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ABSTRACT 

 

Cellular senescence is an irreversible form of proliferative arrest, 

historically linked to tumour suppression and aging. Recent 

discoveries, however, have extended its known role to include 

complex biological processes such as tissue repair, tumour 

promotion and age-related disorders. These new insights are 

redefining our view of cellular senescence, that unlike a static 

endpoint, senescence represents a collective phenotype, composed 

of complex networks of effector programs. The biological outcome 

of these effector programs varies depending on the cellular context 

and nature of the stress. Here, we investigated the functional role of 

senescence in two polar contexts: first, within the epidermal stem 

cell population during the aging process, and second, during 

embryonic development. We identified that the primitive Keratin-15 

positive (Krt-15) hair follicle stem cell population increases in 

number in an age-dependent manner, but exhibits decreased 

functional capacity and an inability to tolerate stress. While there 

was no evidence of Krt-15 stem cells entering directly into 

senescence, we identified an age-associated imbalance in epidermal 

Jak-Stat signalling surrounding the stem cells, reminiscent of 

extrinsic senescent cells that inhibit stem cell function. These 

findings suggest that epidermal stem cell decline contributes to the 

aging phenotype of tissue, and that this may be directed by extrinsic 

senescence. Conversely, we also describe cellular senescence as a 

normal developmental mechanism that occurs during mammalian 

embryonic development, specifically in the apical ectodermal ridge 
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(AER) and the roof plate of the hindbrain neural tube. Interestingly, 

developmental senescence is strictly dependent on p21, wherein 

mice deficient in p21 present with defects in embryonic senescence, 

AER maintenance and abnormal limb patterning. Additionally, we 

found significant gene-expression overlap between developmental 

and oncogene-induced senescence in the adult, suggesting a 

commonality in function. Furthermore, we found that the 

underlying mesenchyme is a source for senescence instruction, 

while the fate of senescent cells is both apoptosis and immune-

mediated clearance. These findings indicate that senescence also 

functions in non-pathological states and plays an instructive role 

during embryonic development, and suggests that senescence may 

have evolved initially as a developmental mechanism that was 

subsequently adapted for its role in adult life.   
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RESUMEN 

 

La senescencia celular es una forma irreversible de paro 

proliferativo ligado históricamente a la supresión tumoral y al 

envejecimiento. Sin embargo, estudios recientes han demostrado 

que también juega un papel en complejos procesos biológicos como 

reparación tisular, promoción tumoral y desórdenes relacionados 

con la edad. Estos nuevos conocimientos están redefiniendo nuestra 

visión de la senescencia celular, no tanto como un proceso estático 

sino como un fenotipo colectivo compuesto por una compleja red de 

programas efectores. El resultado biológico de estos programas 

efectores varía dependiendo del contexto celular y la naturaleza del 

estrés. Aquí, hemos investigado el papel funcional de la senescencia 

en dos contextos antagónicos: primero, en la población de células 

madre del epidermis durante el proceso de envejecimiento, y 

segundo, durante el desarrollo embrionario. Hemos demostrado que 

la población de células madre del folículo piloso que expresan 

queratina 15 aumenta en número en función de la edad, pero 

presenta una disminución de la capacidad funcional y una 

incapacidad de tolerar el estrés. Si bien no hemos encontrado 

ninguna evidencia de que las células madre que expresan queratina 

15 entren directamente a senescencia, hemos identificado un 

desequilibrio en la vía de señalización de Jak-Stat alrededor de las 

células madre, posiblemente procedente de células senescentes 

extrínsecas que inhiben la función de las células madre. Estos 

descubrimientos sugieren que el declive de las células madre 

epidérmicas contribuye al envejecimiento del tejido y que puede 
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estar dirigido por la senescencia extrínseca. Por otra parte, también 

