysed, and luminescence intensity was quantified using a luminometer 

relatively to the control group. n = 6 mice per group. Experiments represent the mean ± 

SEM. *p<0.05; **p<0.01; n.s. not significant (Wilcoxon Signed Rank Test). 

 

 



Chapter 5  

130 

 

Expression level of cell cycle and SASP genes after low and high LET 

radiation is not dose or LET dependent 

To further investigate cellular senescence associated hallmarkers in SGOs, we 

determined the expression levels of senescence related cell cycle genes, p19Arf (p19) 

and p21Cip1/Waf1 (p21) (Fig. 2a). As expected, after exposure to both low and high 

LET radiation, the expression levels of p21 were significantly increased compared 

to control. In contrast, p19 expression did not change or was even lower than 

control, which is in agreement with the observation in BubR1 insufficiency mice 

that p19 acts as an attenuator of senescence and ageing in muscle and fat tissues 

[29]. 

Interestingly, gene expression levels of SASP factors, such as the Il-6 and Mcp1 

cytokines, the Cxcl1 and Cxcl15 chemokines, and the extracellular matrix factor 

Dcr2 were strongly increased after irradiation compared to control (Fig. 2b), 

although their expression levels did not further increase with 7 Gy C-ions 

compared to 2.5 Gy C-ions and 7 Gy photons.  

Our results indicate that senescence induction follows the behavior of clonogenic 

survival, whereas SASP gene expression seems unrelated to the LET and radiation 

dose. 
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Fig 2.  Senescence associated gene expression after low and high LET radiation. a), 

qRT-PCR analysis of the expression of senescence related cell cycle genes in 12-day-old 

control and irradiated SGOs as described in Fig. 1c.  b), qRT-PCR analysis of the 

expression of SASP factors in 12 day-old control and irradiated SGOs. RNA was analyzed 

for mRNA levels of the indicated genes relative to Ywhaz mRNA (control for cDNA 

quantity) normalized to the control group. n≥5 mice per group. Experiments represent the 

mean ± SEM. *p<0.05; **p<0.01 (Wilcoxon Signed Rank Test). 

Discussion 

Cellular senescence is a state of stable replicative arrest induced by pro-aging 

factors, including radiation-induced DNA damage, which together with the 

associated secretory profile contribute to age-related diseases, such as 

inflammation, fibrosis, tissue dysfunction and loss of tissue homeostasis [30]. 



Chapter 5  

132 

 

Emerging evidence indicates that cellular senescence may accumulate in normal 

tissue after irradiation [17]. Although high LET radiation allows for better dose 

conformity to the target volume, still unwanted dose is delivered to the healthy 

surrounding tissues [31]. To optimally use particle therapy, it is therefore important 

to predict the effect of high LET radiation on normal tissue. In the present study, 

we showed in a tissue-resembling SGO model [23] that high and low LET 

radiation induce senescence in a similar amount to what was previously measured 

using organoid cell survival (7 Gy photons and 2.5 Gy C-ions) [20]. 

However, although the radiation-induced senescence is associated with elevated 

expression of cell cycle (p16 and p21) and SASP genes (Il-6, Dcr2, Cxcl1, Mcp1 

and Cxcl15), in contrast to cell survival and the level of senescence, the increase in 

expression of SASP genes is not related to LET and dose [32]. This may indicate 

that environmental changes that are at least partially responsible for late tissue 

damage may be differently regulated than the clonogenic response of the normal 

tissue stem cell, with possible consequences for late tissue effects and means to 

modify these responses.  

This is in line with previous studies [33,34] showing that the SASP response is not 

directly associated with p16 activation. A possible explanation is that other 

biological responses, such as the response mediated by Trex1, might be activated at 

higher radiation doses or after complex DNA damage thus affecting the expression 

of cytokines [35].  

Interestingly, we previously showed that photons and C-ions differentially induce 

fibrosis related genes [6] indicating a possible difference in clonogenic survival 

based response and cytokine profile of cells after exposure to high LET radiation 

compared to low LET radiation. Moreover, Nielsen et al. [36] recently showed in 

irradiated primary fibroblasts that inflammatory regulators associated with the 

development of normal tissue complications are differentially regulated by high 

LET protons compared to photons.  
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These and our study indicate that diverse mechanisms involved in the development 

of normal tissue damage may be differentially affected by low and high LET 

radiation. Double-strand breaks inflicted by high LET radiation are more complex 

and difficult to repair than those induced by low LET radiation, potentially leading 

to the activation of distinct biological responses which ultimately can affect the 

development of normal tissue damage [37,38].  

