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SUMMARY 

Cellular senescence is a state of irreversibly arrested proliferation, often induced by 

genotoxic stress (Loaiza & Demaria, 2016). Senescent cells participate in a variety of 

physiological and pathological conditions, including tumor suppression(Serrano, Lin, 

McCurrach, Beach, & Lowe, 1997), embryonic development (Muñoz-Espín et al., 2013; 

Storer et al., 2013), tissue repair (Demaria et al., 2014; Jun & Lau, 2010; Krizhanovsky et 

al., 2008; Meyer, Hodwin, Ramanujam, Engelhardt, & Sarikas, 2016), and organismal 

aging (Baker et al., 2016). The senescence program is variably characterized by several 

non-exclusive markers, including constitutive DNA damage response (DDR) 

signaling, senescence-associated b-galactosidase (SA-bgal) activity, increased 

expression of the cyclin-dependent kinase (CDK) inhibitors p16INK4A (CDKN2A) and 

p21CIP1 (CDKN1A), increased secretion of many bio-active factors (the senescence-

associated secretory phenotype, or SASP), and reduced expression of the nuclear 

lamina protein LaminB1 (LMNB1) (Loaiza & Demaria, 2016). Many senescence 

associated markers exhibit altered transcription, but the senescent phenotype is 

variable, and methods for clearly identifying senescent cells are lacking (Sharpless & 

Sherr, 2015). Here, we characterize the heterogeneity in response to senescence 

inducing ionizing radiation among three different cell-types. In this reanalysis of the 

data from original paper (Hernandez-Segura et al, 2017) we identify 687 genes which 

consistently change their expression patterns across three cell types albeit with 

different temporal dynamics. Our results suggest that these patterns can assist 

identification of new senescence markers and contribute to the discovery of drug 

targets. 
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BACKGROUND 

The senescence and quiescence state  

Senescence is a cellular state that occurs as a response to extreme stress and damage 

to a cell. This irreversible state is often observed among cells post medical operation 

or among cells with extensive DNA damage in order to preclude their transition into 

a cancerous state. Senescent cells tend to show a Senescence-Associated Secretory 

Phenotype (SASP) that promotes cell growth in nearby cells as reviewed in (Demaria 

et al., 2014). This is a beneficial response in situations after tissue damage, in which 

additional growth is required to repair the tissue for the organism to recover as quickly 

as possible. In post-operational cancer this response, however, is unwanted as it might 

promote the growth of remaining cancerous cells, decreasing the survival chances of 

the organism (Loaiza & Demaria, 2016). For this reason, it is important to have access 

to cellular markers for a senescence phenotype. Another cellular state in which cells 

do not grow is the naturally occurring quiescent state; In this state the cell is simply 

not dividing due to the absence of nutrition or growth factors (Terzi, Izmirli, & 

Gogebakan, 2016). In the paper on which this research is based several aspects of the 

senescent response were mapped through both meta-analysis and temporal analysis 

which focused on different cell types (Hernandez-Segura et al., 2017). One of the 

recurring observations was that widely used markers for senescence do not show fully 

concordant change in their expression among different cell types. In this study we 

performed the temporal analysis of expression among three cell types and investigated 

the differences in molecular response to irradiation in keratinocytes, melanocytes and 

fibroblasts. 

The role of melanocytes in ionizing radiation. 

Ionizing radiation is radiation which carries enough energy to displace electrons from 

atoms or molecules (United Nations Scientific Committee on the Effects of Atomic 

Radiation., 2000). Radon-rich gasses, gamma rays and the (higher) part of ultraviolet 

(UV) electromagnetic spectrum are ionizing. In a natural environment an organism is 
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regularly exposed to UV-light (Schuch, Moreno, Schuch, Menck, & Garcia, 2017). In a 

natural environment organisms are exposed to a variety of ionizing sources of 

radiation (Spycher et al., 2015).   