hemos descrito el proceso celular de la senescencia como un 

mecanismo normal en el desarrollo embrionario de los mamíferos, 

específicamente en la cresta ectodérmica apical (AER) y en la placa 

del techo del tubo neural. Cabe notar que la senescencia del 

desarrollo es estrictamente dependiente de p21. Así, los ratones 

deficientes de p21 presentan defectos en la senescencia 

embrionaria, el mantenimiento del AER y la formación de las 

extremidades. Además, hemos visto que hay un solapamiento 

importante en la expresión génica de la senescencia del desarrollo y 

la senescencia inducida por oncogenes en los adultos, sugiriendo 

una similitud en la función. Asimismo, hemos descubierto que el 

mesénquima subyacente actúa como instructor de la senescencia, y 

que el destino de las células senescentes es entrar en apoptosis y ser  

eliminadas por el sistema inmunitario. Estos hallazgos indican que 

la senescencia también tiene lugar en estados no patológicos y que 

juega un papel instructivo durante el desarrollo embrionario. Hacen 

pensar que la senescencia podría haber evolucionado inicialmente 

como un mecanismo del desarrollo que fue adaptándose para su 

papel en la vida adulta. 
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PREFACE 
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it turned out to be a long journey into the unknown. These papers 

are a report of this extensive process. They cannot express the long 
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The content of this thesis provides novel insights into the biological 

functions of senescence in two separate contexts: 1. How age-

associated inflammation in the skin inhibits epidermal stem cell 

function and 2. That senescence is a developmental mechanism that 

contributes to embryonic growth and patterning, and was published 

in Genes and Development (2012), 26: 2144-2153 and Cell (2013), 

155: 1119-1130, respectively.   
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I INTRODUCTION 

1. General Overview Of Cellular Senescence 

Cellular senescence is an irreversible form of cell cycle arrest that 

occurs in response to various types of stress. Although first 

described almost 50 years ago in cellular aging, the mechanisms as 

well as physiological implications of senescence are still not fully 

understood. Senescence plays an important role in normal 

physiology acting as a tumour suppressor mechanism in vivo that 

functions to limit proliferation and to trigger the removal of 

initiated/mutated cells. Recently, however, it has become apparent 

that senescence entails more than a simple cessation of growth. 

Cellular senescence has been implicated in a range of complex 

biological processes including tissue repair and tumourigenesis. 

Essentially, senescence is a collective phenotype in which the 

ultimate outcome remains variable depending on cellular context 

and stimulus. Therefore the present challenge in this field lay in 

reconciling the paradoxical functions of this heterogeneous 

phenotype and identifying ways in which to harness the benefits of 

the senescent response while suppressing its drawbacks.        

 

1.1 Mechanisms Underlying Cellular Senescence 

Cellular senescence can be induced by a wide variety of stimuli. 

Initially, senescence was identified in primary human fibroblasts 

that had undergone replicative exhaustion (Hayflick and Moorhead, 

1961). Consistent with this original observation, it is now known 

that as cells divide in culture, telomeres (the protective caps at the 

end of the chromosome) are progressively shortened, reaching a 
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critical length which ultimately causes cells to withdraw from the 

cell cycle, a process termed replicative senescence (d'Adda di 

Fagagna et al., 2003; Harley et al., 1990). Subsequently however, it 

was demonstrated that senescence could also be induced 

prematurely by oncogenes in primary cells in culture, promoting 

what is now known as oncogene-induced senescence (OIS) (Serrano 

et al., 1997). This was followed by the discovery of other 

senescence-inducing stimuli in adult cells including DNA-damage, 

oxidative stress, sub-optimal cell culture conditions and 

chemotherapeutic drugs (Di Leonardo et al., 1994; Kuilman et al., 

2010; Ramirez et al., 2001; Schmitt et al., 2002; Sherr and DePinho, 

2000). 

 

1.2 Characteristics & Biomarkers Of Senescent Cells 

While there is no single biomarker that is able to detect senescent 

cells, these cells share a number of signature features, which in 

combination define the senescent state. Prominent phenotypes of 

senescent cells include: 

(a) Characteristic changes in morphology – Generally, 

senescent cells, in vitro, become large, flat, vacuolized and 

multinucleated (Denoyelle et al., 2006; Hayflick, 1965). In 

vivo, however, senescent cells maintain normal morphology 

as dictated by tissue architecture (Munoz-Espin and Serrano, 

2014).  