In conclusion, we have demonstrated that low and low LET radiation induce a 

similar senescence response at equivalent cell survival based doses, however, with 

seemingly differentially upregulation of SASP factors and potential SGSC niche 

related environmental effects, which may have important consequences for the 

regenerative potential and consequential development of treatment, by using for 

example senolytics, of normal tissue side effects. 
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Supplementary Table 1 

qPCR Primer 

SASP gene Forward primer Reverse primer length 

Cdkn1a(p21) AGGCAGACCAGCCTGA

CAGAT (21) 

TCCTGACCCACAGCAGAA

GAG (21) 
111 

Cdkn2d(p19) GGCCTTGCAGGTCATGA

TGTTT (22) 

GACATCAGCACCATGCTC

CAC (21) 
169 

Dcr2 GCTGTGTCTGTGGCTGT

GACTT (22) 

TCCTCATCCGTCTTTGAG

AAGC (22) 
107 

Il-6 ATACCACTCCCAACAGA

CCTGTC(23) 

CAGAATTGCCATTGCACA

ACTC(22) 
111 

Mcp1 GCTCAGCCAGATGCAGTT

AA(20) 

TCTTGAGCTTGGTGACAA

AAACT(23) 
148 

Cxcl15 TCCTGCTGGCTGTCCTTAA

C(20) 

ACTGCTATCACTTCCTTTC

TGTTG(24) 
169 

mYwhaz 
TTACTTGGCCGAGGTTGCT(

19) 

TGCTGTGACTGGTCCACA

AT(20) 
60 

Cxcl1 
TGTTGTGCGAAAAGAAGTG

C(20) 

ACACGTGCGTGTTGACCA

TA(20) 
160 
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Summary 

Head and neck cancer is the sixth most common cancer worldwide. The majority of 

patients with this form of cancer is treated with radiotherapy. Although 

radiotherapy significantly improves patient’s survival, the risk of normal tissue side 

effects remains high due to the unavoidable co-irradiation of normal tissue, such as 

the salivary glands. Xerostomia is the subjective feeling of dry mouth that may 

result from severe hyposalivation resulting from damage to the salivary glands 

(SGs) by radiotherapy for head and neck cancer, which severely affects cancer 

patient’s quality of life [1,2]. These patients suffer from impairment in speech and 

taste, difficulties with mastication and deglutition, and increased risk of developing 

oral infections and dental caries [3]. Currently, no cure is available and efforts have 

recently been focused on therapeutic approaches to optimize the regenerative 

potential of the SGs, by for instance stem cell therapy [4]. 

Radiation-induced loss of salivary gland function could be due to lack of viable 

salivary gland stem/progenitor cells (SGSCs) necessary to maintain a sufficient 

number of mature functional cells [5]. In addition to the loss of stem cells, other 

mechanisms may also contribute to the salivary gland dysfunction, such as reduced 

functioning of acinar cells, apoptosis, inflammation, radiation-induced fibrosis and 

senescence. Interestingly, current data showed that cellular senescence may be a 

major driver of radiation-induced loss of salivary gland function [6]. Strikingly, 

most of the senescent cells have been shown to be localized in the striated ducts [7] 

where the SGSCs are thought to reside [5,7]. Collectively, radiation-induced 

cellular senescence may play an important role in radiotherapy related 

hyposalivation. Although a large amount of evidence confirms the presence and 

regenerative function of SGSCs [5,8,9], the response of SGSCs to irradiation and 

their interaction with the surrounding environment (stem cell niche) remain 

unidentified. Moreover, recent studies showed that selective elimination of 

senescent stem cells can rejuvenate the remaining tissue stem cells, such as the 

hematopoietic and muscle stem cells, resulting in an extension of the lifespan in 
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mice [10]. Whether the selective elimination of senescent cells after irradiation can 

ameliorate saliva production needs further investigation.  

Therefore, the main goal of this thesis was to elucidate the identity and function of 

radiation-induced senescence in the salivary glands, and to optimize the 

regenerative potential of the salivary gland either by stimulation of surviving stem 

cells or by elimination of senescent cells. This chapter summarizes the main 

findings of these studies and place them in perspective.  

In chapter 1, as an introduction, an overview of the available data on radiation-

induced senescence was provided. Moreover, molecular pathways involved in 

radiation-induced senescence, such as cell cycle arrest pathway, DNA Damage 

Response (DDR) regulated Senescence-Associated Secretory Phenotype (SASP) 

pathway, cGAS-STING regulated SASP pathway, DNA damage and autophagy 

axis, were highlighted. Subsequently, the context of SASP and SASP-dependent 

outcome of radiation-induced senescence in normal tissue and cancer were 

provided. Finally, therapeutic interventions for radiation-induced senescence were 

emphasized and the potential translation towards the clinic was considered. The 

role of GDNF in the salivary gland tissue regeneration and its relationship with 

radiation-induced senescence was also discussed.  

Pretreatment with GDNF in vivo before or after irradiation can increase the SGSC 

number and rescue saliva production of irradiated salivary glands [9]. To further 

investigate the role of GDNF in the modulation of SGSC response to irradiation 

and subsequent salivary gland regeneration, in Chapter 2, we first employed a 

GDNF hypermorphic (Gdnfwt/hyper) mouse model to analyse the effect of increasing 

endogenous GDNF levels in vivo on stem cell potency [11]. First, Gdnfwt/hyper 

salivary gland organoid-derived single cells were irradiated, and organoid 

surviving fraction (OSF) and organoid size were measured. No differences in OSF 

were observed between Gdnfwt/hyper and Gdnfwt/wt mice; however, organoids from 

Gdnfwt/hyper mice were much bigger in size than wild type. These findings indicate 
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that GDNF does not act as a radioprotector of SGSCs, but instead GDNF seems to 

promote SGSC proliferation after irradiation. Next, the effect of endogenous 

GDNF on adult SGSCs was tested by assessing the number of stem/progenitor cells 

as determined by CD24/CD29 flow cytometry and long-term expansion of SGSCs. 

