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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). 
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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]. 
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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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