(b) Stable withdrawal from the cell cycle – Senescent cells 

undergo long-term exit from the cell cycle, which is 

extremely stable and cannot be reversed by physiological 
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mitogens including serum or growth factors, as opposed to 

the readily reversible quiescent state (Serrano et al., 1997; 

Seshadri and Campisi, 1990). Therefore senescence is often 

described as a state of “permanent or irreversible” cell cycle 

arrest. However, rigorous investigation into the stability of 

senescence has suggested, that in particular cellular 

contexts, with genetic manipulation, senescent cells can 

resume growth in vitro, as is the case of p53 depletion in 

replicative senescent BJ skin fibroblasts (Beausejour et al., 

2003; Coppe et al., 2008; Dirac and Bernards, 2003; 

Kuilman et al., 2008). 

(c) The expression of senescence-associated β-galactosidase 

(SA-β-Gal) activity - Senescent cells exhibit increased 

activity of lysosomal β-D-galactosidase, which is encoded 

by the GLB1 gene (Dimri et al., 1995). Accordingly, the 

increase in SA-β-Gal activity is thought to occur due to an 

increase in lysosomal mass resulting in β-galactosidase 

activity that can be measured in senescent cells at sub-

optimal pH5.5-6.0 but not in proliferating, quiescent or 

terminally differentiated cells (Lee et al., 2006).    

(d) Activation of Tumour Suppressor Networks - At the 

molecular level, senescent cells up-regulate a number of key 

regulatory proteins that are predominately products of the 

Ink4A-Arf locus. This locus encodes two tumour 

suppressors, including p16INK4A and p19ARF which function 

by activating the retinoblastoma protein (Rb) and the p53 

transcription factor, respectively (Lowe and Sherr, 2003). 
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While primary human cells utilise both pathways to regulate 

senescence, murine cells rely predominately on the 

p19ARF/p53 pathway (Brookes et al., 2002; Krimpenfort et 

al., 2001; Sharpless et al., 2001). Other downstream 

effectors include members of the Cip/Kip family including 

p21Cip1, p27Kip1, p57Kip2; Promyelocytic Leukaemia (PML) 

and p15INK4B (Erickson et al., 1998; Lowe et al., 2004; 

Tsugu et al., 2000). 

(e) Epigenetic Modulation - Senescent cells can exhibit drastic 

chromatin rearrangements forming what is known as 

senescence-associated heterochromatic foci (SAHF) (Narita 

et al., 2003). These foci are enriched for markers of 

heterochromatin including heterochromatin protein 1 (HP1), 

tri-methylation at Lys9 of histone 3 (H3K9me3) and 

macroH2A (Narita et al., 2006; Zhang et al., 2005).   

(f) Secreted Factors - Senescent cells remain metabolically 

active, typically secreting pro-inflammatory cytokines, 

chemokines, extracellular matrix remodellers and growth 

factors, collectively known as the senescence-associated 

secretory phenotype (SASP) (Coppe et al., 2008). Indeed 

this mechanism enables extensive signalling from the non-

proliferating cells to the external environment and is mainly 

regulated by the nuclear factor-κB (NF-κB) and 

CCAAT/enhancer-binding protein-β (C/EBPβ) transcription 

factors (Acosta et al., 2008; Coppe et al., 2010; Kuilman et 

al., 2010; Kuilman et al., 2008).     
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1.3 The Paradoxical Roles Of The Senescence- Associated 

Secretory Phenotype (SASP)  

While the function of the SASP is still not completely understood, 

the diversity of downstream effects appears to be dependent on 

cellular context, and represents one of the main outstanding 

controversies in the field. Some of the secreted factors have 

functional and somewhat beneficial roles compatible with the 

described role of senescence. Recent studies have shown that IL6, 

IL8, GROα and IGFBP-7 function in an autocrine feedback loop 

that reinforces the growth arrest (Acosta et al., 2008; Kuilman et al., 

2008; Wajapeyee et al., 2008; Yang et al., 2006), while other 

inflammatory cytokines can promote immune-mediated clearance of 

the senescent cells in vivo (Krizhanovsky et al., 2008; Xue et al., 

2007) (Figure 1).       