The results obtained broadly indicate that endogenous levels of GDNF do not alter 

adult salivary gland homeostasis or stem cell number but contribute to the 

stem/progenitor cell self-renewal ability. Finally, the effect of radiation on GDNF 

expression was tested. GDNF expression was upregulated after irradiation while its 

level was similar to control after stem cell transplantation, which is known to 

reconstitute the irradiated salivary glands [12]. These data suggested that GDNF 

does not protect SGSCs against radiation but seems to promote SGSC regeneration 

and proliferation. However, the function of the enhanced GDNF expression after 

irradiation remains an enigma, which was further investigated in Chapter 4. 

Interestingly, as shown in Chapter 2 and indicated previously by others, the ductal 

compartment, where the SGSCs are thought to reside [7], remains relatively intact 

after irradiation, while more than 99% of the acinar cells are lost in the irradiated 

submandibular glands [13]. After genotoxic stress, as caused by radiation, cells 

undergo either repair of DNA damage, cell death, cell cycle arrest or cellular 

senescence [14]. However, it is not known whether cellular senescence contributes 

to the lack of regeneration after radiation-induced damage. Therefore, the role of 

radiation-induced senescence in salivary gland tissue and organoids was explored 

in Chapter 3. First, we showed accumulation of senescent cells and increased 

SASP gene expression after irradiation both in vivo and in vitro. Next, the effects 

of SASP on SGSC selfrenewal potential were studied using conditioned medium 

from irradiated SGSCs. The results indicated that the SASP has a detrimental effect 

on SGSC selfrenewal capacity. Importantly, the selective elimination of senescent 

cells improved the selfrenewal potential of SGSCs. Finally, the potential of the 

senolytic drug ABT-263 in the treatment of radiation-induced salivary gland 

dysfunction was shown in vivo.  
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As shown in Chapter 2, GDNF was highly upregulated in salivary glands that were 

severely damaged after irradiation [12,15]. Interestingly, it has been reported that 

GDNF is highly expressed after irradiation of fibroblasts, keratinocytes and 

melanocytes and may act as a core signature of radiation-induced senescence [16]. 

Moreover, cellular senescence is an important contributor to the loss of salivary 

gland function post-irradiation (Chapter 3). Taking these findings together, we 

hypothesized that GDNF may play a role in radiation-induced cellular senescence. 

This hypothesis was explored in Chapter 4. First, the expression of GDNF at the 

mRNA and protein level in control and irradiated salivary glands was established. 

It was observed that cells displaying high levels of GDNF reside in the ductal 

compartment of the gland, the region suggested to harbor the SGSCs. GDNF was 

highly expressed after irradiation and colocalized with the senescence marker β-

galactosidase. Subsequently, GDNF expression in 2D cultured SGSCs or 3D 

cultured organoids was measured. Interestingly, GDNF was expressed both in 

proliferating untreated cells and senescent cells post-irradiation. Next, we used 

GDNFCre-ERT2-tdTomato mice to investigate the expression pattern of GDNF in 

proliferating cells. We used our 3D SGSC organoid system [17,17-19] to generate 

a radiation-induced senescence model to investigate GDNF expression in senescent 

cells. 2D-cultured SGSCs were used to assess the intra-cellular location of GDNF 

after irradiation. Our findings showed that GDNF dynamically changes during the 

normal cell cycle, where after mitosis it decreases in expression. Interestingly, 

GDNF is strongly enhanced and seem to accumulate in lysosomes in radiation-

induced cell cycle-arrested salivary gland cells. Collectively, these data suggest 

that GDNF could act as an additional marker of radiation-induced senescence in 

salivary glands, although its exact cellular function remains still unknown.  

As shown in Chapter 3 and indicated previously by others, radiation-induced loss 

of salivary gland function seems to be driven by cellular senescence [6,20]. Normal 

tissue complication probability depends not only on the mean dose to the salivary 

glands but also on the dose to the region of the salivary glands rich in stem and 
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progenitor cells [5]. Particle therapy can be used to limit the volume and dose of 

co-irradiated normal tissues [3,21,22] and may allow the selective sparing of this 

specific stem cell rich region. Additionally, high linear energy transfer (LET) 

particles have been shown to have an increased biological effectiveness compared 

to low LET radiation, although this is largely based on 2D clonogenic survival data 

[23]. However, whether cellular senescence increases with LET or not remains 

unknown. Therefore, in Chapter 5, we explored the difference in induction of 

cellular senescence after exposure to low and high LET radiation. First, levels of 

cellular senescence in SGSC derived organoids were quantified after low (photons) 

and high LET (carbon ions) radiation. Low and high LET radiation induced similar 

levels of senescence at equivalent cell survival-based radiation doses, indicating 

that the 3D biological effectiveness for inducing senescence is similar to that for 

SGSC survival. Next, the gene expression level of cell cycle and SASP genes was 

measured. Expression of SASP genes increased after irradiation although neither in 

a dose or LET dependent manner, leaving a question open concerning the 

consequences of high LET radiation and related SASP for the normal tissue.  