To explore the temporal dynamics of senescence-associated gene expression, we 

generated RNA-seq datasets using fibroblasts, melanocytes, and keratinocytes at 2, 4 

(early), 10 (intermediate) and 20 (late) days after ionizing radiation (6 biological 

replicates per cell type and timepoint combination). Both melanocytes and 

keratinocytes are cells located in the epidermis, whereas dermal fibroblasts are located 

in the dermis. Fibroblasts are the principal cells of connective tissue found throughout 

the body which play an important role in wound healing (Bainbridge, 2013). 

Keratinocytes are the most prevalent skin cell, producing keratin to ensure the 

connection of cells to protect the body from microbes, pollutants and the excessive 

loss or absorption of water (Gould, 2018). An important role of melanocytes is to 

mount the production of melanin which is also transported within melanosomes to 

nearby keratinocytes to induce pigmentation (Costin & Hearing, 2007). The main role 

of melanin is to protect against UV radiation. It is to be expected that under a high 

UV exposure different cell types can mount a widely varying response (Sun, Kim, 

Nakatani, Shen, & Liu, 2016). Under a high enough dose of ionizing radiation it is 

assumed that all cells to go into a senescent state, which is recognized by a growth 

arrest and possibly SASP (Hernandez-Segura, Nehme, & Demaria, 2018). 

Alternative approaches to differential expression analysis 

Standard differential expression analysis depends on models designed to correct for 

certain technical and experimental factors in order to find genes which are 

differentially expressed between experimental conditions after accounting for other, 

technical or secondary experimental factors. In this research we investigated three 

different cell types at different time points after exposure to ionizing radiation. In this 

case, at least three different approaches can be taken to find genes that alter their 

expression upon treatment. The first is a temporal analysis, in which the time period 

after ionizing radiation is set as a linear factor that influences gene expression. This 
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allows for the discovery of genes that gradually increase or decrease their expression 

with time after radiation, with a possibility for correcting for the cell type-specific 

expression levels. A drawback of this method is that genes which show an initial up-

regulation followed by a downward regulation (or vice versa) will not be detected as 

being affected.  

In the second modelling approach, each time point after radiation is taken as a 

separate set and is subsequently tested against reference state (e.g. proliferating cells 

before irradiation), again correcting for the cell-type specific expression levels can be 

performed. A drawback of this method is that the temporal response of cells to 

irradiation won’t be clearly visible from the model. This means that if one cell type 

responds faster to the radiation than does other, the change will be assigned as cell 

type-specific instead of being universal, but dynamically regulated in different cells.  

The third modelling approach splits the data into three different sets by cell-type. This 

means that results for the different cell types will be integrated in a secondary analysis 

and that the time after irradiation is still treated as a factor, though the genes which 

significantly change per timepoint should still be grouped by their expression change 

patterns in order to retrieve their common temporal dynamics. In this investigation 

we have opted for the latter model. 

RESULTS AND DISCUSSION 
Six biological replicates of epidermal melanocytes (MELA) and keratinocytes (KERA) 

from male samples, as well as human foreskin fibroblasts (FIBR) were exposed to 

ionizing radiation to cause irradiation induced senescence (IRIS). Cells were subjected 

to a 10 Gy dose of -radiation using a 137 Cesium source and medium was refreshed 

every 2 days. For the time series, cells were harvested at days 2 (IRd2), 4 (IRd4), 10 

(IRd10) and 20 (IRd20) after irradiation. Differential expression (DE) analysis was 

performed with EdgeR (Robinson, McCarthy, & Smyth, 2010). The data was split for 

each cell type and the effects of each timepoint were compared against the 

proliferating state. This resulted in the observation of thousands of genes which 
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significantly changed their expression levels within one or more timepoints. It is 

important to note the large difference in the number of genes which change in average 

expression per time point (Figure 1A). Fibroblasts show over 2,000 genes to 

significantly to increase whilst more than 2,000 decrease in average expression at only 