 

However, despite these beneficial effects, there are other aspects of 

the SASP that appear contradictory and deleterious if left 

unchecked. In some instances the SASP can disrupt normal tissue 

structure and function, inducing proliferation or epithelial-to-

mesenchymal transformation (EMT) and invasion of premalignant 

or malignant epithelial cells (Krtolica et al., 2001; Parrinello et al., 

2005). In other cases, senescent cells instruct angiogenesis, vessel 

patterning and tumour vascularization (Coppe et al., 2006), or alter 

the local environment with the production of matrix-remodelling 

factors (Coppe et al., 2008; Parrinello et al., 2005) (Figure 1). 

Furthermore, senescent cells are also resistant to apoptotic stimuli 

(Mooi and Peeper, 2006; Wang, 1995), a finding that fuels the 
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surrounding controversy and suggests that our current 

understanding of the biological functions of senescence is not yet 

complete.  

Angiogenesis

Epithelial to mesenchymal
transformation (EMT)

NFκB
CEBPβ

Clearance by
immune cells

Disruption of normal 
tissue structure and 

function

Reinforce growth 
arrest

Proliferation

 
Figure 1. Paradoxical Roles Of The Senescence-Associated Secretory  
Phenotype (adapted from Freund et al., 2010). 
 

1.4 Senescence & Cancer 

Complex organisms have developed cellular mechanisms in order to 

suppress aberrant cellular proliferation in an attempt to promote 

their survival. Much like apoptosis, senescence is one of these 

mechanisms. However due to the complex nature of the senescent 

phenotype, senescence, if not regulated sufficiently, can have 

potential detrimental consequences for the organism. These aspects 

are discussed below, focusing on the suggested biological functions 

of senescence and its role in cancer biology.    
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1.4.1 Senescence & Tumour Suppression 

Senescence is widely accepted as a potent tumour suppressor 

mechanism that functions to prevent the growth of cells at risk of 

neoplastic transformation (Figure 2). Initial evidence suggesting 

senescence can act to prevent cancer formation emerged from 

studies of replicative senescence in tumour prone mouse models. 

Mice, in contrast to humans, have long telomeres, and murine adult 

somatic cells can retain telomerase activity therefore maintaining 

telomere length (Blasco, 2005). In various tumour models, loss of 

telomerase activity was found to suppress tumourigenesis, and this 

was suggested to occur as a result of senescence induced by 

telomere attrition (Gonzalez-Suarez et al., 2000; Greenberg et al., 

1999; Qi et al., 2003). 

Senescence
barrier

Growing cells
Aberrant cell 
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Figure 2. Senescence Acts As A Tumour Suppressor Mechanism 
(adapted from Narita and Lowe, 2005). Some insults can promote aberrant 
cell proliferation, which eventually provoke activation of the senescence 
program. Mutations, which disable cellular senescence, result in tumour 
progression.    
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The issue of whether senescence acts as an authentic tumour 

suppressor mechanism in vivo was addressed by four seminal 

studies investigating oncogene-induced senescence in both human 

tissues and cancer-prone mice (Braig et al., 2005; Chen et al., 2005; 

Collado et al., 2005; Michaloglou et al., 2005). It was shown that 

pre-malignant human nevi (moles), that frequently harbour 

oncogenic mutations in BRAF, contained cells that express 

senescence markers and these same senescence markers diminished 

in malignant melanomas arising from the same tissue (Michaloglou 

et al., 2005). Furthermore, mouse models of oncogenic Ras or Pten 

depletion developed premalignant lesions, yet remained relatively 

cancer free with senescence markers in the pre-malignant lesions 

(Braig et al., 2005; Chen et al., 2005; Collado et al., 2005). 

However, the further loss of the p53 tumour suppressor pathway, a 

known inducer of senescence, was required to accelerate growth of 

malignant tumours (Chen et al., 2005). Additionally, other studies 

have demonstrated that some tumours retain the ability to senesce in 

response to chemotherapy demonstrating that senescence can be 

associated with tumour regression (Coppe et al., 2010; Schmitt et 

al., 2002).    