In conclusion, senescence, its markers and the SASP may play an important role in 

the post-irradiation regenerative response of salivary glands and modulation of this 

response may in the future improve post-radiotherapy hyposalivation, the 

consequential xerostomia and hence the quality of life of head and neck cancer 

patients. 

Future perspectives 

The work described in this thesis is focused on unraveling the function of cellular 

senescence in radiation-induced hyposalivation and the possible use of senolytics 

as a potential therapeutic strategy to improve saliva production. In addition, the 

possible role of GDNF in radiation-induced senescence and hyposalivation was 

investigated. In this section, we will further discuss the progress achieved in these 

directions and speculate on how the field may develop in the future.  



 Summary and future perspectives 

145 

 

6 

Anti-senescence therapeutic strategies 

Senolytics 

Cellular senescence is a process involved in multiple pathological diseases. 

Selective targeting senescent cells using senolytics can attenuate the burden of 

senescence and improve tissue function [24]. Although there is no specific marker 

for senescent cells, senolytic drugs can successfully remove senescent cells by 

exploiting the senescent cell antiapoptotic pathways (SCAPs) [24]. The SCAPs 

include pathways related to BCL2 family (targeted by ABT263, A1331852, 

A1155463 and UBX1967), p53 (FOXO4-DRI and UBX0101), PI3K/AKT (Fisetin 

and HSP90 inhibitors), receptors /tyrosine kinases (Dasatinib) and HIF-1α.  

However, senescent cells are not the only cells using these antiapoptotic pathways. 

Both senescent cells and cancer cells overexpress antiapoptotic proteins and are 

therefore resistant to apoptosis. Senolytics, which block the antiapoptotic pathways 

that cancer cells rely on for survival, can be used as anticancer drugs. ABT263 and 

ABT737, two targeted cancer therapeutic agents, are well known senolytics that 

selectively eliminate senescent cells by inhibiting the anti-apoptotic proteins of the 

BCL2 family [10,25]. In addition, senescent cells and cancer cells also share the 

apoptotic p53 pathway. Drugs, like UBX0101, selectively target the interaction 

between p53 and MDM2 (E3 ubiquitin ligase) inducing apoptosis in both cancer 

and senescent cells [26]. However, some normal cells also share the same anti-

apoptotic pathways causing toxic side effects. For instance, BCL-2 family proteins 

(BCL-xL) are essential for platelet survival [27]. BCL-2 and BCL-xL inhibitors, 

like ABT263, can cause neutropenia and thrombocytopenia due to inhibition of 

BCL-xL in platelets [28]. Therefore, it will be of great interest to identify the same 

pathways shared by cancer cells and senescent cells which do not affect normal 

cells, so that these effective anticancer drugs can be tested as senolytics. On the 

other hand, senolytics that inhibit the targets originally discovered in oncology can 

also be used as anticancer drugs.    
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Although some senolytics target only one specific antiapoptotic pathway, it should 

be noted that several senolytics, like quercetin (which targets the BCL-2 family, 

PI3K/AKT, and p53/p21/serpine) [24], act on multiple pathways that are involved 

in a variety of biological responses. This makes it difficult to decode how these 

drugs eliminate senescent cells and to estimate the possible detrimental effects that 

they may have upon systemic administration. Therefore, these drugs need thorough 

testing. Our normal tissue organoid models could be useful in this context. 

Recently, galacto-oligosaccharides encapsulated cytotoxic agents (doxorubicin, 

rhodamine B and navitoclax) were used to specifically eliminate senescent cells by 

taking advantage of the high lysosomal β-galactosidase activity [29]. Targeted drug 

delivery may reduce their toxic side effects and open promising therapeutic 

possibilities to eliminate senescent cells [30]. 

To develop an ideal senolytic that selectively and effectively eliminates senescent 

cells requires a better understanding of senescence. Specific markers and better 

molecular characterization of the in vivo properties of senescent cells would help in 

the development of specific therapies. However, there is no specific marker for 

senescent cells making it difficult to track the senescent cells in tissues. 

Additionally, it is also necessary to determine whether senescent cells have the 

same properties both in vitro and in vivo.  

SASP inhibitors 

SASP factors play an important role in driving tissue deterioration and loss of 

tissue homeostasis. Modulation of SASP expression attenuates the senescence-

associated detrimental side effects. However most SASP inhibitors (mTOR 

inhibitors (RAD001 AND rapamycin) and Janus kinase 1 (JAK1) and JAK2 

inhibitors) [31-34]  do not target to a specific SASP factor which will potentially 

leading to side effects [24]. More studies need to be done to understand the specific 

role of SASP factors and to better understand which specific SASP factors have to 

be modulated. For instance, IL6 (one of the prominent SASP factors) deficiency 
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can attenuate radiation induced hyposalivation [6]. IL-6 inhibitors like tocilizumab 

and sarilumab may be used as promising SASP inhibitors. In addition, it remains 

unknown to what extent SASP factors systemically interfere with the normal 

healthy tissue. The composition of SASP may vary according to the senescence 

inducer and cell type, thus which SASP factors influence a specific phenomenon 

needs further investigation. For instance, it would be interesting to identify which 

SASP factors ( cytokines, chemokine, growth factors or extracellular matrix) 

specifically affect the growth of SGSCs.  SASP inhibitors, like TGF-β inhibitor, 

could be used on SGSCs to check their survival and selfrenewal potential.  