2 days post irradiation. Melanocytes and keratinocytes at the same time point show 

fewer DE genes with 314 up- and 261 down-regulated genes and 89 up- and 224 down-

regulated genes, respectively.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

F igure 1.  Barplots  of genes which significantly change in average express ion per t imepoint as 
compared to the proli ferating  state.  (A)  Number of up-  (posit ive va lues)  and down - regulated 
(negative values) genes which change per group,  there seems to be a delayed response (a s 
judged by number of DE genes)  for melanocytes (MELA) and keratinocytes (KERA) as compared 
to f ibroblasts  (FIBR) .  (B)  Number of up-  and downregulated genes  showing  only  genes which 
significant ly change in average express ion at that timepoint if  these d id not show a signif icant 
change in any previous t imepoints.  Here the delayed response of MELA and KERA cel ls  is  more 
pronounced.  
 

When focusing on genes which significantly change in average expression at a given 

timepoint for the first time (Figure 1B) a pronounced delay in response for 

melanocytes (MELA) and keratinocytes (KERA) as compared to fibroblast cells (FIBR) 

can be observed. Interestingly, the delay in response corresponds to the depth at 

which these cells are located in the epidermis and the dermis, with keratinocytes 

predominantly being positioned closer to the surface, melanocytes being positioned 

below and the fibroblasts sitting within the dermis. In this order, keratinocytes are 

naturally exposed to higher doses of UV radiation, followed by melanocytes, and 

finally fibroblasts. Keratinocytes might have a slower response to ionizing radiation as 

A B 
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they are relatively short-lived (40-56 days) and, being part of outermost skin layer, are 

often exposed to UV. Melanocytes in turn, will mount a response to UV radiation if 

the intensity is high enough, and at an accelerated rate as compared to keratinocytes. 

Fibroblasts on the other hand, should normally be protected from high levels of UV 

radiation by upper layers of skin, and thus mount a much faster response to these 

conditions than the other two cell types. 

This delay in reaction might countain important genes that change their expression 

at different timepoints in cell-specific mannerA classical cross-tissue differential 

expression analysis, as illustrated in the edgeR manual, in which a correction is applied 

for the cell-type or tissue to find genes that significantly change for a factor of interest, 

might not be a best solution for characterizing universal changes during senescence 

onset (Chen, Mccarthy, Ritchie, Robinson, & Smyth, 2008).  

In order to investigate dynamics of cell type-specific changes in known senescence 

genes, we retrieved and investigated expression dynamics of 240 genes associated with 

the gene ontology (GO) term “cellular senescence” (GO:0090398). In total, only 52 of 

these genes had measurable expression levels (average expression above 1 FPM in at 

least 1 combination of time past radiation and cell type). To create an overview of the 

expression dynamics of these known genes a heatmap was created in which the Z-

scores were calculated for each sample calculated relative to the mean and standard 

deviation of the expression values for proliferating samples of the matching cell type 

(Figure 2). 

Among the known senescence markers, almost all show a distinct up- or down-

regulation in the fibroblast samples of our dataset (MIR10A, SIRT1, NEK4, etc.), though 

some show an initial up-regulation, followed by a down-regulation (RSL1P1, TERT, 

HMGA1, OPA1, MAGNEA2B, ARNTL). A large number of the down-regulated genes do 

not show an immediate down-regulation 2 days after irradiation in melanocytes 

(MELA) and keratinocytes (KERA), but develop it after day 10 (TWIST, AKT3, KRAS, 

HMGA2, etc.). Of course, from such a heatmap it is not possible to call significance of 
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expression changes, yet it allows an insight in the complexity of the cellular response 

scenarios associated with senescence induction in different cell types and time points. 