 

1.4.2 Senescence & Tumour Promotion 

While the majority of studies indicate that senescence impedes 

tumour progression, emerging evidence suggests that under certain 

circumstances, senescence can also promote tumourigenesis. 

Indeed, it has been demonstrated that senescent cells, when cultured 

in parallel with tumour cells, through the secretion of SASP factors 
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are able to facilitate tumour cell growth (Coppe et al., 2010). 

Furthermore, studies using mouse xenograft transplantation of 

senescent cells together with premalignant or fully malignant 

epithelial cells markedly accelerated the rate of tumour formation in 

these mice (Bartholomew et al., 2009; Bhatia et al., 2008; Krtolica 

et al., 2001; Liu and Hornsby, 2007).  

 

However, it is not evident from these observations whether 

senescent cells can stimulate the progression of naturally occurring 

tumours in vivo. Subsequently, nonetheless, two recent studies 

suggested that this is the case. In both instances, one study using 

mouse models of intestinal cancer and the other examining the 

complex relationship between obesity and oncogenic stimuli, it was 

suggested that a senescence-associated inflammatory response 

played a crucial role in promoting tumour development (Pribluda et 

al., 2013; Yoshimoto et al., 2013). 

 

1.5 Senescence & Tissue Repair 

Cellular senescence, in addition to being an established tumour 

suppressor mechanism, has been implicated in various other non-

cancer related processes. Recent studies have shown that senescent 

cells play an important role in wound healing and tissue repair (Jun 

and Lau, 2010; Krizhanovsky et al., 2008). One group reported that 

upon acute liver injury in mice, hepatic stellate cells initially 

proliferate and secrete extracellular matrix components (EMCs), 

which produce a transient fibrotic scar (Krizhanovsky et al., 2008). 

These same stellate cells thereby senesce causing a decline in EMC 
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production, commence secretion of MMPs as a result of the SASP, 

that resulted in resolving the fibrotic scar (Krizhanovsky et al., 

2008). Additionally, it was reported that in mouse models of 

cutaneous wound healing, the extracellular matrix protein CCN1 is 

overexpressed in the skin and is responsible for instigating 

senescence induction in fibroblasts and myofibroblasts (Jun and 

Lau, 2010). Mice depleted in this protein fail to bind fibroblasts and 

induce senescence upon wounding resulting in excessive fibrosis 

(Jun and Lau, 2010). Hence these studies suggest that senescent 

cells through their secretion of the SASP factors may function to 

communicate cellular damage or dysfunction to surrounding tissue 

and stimulate tissue repair.  

 

1.6 Senescence & Aging 

Organismal aging is a complex process characterized by a gradual 

decline in tissue function and homeostasis. Therefore it is plausible 

to suggest that the normal regulatory processes that govern self-

renewal and regeneration may become impaired or altered with age. 

Mounting evidence indicates that senescence, with its ability to 

directly instigate proliferative arrest and modify the extracellular 

environment, may play a direct role in contributing to age-related 

pathologies. This could be through the direct induction of 

senescence in stem cell populations. Alternatively, this could result 

from an accumulation of senescent cells within tissue, directly 

altering the homeostatic function of the tissue, or indirectly through 

SASP-mediated effects.  
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1.6.1 Senescence & Stem Cells 

In culture, mammalian somatic cells display a limited proliferative 

potential, undergoing an irreversible cell cycle arrest, termed 

replicative senescence. It is thus plausible that adult tissue stem 

cells could undergo similar senescence at the end of their replicative 

lifespan in vivo, which could account for the evident tissue decline 

associated with aging. Indeed, this is supported by numerous studies 

in mouse-models deficient in telomerase, which exhibit features of 

premature aging together with activation of senescence in self-

renewing compartments leading to functional stem cell decline 

(Allsopp et al., 2003; Flores et al., 2005; Rudolph et al., 1999).  