Senolytics and SASP inhibitors may also be beneficial in other diseases, however 

several important clinical challenges remain in translating senescence-targeted 

therapies into clinical treatments, such as:  

1) strategies to systemically eliminate senescent cells in aging without causing side 

effects. Recently Zhou et al. (unpublished data) showed that proteolysis targeting 

chimera (PROTAC) can be used to design new compounds which are highly 

specific to senescent cells while less toxic to the normal cells.  

2) to define ‘the good and the bad’ SASP profiles and modulate them. SASP 

protein levels, such as cytokines and chemokines in conditioned medium, could be 

measured using the Luminex xMAP technology allowing for multiple protein 

analysis [35]. Comparing the in vitro and in vivo SASP profiles will give us an 

overview of possible senolytic targets. Moreover, since in vivo, multiple cell types 

might contribute to the SASP profile, it would be interesting to generate an 

organoid or co-culture model which includes several cell types, such as fibroblasts, 

immune cells, blood vessels etc., and to identify which cell type contributes to the 

detrimental SASP factors.  

3) what is the effect of combining pro-senescence therapy in cancer followed by 

senolytic therapies. Emerging evidence showed that cellular senescence plays an 

important physiological role contributing to tumorigenesis [36]. The induction of 
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senescence in itself can slowdown the tumor progression and trigger the clearance 

of senescent cells by the immune system [37]. Investigating the effects on cancer 

and normal tissues of pro-senescence therapy together with senolytics on tumor 

xenografts in mice may open a new avenue for anticancer therapy.  

Effects of senolytics on the stem cell niche 

In mice, BCL-2 inhibitors, such as ABT263 and ABT737, have been shown to 

eliminate senescent cells and promote stem cell proliferation, including of 

hematopoietic, muscle and hair follicle stem cells [10,25]. In Chapter 2, we showed 

that ABT263 can eliminate senescent cells in the stem cell containing regions and 

subsequentially promote SGSC selfrenewal capacity in vitro and improve saliva 

production in vivo. This might be due to restoration of the stem cell 

microenvironment (niche) [10,25]. The stem cell niche is the local in vivo 

microenvironment that maintains and regulates stem cell fate. Stem cells are 

involved in multiple physiological responses that dictate the outcome of 

development or stress induced events, such as irradiation. Stem cell activity is often 

regulated by the microenvironment so that stem cells can adjust according to 

homeostatic needs. In salivary glands, changes in the stem cell niche before and 

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

established yet. Interestingly, it has been suggested that BCL-2 contributes to the 

survival of stem cells. Previous data showed that BCL-2 enhances hematopoietic 

stem cell function by anti-apoptotic action [38,39] and mediates radio-resistance of 

hair follicle bulge stem cells [40]. Moreover, overexpression of BCL-2 increases 

quiescence of hematopoietic stem cells [41]. In salivary glands, BCL2 is expressed 

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

suggested to reside [7,42]. It is unclear to what extend BCL-2 targeted senolytics 

act on quiescent stem cells while eliminating the senescent stem cells in vivo. If 

senolytics would also have a detrimental effect on non-senescent stem cells or 

niche cells, the regenerative potential would be reduced resulting in a reduced 
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therapeutic benefit. Therefore, the effect of senolytics on stem cells and their niche 

needs further investigation.  

GDNF in aging and radiation-induced senescence 

GDNF was first identified as a survival factor in midbrain dopaminergic neurons 

playing an important role in neuronal survival, differentiation and migration 

[43,44]. Reduction of GDNF seems to be linked with aging related 

neurodegenerative disorders such as Alzheimer’s disease (AD) and Parkinson’s 

disease (PD) [45]. However, why GDNF production reduces with aging remains 

unknown. Recent studies have shown that senescent cells accumulate with age and 

locate at the sites of age-related diseases to promote tissue dysfunction. Cells like 

neurons, microglia, astrocytes and oligodendrocyte progenitor cells acquire 

senescent features in neurodegenerative diseases and during aging, suggesting that 

senescence may contribute to the tissue deterioration [46]. The question then arises, 

does aging related cellular senescence contributes to the reduction of GDNF 

subsequently leading to neurodegenerative disorders? The relationship between 

GDNF and aging related cellular senescence deserves further investigation.  

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

secretory ducts of irradiated murine and human salivary glands [9]. In addition, 

RNA sequencing and qPCR data showed that GDNF consistently increased in 

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

keratinocytes and melanocytes, and in senescent astrocytes induced by oxidative 

stress [16]. In the work described in this thesis, GDNF is highly expressed together 

with the senescence markers SA-β-Gal and P16 in salivary gland cells post 

irradiation. In addition, GDNF can activate the NF-κB signaling pathway which is 

a major inducer of cellular senescence and SASP [47,48]. Moreover, It has been 

shown that NF-κB p62/p52 signaling (noncanonical pathway [49,50]) was 

activated by GDNF and involved in the antiapoptosis role of GDNF via 

upregulation of the antiapoptotic protein BCL-2 and BCL-w [47,51,52]. 
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Collectively, these data suggest that GDNF may play a role in radiation-induced 

senescence in SGSCs. However, whether GDNF acts as an enforcer or a 

consequence of senescence in SGSCs still need further investigation. Therefore, 

knock out of GDNF specifically in SGSCs may represent a possible way to check 

its function in radiation-induced senescence.   