 

 

Figure 2.  A heatmap showing Z-scores for each sample re lat ive to  the prol iferat ing stage of  
the matching cel l  type for known senescence genes.  The fi rst columns ( red )  represent the 
fibroblast cells  at proli ferating  stage,  fol lowed by samples taken at 2,  4,  10 and 20 days after 
irradiat ion (IRd2,  Ird4,  IRd10,  and IRd20),  with each darkening square in the upper row of the 
heatmap. The second set of columns ( green )  represent  the melanocyte cells  at prol iferat ing 
stage,  IRd2,  Ird4,  IRd10,  and IRd20,  with each darkening square.  The th ird  set  of columns  
(blue)  represent the kerat inocyte cel ls  at  proli ferating stage,  IRd2,  I rd4,  IRd10,  and IRd20, 
with  each darkening square.  

Due to the observations made in figure 1 and 2, it becomes apparent that a classic 

differential expression analysis approach might be uninformative, as known 

senescence genes might show delayed patterns of expression change across cell-types. 

In order to account for this effect, we have introduced several temporal patterns that 

we consider interesting in our further investigation. These patterns will then be 

overlapped across cell types in order to find genes which significantly change their 

expression as a response to ionizing radiation despite showing differential temporal 

dynamics (Figure 3). Differential expression analysis was performed with edgeR. This 
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resulted in thousands of significant differentially expressed genes, yet in this 

investigation we were only interested in genes, that changed similarly across all cell-

types, albeit with a potential temporal delay. For this reason, we only included genes 

into the same patterns if these were regulated in the same direction (that is up- or 

downregulated). Three temporal patterns were considered. Maintain if a gene showed 

a consistent up- or down-regulation at all timepoints after irradiation. Recovery, if a 

gene showed an initial up or down regulation at an early timepoint (IRd 2 or 4) but 

did not show a significant up-regulation at timepoint IRd20, implying a return to 

initial expression values as time passes. Delay, if no significant change in expression 

was detected at earlier timepoints, but a significant change occurred only after 4, 10 

or 20 days and was maintained for the duration of the experiment. 

 
F igure 3.  An overview of  the temporal  patterns inc luded in  th is invest igat ion.  Al l  patterns can 
also be ident i f ied as a down -regulat ion whi le the example only shows patterns re lated to 
gene up-regulat ion .  1)  Mainta ined response: These genes change in average expression at  
timepoint 1 (IRd2) and mainta in an increased express ion for  the e ntirety of the experiment.  
2) A delayed response includes a ll  genes  which change in  average express ion at  a  t imepoint  
beyond IRd2,  and mainta in this change unti l  the end of  the exper iment .  3)  A recovery 
response includes genes  which change in  average expre ssion at timepoint  1 (IRd2),  2 ( IRd4) 
or  3 (IRd10)  and no longer  show a signif icant  change in expression by t imepoint  4 (IRd20).  A ll  
fo ld changes are relat ive to  the expression level at  prol iferat ing stage,  shown as t imepoint 0 
in these examples.  



 

 

 
Figure 4A. An overview of the overlapping genes between temporal  patterns for up -regulated genes in  di f ferent cell  types as expla ined in  
f igure 3 .  The graph has  been sorted to pr iori t ize h igher degrees of connect ion  fol lowed by  c luster size.  Hor izonta l bars  represent the number 
of genes  in a set,  vertica l bars represent the number of  genes which fa l l  into a combination of  patterns.  
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Figure 4B. An overview of the overlapping genes between temporal patterns for down -regulated genes in d i fferent cell  types as explained 
in f igure 3.  The graph has  been sorted to pr ior i tize  h igher  degrees of  connection fo llowed by  c luster size.  Hor izonta l bars represe nt  the 
number of genes in a set,  vert ical  bars represent the number of  genes which fal l  into a  combination of  patterns.  



 

 

To visualize the overlap between the different patterns of changes in expression in 

three cell-types we utilized UpSet plots (Figure 4). In total, 348 genes were found to 

universally (different cell types) and significantly increase in average expression at 

some timepoint after irradiation, though with either a delay, or with a return to 

nominal values.  