 

Although the expression of senescence markers has been correlated 

with aging, this does not establish a cause and effect relationship 

between the two states. Consequently, several groups have studied 

the self-renewal potential of neuronal stem cells (NSC) (Molofsky 

et al., 2006), haematopoietic stem cells (HSC) (Janzen et al., 2006), 

satellite cells (Sousa-Victor et al., 2014) and pancreatic islet cells 

(Krishnamurthy et al., 2006) using p16INK4A-deficient and p16INK4A-

overexpressing mice to address this issue. These studies 

demonstrated, in all cases, that increasing levels of p16INK4A 

contributed to age-induced replicative failure of the tissue. 

Furthermore, overexpression of p16INK4A in young animals 

suppressed HSC, pancreatic islet cell and satellite cell proliferation 

thus resembling the functional decline characteristic of aging 

(Janzen et al., 2006; Krishnamurthy et al., 2006; Sousa-Victor et al., 

2014). Additionally, genetic depletion of p16INK4A was found to 
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attenuate the age-related decline in both proliferation and function 

of all four stem cell compartments (Janzen et al., 2006; 

Krishnamurthy et al., 2006; Molofsky et al., 2006; Sousa-Victor et 

al., 2014). This however did not completely abrogate the effects of 

aging in the organism as a whole suggesting that p16INK4A-

independent mechanisms of aging potentially occur.  

 

In addition to directly depleting tissues of stem or progenitor cells, 

senescent cells, through the secretion of SASP factors, could also 

act to impair stem cell homeostasis by disrupting the stem-cell niche 

(Brack et al., 2007; Krtolica et al., 2011) (Figure 3).  

Stem or progenitor 
cell senescence

Senescent Stem Cell

Disruption of the 
stem cell niche

Dysfunctional
stem cell

Senescent 
cell

Impaired tissue homeostasis 
& regeneration

 
Figure 3. Senescence Contributes To Physiological Aging Of The 
Organism By Inhibiting Stem Cell Function (adapted from van 
Deursen, 2014).  In a cell-autonomous manner, senescence acts to deplete 
the tissue of stem and progenitor cells. Additionally senescence can 
perturb stem cell function through cell non-autonomous mechanisms 
involving the SASP.  
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In support of this hypothesis, studies utilising parabiotic pairings 

have concluded that the regenerative potential of aged stem cells 

improves remarkably when exposed to a young systemic 

environment (Conboy et al., 2005; Villeda et al., 2014). Therefore, 

it is possible that specific populations of stem cells within the 

organism exhibit age-related decline in number and function as a 

direct result of stem cell senescence through both cell-autonomous 

and non-autonomous manners.  

 

1.6.2 Senescence & Tissue Aging 

The initial studies of cellular senescence in vivo revealed that 

senescent cells accumulate in tissues of humans, primates and 

rodents with age (Herbig et al., 2006; Jeyapalan et al., 2007; 

Lawless et al., 2010; Wang et al., 2009). Furthermore, senescent 

cells have now been identified in the affected tissues of patients 

with age-related diseases including atherosclerosis, pulmonary 

fibrosis and Alzheimer’s disease (Campisi, 2013; Naylor et al., 

2013).  

 

Recent investigations to determine the in vivo relevance of 

senescent cells in aging have provided the first direct support for the 

concept that senescent cells drive age-related pathologies. Using the 

BubR1 progeroid mouse model, genetic inactivation of p16INK4A 

prevented the formation of senescent cells throughout life in 

skeletal muscles, eye and fat tissue resulting in attenuation of age-

related pathologies in these tissues (Baker et al., 2008). Subsequent 

studies using the same progeroid mouse strain, but in which 
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senescent cells were allowed to accumulate, and then were 

subsequently removed later in life, demonstrated that late life 

clearance of senescence was able to attenuate the progression of 

age-related pathologies, improving tissue function (Baker et al., 

2011). These data strongly suggests that p16-mediated senescence 

is a key driver of tissue and organismal aging, and additionally, that 

the clearance of senescent cells by the immune system may become 

impaired in aged individuals resulting in a net accumulation of 

senescent cells.  