In conclusion, the work of this thesis contributes to the current knowledge 

regarding cellular senescence identity and its contribution to radiation-induced side 

effects. Normal tissue side effects are crucial limiting factors of radiotherapy. 

Modulating cellular senescence may offer novel ways to tackle radiation-induced 

normal tissue damage and promote subsequent tissue regeneration capacity. 

Moreover, the use of organoids offers new tools to further study radiation/aging 

induced senescence in an in vitro setting. In addition, we highlighted the potential 

benefit of eliminating senescent cells on the regenerative capacity of salivary gland 

stem/progenitor cells. Thus, these data provide a promising start to design a 

senolytic therapy for radiation-induced xerostomia and potentially even aging.  
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Nederlandse samenvatting 

Hoofd-hals kanker is de zesde meest voorkomende vorm van kanker wereldwijd. 

De meerderheid van de patiënten met hoofd-hals kanker wordt behandeld met 

radiotherapie. Hoewel radiotherapie de overleving van de patiënt aanzienlijk 

verbetert, blijft het risico op bijwerkingen hoog doordat het normale weefsel, zoals 

de speekselklieren, ook onvermijdelijk een dosis straling krijgt. Het bestralen van 

de speekselklieren kan zorgen voor een vermindering van speekselproductie 

(hyposalivatie). Dit kan leiden tot een subjectief gevoel van een droge mond 

(xerostomie) en een ernstige vermindering van de kwaliteit van leven van de 

kankerpatiënt. Deze patiënten lijden aan een vermindering van spraakvermogen en 

smaakbeleving, hebben problemen met kauwen en slikken en hebben een verhoogd 

risico op het ontwikkelen van mondholte infecties en tandbederf. Helaas zijn er tot 

op vandaag geen middelen beschikbaar om door straling geïnduceerde 

hyposalivatie te behandelen en wordt vooral gepoogd om de stralingsdosis op de 

speekselklier zoveel mogelijk te verminderen. Daarnaast wordt er gezocht naar 

manieren om de door straling ontstane schade zo goed mogelijk te repareren, door 

het regeneratievermogen van de klieren te verbeteren, bijvoorbeeld door 

stamceltherapie. 

Straling geïnduceerd verlies van speekselklierfunctie is wordt mede veroorzaakt 

door het gebrek aan goed functionerende speekselklierstamcellen die nodig zijn om 

homeostase te handhaven en eventuele schade aan de klier te herstellen. Naast het 

verlies van stamcellen, kunnen andere door straling veroorzaakte mechanismen ook 

bijdragen aan de speekselklierdisfunctie, zoals; verminderde werking van de 

speeksel producerende acinaire cellen, cel verlies door apoptose, lokale 

ontstekingen, littekenvorming en een vervroegde cellulaire veroudering 

(senescentie). Inderdaad blijkt uit recent verworven kennis dat senescentie een 

belangrijke oorzaak kan zijn van door straling geïnduceerde hyposalivatie. 

Interessant genoeg bevinden na bestraling de meeste senescente cellen zich in de 
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gestreepte speeksel afvoerkanalen alwaar gedacht wordt dat de speekselklier 

stamcellen zich bevinden.  

Alhoewel er veel bewijs is voor de aanwezigheid en regeneratieve functie van 

speekselklier stamcellen is er weinig bekent over de interactie die deze cellen 

hebben met hun omgeving (de stamcel niche). Tevens is uit recente onderzoek met 

hematopoietische en spierstamcellen gebleken dat het selectief verwijderen van 

senescente cellen de overblijvende weefselstamcellen kan verjongen en de 

levensduur van muizen kan verlengen. Of dit ook geldt voor het verwijderen van 

senescente cellen na bestraling en of dit dan ook de speekselproductie kan 

verbeteren, moet nader worden onderzocht.  

Het hoofddoel van dit proefschrift is te onderzoeken wat de rol is van door straling 

geïnduceerde senescente speekselkliercellen en hoe door overlevende stamcellen te 

stimuleren en/of door de senescente cellen te elimineren het regeneratieve 

vermogen van de speekselklier kan worden verbeteren. Dit hoofdstuk vat de 

belangrijkste bevindingen van het onderzoek beschreven in mijn proefschrift 

samen en plaatst deze in perspectief. 