Among these genes, 30 were found to be up-regulated in quiescent samples (compared 

to proliferating cells) taken from fibroblast (FIBR) samples. Furthermore, 339 genes 

were found to be significantly down-regulated with similar dynamics, of which 23 

overlapped with DE genes seen between quiescent and proliferating states. The genes 

significantly changed in expression in quiescent cells were excluded as these are not 

specific for senescence state. 

Visualization of these genes using heatmaps shows a clear difference in initial 

expression levels of genes that can vary per cell type (Figure 5a-b). The 348 genes 

which were found to be up-regulated, albeit be it with differing temporal dynamics 

across all three cell-types, show a much stronger response in certain cell types as 

compared to others (Figure 5a).  

When using Z-score transformed data per cell-type instead of relative to all samples a 

clearly distinguishable directionality of expression after radiation emerges (Figure 5c-

d). It is within this set of heatmaps that the variability of temporal dynamics truly 

reveals itself. Visual inspection shows that the aforementioned up-regulated genes 

expressed in keratinocytes respond slower after radiation than in fibroblasts, whilst 

the increased expression observed within melanocytes visually make a quicker 

recovery to nominal expression values (Figure 5c). The genes that showed a down-

regulation are generally delayed in both keratinocytes and melanocytes as compared 

to fibroblasts, while in keratinocytes they showed the largest delay in decreased 

expression (Figure 5d). An overview of genes per temporal pattern and cell type is 

available in Supplementary Table 1.  
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It is interesting to explore patterns of expression changes of known senescence genes. 

CDKN1A is a prominent senescence marker and we found it to be increased in average 

expression uponx radiation after 2 days in all samples. Besides CDKN1A, we found 

GADD45A, TNFRSF10B, HIST1H2BK, PTCHD4, and AL158206.1 to be increased in 

average expression in all samples at all time points (Supplementary Table 1a). These 

genes are probably the most interesting markers for cellular senescence. No genes 

were found to be decreased in average expression across all timepoints after ionizing 

radiation and across all cell-types (Supplementary Table 1B). 

 

 

Figure 5.  Heatmaps of  genes that adhere to one of the three temporal patterns in al l  three 
cell  types.  A) Genes which signif icant ly  increase in average express ion shown per cel l  type 
and t imepoint per color group (Day 2,  4,  10,  20,  from left to right),  Z -scores were ca lculated 
based on the complete row mean and row standard deviation.  B)  Genes which show decrease 
in expression.  Z-scores were calculated based on the row mean a nd the row standard 
deviat ion.  C-D) Genes which increase/decrease according  to  one of  the three temporal 
patterns in al l  cel l - types.  Z-scores were calculated based on the mean and standard deviat ion 
of the proli ferating samples of  the matching cel l  type.  



 

142 

 

There are large groups of genes which have a significant change in their average 

expression, but only show this change at 4, 10 or 20 days after radiation. 60 genes 

increase in average expression only after 4 days or later and maintain this expression 

(Supplementary Table 1a), 47 decrease in average expression at 4 days or later and 

maintain this (Supplementary Table 1b).  

Interestingly, 85 genes increase and 74 decrease in average expression at day 2 and 

maintain this change until day 20 within fibroblast samples, these same genes show a 

similar although delayed response in melanocytes and keratinocytes, only increasing 

or decreasing after 4 days. This delay is an example of a universal response to ionizing 

radiation, but with cell-type dependent temporal dynamics, which makes them 

difficult to detect when using a conventional analysis in which only genes are included 

which show a similar expression across cell-types at the same timepoints 

(Supplementary Table 1 a-b). 