In hoofdstuk 1 worden de beschikbare gegevens over door straling veroorzaakte 

veroudering geïntroduceerd. Hiernaast worden de bekende moleculaire signaal 

routes die betrokken zijn bij door straling geïnduceerde senescentie beschreven, 

zoals de DNA-schade en celcyclus en daarmee gerelateerde autofagie-as response 

en de met senescentie geassocieerde afscheidende (secretoire) fenotype 

(Senescence-Associated Secretory Phenotype (SASP)) en de regulering door 

cGAS-STING. Vervolgens word de rol die het SASP mogelijk speelt in door 

straling geïnduceerde senescentie in normaal weefsel behandeld ook in relatie tot 

kanker. Ten slotte worden therapeutische interventies voor door straling 

geïnduceerde senescentie en de mogelijke toepassing in de kliniek beschreven. 

Tevens word de rol van GDNF in de regeneratie van speekselklierweefsel en de 

relatie met door straling geïnduceerde veroudering besproken.  
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Eerder onderzoek heeft gesuggereerd dat de van gliale cellijn-afgeleide neurotrofe 

factor (GDNF) het aantal speekselklierstamcellen zou kunnen verhogen en de 

speekselproductie van bestraalde speekselklieren zou kunnen verbeteren. In 

hoofdstuk 2, wordt de rol die GDNF in de response van speekselklierstamcellen 

op bestraling speelt en de daaropvolgende speekselklierregeneratie verder 

onderzocht. Om het effect van endogene GDNF-niveaus op potentie van 

stamcellen te analyseren, werd een muismodel gebruikt waarbij het endogene 

niveau van GDNF verhoogd kan worden (GDNF hypermorf (Gdnfwt/hyper)). Eerst 

werd de overlevende fractie van bestraalde van Gdnfwt/hyper speekselklieren gemeten. 

Hier werden geen verschillen waargenomen tussen Gdnfwt/hyper en normale wildtype 

muizen. Alleen waren de organoïden afkomstig van de stamcellen van Gdnfwt/hyper-

muizen veel groter dan die van het wildtype. Deze bevindingen geven aan dat 

GDNF niet werkt als een beschermer tegen de effecten van straling op stamcellen, 

maar dat het lijkt dat GDNF de speekselklierstamcellen die de straling overleven 

aanzet tot sneller delen en zo het herstel na bestraling bevorderd. Om dit verder te 

onderzoeken werd het effect van endogene GDNF op CD24/CD29 positieve 

speekselklierstamcellen getest.  In grote lijnen geven de resultaten aan dat 

endogene niveaus van GDNF de homeostase van de speekselklier of het aantal 

stamcellen niet veranderen, maar wel hun zelfvernieuwingsvermogen kunnen 

verhogen, hetgeen eerdere observaties bevestigd. Ten slotte werd het effect van 

bestraling op de GDNF-genexpressie getest. Verassend genoeg was de GDNF-

expressie na bestraling sterk verhoogd, terwijl deze na speekselklier herstellende 

stamceltransplantatie op hetzelfde niveau van niet bestraalde klieren terug was. 

Samen suggereerden deze resultaten dat GDNF de speekselklierstamcellen niet 

beschermt tegen straling maar proliferatie van stamcellen, wat de regeneratie lijkt 

te bevorderen. De functie van de verhoogde GDNF-expressie na bestraling blijft 

echter onbekend en werd onderzocht in hoofdstuk 4. 

Uit onze eerdere bevindingen en zoals beschreven in de literatuur blijkt dat het 

afvoergangstelsel van de speekselklier, alwaar de speekselklierstamcellen zich 
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bevinden, relatief intact blijft na bestraling, terwijl meer dan 99% van de speeksel 

producerende acinaire cellen verloren zijn gegaan. Na genotoxische stress, zoals 

veroorzaakt door straling, repareren cellen de schade aan het DNA, stoppen de 

celcyclus, sterven of ondergaan cellulaire veroudering. Het is echter niet bekend in 

hoeverre deze cellulaire senescentie bijdraagt aan het gebrek aan regeneratief 

vermogen van speekselklier na bestraling. 

Daarom werd in Hoofdstuk 3 de rol van senescentie in bestraalde speekselklieren 

en speekselklier organoiden bestudeerd.  Eerst toonden we aan dat senescente 

cellen accumuleren in de gestreepte afvoergangen van de speekselklierklier en in 

van speekselklier afkomstige organoiden na bestraling, waarbij ook een verhoogde 

SASP-genexpressie gevonden werd. De rol van de SASP werd verder bevestigd 

door het medium waarin bestraalde organoiden geweekt werden toe te voegen aan 

niet bestraalde organoiden. Dit resulteerde in een verlaagd vermogen van de 

stamcellen om nieuwe organoids te vormen. Omgekeerd bleek dat het selectief 

verwijderen van de senescente cellen het vermogen om nieuwe organoiden te 

vormen juist verbeterde. Deze resultaten geven aan dat senescente cellen en hun 

SASP een negatieve invloed zouden kunnen hebben op regeneratieve vermogen 

van de speekselklier na bestraling. Ten slotte werd dit bevestigd doordat een 

middel dat senolytische cellen selectief verwijderd (ABT-263) de straling 

geïnduceerde speekselklierdisfunctie in muizen kan verbeteren. 

In hoofdstuk 4 hebben we sterk verhoogde GDNF-expressie in bestraalde 

speekselklieren verder bestudeerd. Interessant genoeg is in de literatuur eerder 

beschreven dat de genexpressie van GDNF in fibroblasten, keratinocyten en 

melanocyten sterk verhoogd is na bestraling en kan fungeren als een kenmerk van 

door straling geïnduceerde senescentie. Dit samen met de eerder aangetoonde 

relatie tussen cellulaire veroudering en het verlies van speekselklierfunctie na 

bestraling suggereert dat GDNF een rol kan spelen in door straling geïnduceerde 

senescentie. 
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Inderdaad werd de verhoogde expressie van GDNF op mRNA- en eiwitniveau in 

bestraalde speekselklieren bevestigd. Tevens bleek dat cellen met hoge niveaus van 

GDNF na bestraling inderdaad vooral in het afvoergangen stelsel te vinden was 

alwaar de stamcellen zich bevinden. Daarnaast bleek dat GDNF in dezelfde cellen 

tot expressie komt als degene die ook de senescentie marker β-galactosidase lieten 

zien, zowel in speekselklieren als in speekselklier organoïden als in schaaltjes 

gekweekte speekselkliercellen. Interessant is dat GDNF ook tot expressie kwam in 

delende onbehandelde cellen. Vervolgens werden GDNF reporter muizen gebruikt 

om het expressiepatroon van GDNF in delende cellen te onderzoeken. Organoïden 

afkomstig van speekselklieren van deze dieren en de van organoiden afkomstige in 

kweek gebrachte cellen lieten zien dat GDNF expressie dynamisch verandert 

tijdens de normale celcyclus, waar het toeneemt tijdens het delingsproces en weer 

afneemt nadat de deling heeft plaatsgevonden. Wanneer de cellen echter door 

straling senescent worden, neemt de expressie verder toe en hoopt het GDNF zich 

vooral op in de lysosomen. Deze resultaten suggereren dat GDNF zou kunnen 

fungeren als een aanvullende marker van door straling geïnduceerde veroudering in 

speekselklieren, hoewel de exacte cellulaire functie ervan nog onbekend is. 

Zoals beschreven in de eerdere hoofdstukken lijkt het erop dat het straling 

geïnduceerd verlies van speekselklierfunctie tenminste deels wordt veroorzaakt 

door cellulaire veroudering. Uit eerder onderzoek is gebleken dat de kans op 

normaal weefselschade niet alleen af hangt van de gemiddelde dosis op de 

speekselklieren, maar vooral afhankelijk is van de dosis op het gebied waar zich de 

speekselklierstamcellen bevinden. Zeer precieze deeltjestherapie zou gebruikt 

kunnen worden gebruikt om de dosis gegeven aan dit precieze gebied te beperken. 

Tevens weten we dat deeltjes met een hoge lineaire energieoverdracht (LET) een 

verhoogde biologische effectiviteit hebben en dus meer schade zouden kunnen 

veroorzaken dan straling met lage LET. De vraag is nu of cellulaire senescentie 

toeneemt met een hoge LET. Daarom werd in hoofdstuk 5 de inductie van 

cellulaire veroudering na blootstelling aan lage en hoge LET-straling vergeleken. 
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Lage LET-röntgen- en hoge LET-koolstofionen-straling induceerde vergelijkbare 

niveaus van senescentie bij biologisch equivalente stralingsdoses bepaald op basis 

van cel overleving. Dit geeft aan dat de biologische effectiviteit van de 

verschillende stralingsvormen voor het induceren van senescentie vergelijkbaar is 

met die voor stamceloverleving. Vervolgens werd waargenomen dat de 

genexpressie van celcyclus- en SASP-gerelateerde genen toeneemt na bestraling, 

maar dat deze niet op een dosis- of LET-afhankelijke manier aan elkaar gerelateerd 

konden worden. Hierdoor blijft het onduidelijk wat de gevolgen van hoge LET-

straling en gerelateerde SASP kunnen zijn voor het normale weefsel. 

Ter conclusie, de resultaten beschreven in deze thesis laten zien dat cellulaire 

senescentie, de markers hiervan en hun SASP een belangrijke rol kunnen spelen in 

de regeneratieve respons na bestraling van speekselklieren. De modulatie van deze 

respons zou mogelijk in de toekomst hyposalivatie na radiotherapie voor hoofd-

hals kanker, en de daaruit voortvloeiende xerostomie en gerelateerde vermindering 

in kwaliteit van leven van de patiënt kunnen verbeteren.  
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会上认识一见如故，美美的温州姑娘，去 Efteling 的路上你就那么自然的牵起我的

手，感觉回到了初中时代。张文玄，你总是时刻美到让所有人侧目，谢谢亲爱的送

给我的电子眼罩，治愈我的睑板腺堵塞。虽然大家都忙但是总能时时想起人美心善

的你。冷长森&崔莹莹，路立强&王媛媛，邱斯奇&翟田田，詹卓钊&盛昕，胡世贤

&齐灿灿，看着你们出双入对，有说不出的羡慕嫉妒呢。王灿，张文玄，王艺宙，

杨科妮，梁元科，刘怡辰，楚晓婧，王晶，等等等等，还有没有列出名字的朋友们，

时间仓促，原谅我的金鱼记忆，感恩在格村遇见你们，感恩你们对我的包容和爱。                                                                                                                           

Julie 

12-11-2019 
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