In total, only six out of 52 genes marked with the GO-term “cellular senescence” 

(GO:0090398) and expressed at measurable level (above 1 FPM) were significantly 

differentially expressed in all three samples and matched one of the three patterns and 

were not differentially expressed in quiescent cells as compared to proliferating cells 

(Supplementary Table 1 A-B). SMC6 and PLK2, genes associated with senescence, both 

showed down-regulation in accordance with the 3 patterns. SMC6 is involved in 

telomere maintenance, whereas PLK2 plays a role in normal cell division. CDKN1A, 

PML, MAP2K1 and HLA-G, all genes associated with cellular senescence (GO:0090398) 

were all found to be significantly up-regulated across all cell types, though they exhibit 

different temporal patterns. Only CDKN1A was increased in average expression across 

all timepoints and all samples, indicating the universal response across explored cell-

types and timepoints. 

Previous research showed that few senescence associated genes are differentially 

expressed across all cell types or at similar timepoints (Hernandez-Segura et al., 2017). 

A simple overlap of genes that significantly change in expression at 4, 10 and 20 days 

after ionizing radiation across different cell-types yielded a very limited overlap of 61 
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genes. Of these 61, 34 were not shared with quiescent cells (Hernandez-Segura et al., 

2017). In this investigation, only 5 genes increased across all samples and all timepoints 

(2, 4, 10 and 20 days after ionizing radiation), whilst none decreased universally across 

all timepoints. With the inclusion of temporal patterns 687 genes of interest were 

identified. Of special interest are the genes which change in expression across all cell-

types yet take more time to change within other cell-types (Supplementary Table 1). 

An example are the 85 genes which increased and 74 which decreased in expression 

after 2 days in fibroblasts, yet these genes only changed significantly after 4, 10 or 20 

days in melanocytes and keratinocytes. These observations stress the importance of 

not just accounting for different cell types, but also for time as a factor when 

investigating cellular states. With three cell-types, 4 timepoints and 3 directions of 

expression dynamics (up, unchanged, down) a total of 729 combinations are possible. 

With these simplified patterns we have been able to make concise groups, which can 

manually be curated, analyzed and easily be referred to in future experiments. 

METHODS 
RNA-seq data was retrieved and count tables were created in accordance with the 

methods presented in Hernandez-Segura et al., 2017. Data was split per cell type; 

quiescent samples were removed in the initial analysis. PCA analysis showed expected 

grouping of samples according to experimental conditions (not shown). Models 

included samples from proliferating cells as the references and days after radiation as 

experimental factor. Differential expression analysis was performed with edgeR, a 

gene wise negative binomial linear model was created for each subset of cell-types. 

Quasi-likelihood tests were used to find genes which were significantly changed in 

expression as compared to the proliferating stage.  The false discovery rate cutoff was 

set to 0.01. All genes which did not show significant differential expression in at least 

one timepoint for all cell types were removed from further analysis. Three temporal 

patterns were considered. If a gene significantly increased or decreased in average 

expression according the edgeR experiment at timepoint day 2 (IRd2) and did not 
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show a non-significant expression at any timepoint after it was marked as; Maintained. 

If a gene showed an increased or decreased expression at timepoints IRd2 or IRd4 and 

no longer showed a significant change at IRd20, regardless of IRd10, then the gene was 

marked as Recovery. If a gene showed an increase or decrease in average expression at 

timepoint IRd4, IRd10, IRd20 and maintained a significant expression at every 

timepoint after, but not any significant change at any timepoint before the first, it was 

marked as Delayed. Genes which showed more complex/inconsistent patterns among 

timepoints were ignored, as these could not give certainty that there was a uni-

directional response which could be accounted for all three cell types. Genes 

associated with the GO-term “cellular senescence” (GO:0090398) were retrieved from 

Ensembl BioMart. Heatmaps and plots were created in R. Gene names to each gene-

id were retrieved from Ensembl BioMart. Differential expression analysis for quiescent 

cells was run as described before, comparing changes in gene expression between 

proliferating and quiescent cells. Significantly differentially expressed genes were used 

to identify which genes overlapped between the assumed senescent response and the 

quiescence related genes. 
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