 

How then does senescence promote age-related tissue dysfunction 

in the non-stem cell compartment? One such possibility is that 

senescent cells, through the SASP, secrete potent inflammatory 

cytokines (Freund et al., 2010). Chronic inflammation is a hallmark 

of aging and has been associated with the development of various 

age-related diseases (Chung et al., 2009; Franceschi et al., 2007). 

Additionally, these inflammatory cytokines such as growth-

regulated oncogene alpha (GROα), interleukin-1 (IL1), interleukin-

6 (IL6) and matrix metalloproteinases (MMPs) create a tissue 

environment that promotes survival and proliferation of neoplastic 

cells, which is reflected by the fact that cancer incidence increases 

with age (Allavena et al., 2008; Grivennikov et al., 2010). Finally, 

the SASP may exacerbate age-related tissue deterioration through 

paracrine senescence in which senescent cells induce the senescent 

phenotype in healthy neighbouring cells (Acosta et al., 2013) 

(Figure 4).  
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Figure 4. Mechanisms By Which Senescence Contributes To Tissue 
Aging (adapted from van Deursen, 2014). Senescent cells may promote 
age-related tissue dysfunction by disrupting tissue architecture, promoting 
inflammation and induction of senescence in neighbouring cells. 
 
 

2. Investigating Aging In The Skin 

The skin is a complex structure composed of several different layers 

including the dermis, epidermis and associated appendages ranging 

from hair follicles and nails to sebaceous and sweat glands. 

Although relatively thin, the skin functions as a protective barrier 

against major environmental stresses such as UV radiation, water 

loss and microorganism infection. Additionally, the skin is subject 

to age-related changes including differences in epidermal 

proliferation, dermal thickness, hair follicle patterning and immune 

cell abundance (Giangreco et al., 2008; McCullough and Kelly, 

2006). Therefore, murine skin presents a potent opportunity to 

investigate the processes and molecular mechanisms underlying 

physiological tissue aging.    
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Mammalian skin has a high turnover rate due to continuous 

shedding of the upper-most cornified cells. Therefore, tissue 

homeostasis is maintained by the resident stem cells, which replace 

keratinocytes that are lost due to normal tissue turnover or through 

injury. The epidermis maintains a single basal layer of mitotically 

active cells that adhere to the underlying basement membrane. 

These cells are readily identifiable by their expression of the keratin 

5 and keratin 14 proteins (Fuchs and Green, 1980). Subsequently as 

cells leave the basal layer, they withdraw from the cell cycle, 

executing a program of terminal differentiation, moving outward 

and are shed from the skin surface. Once committed to the 

differentiation program, keratinocytes progress through three 

distinct phases, and can be identified with specific markers: spinous 

(cells express keratin 1 and keratin 10), granular (cells express 

profilaggrin and loricrin) and stratum corneum (cells are rich in 

filaggrin) (Fuchs and Green, 1980) (Figure 5). 
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Mitotic Cell

 
Figure 5. Structure Of Murine Interfollicular Epidermis (adapted 
from Solanas and Benitah, 2013).  
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The process thereby culminates in the production of enucleated 

cellular skeletons (squames) that are packed with cables of keratin 

and encased in a lipid bilayer sealing the body surface (Candi et al., 

2005; Koster and Roop, 2007). 

 

2.1 Epidermal & Hair Follicle Stem Cells 

The different compartments of the skin epidermis, including the 

interfollicular epidermis (IFE), sebaceous glands (SG), upper 

isthmus (UI) and hair follicles (HFs) are maintained by the presence 

of different resident stem cell populations. During normal tissue 

homeostasis, epidermal stem cells are activated and give rise to 

short-lived progenitors, known as transit-amplifying cells that 

undergo several rounds of division, maintaining the keratinocyte 

population (Potten and Morris, 1988). IFE stem cells are 

characterized by the expression of high levels of α6 and β1 integrins 

(Jones and Watt, 1993) while in the SG, progenitors are marked by 

Blimp1 expression (Horsley et al., 2006). Additionally, putative 

stem cells in the upper isthmus, a region between the bulge and the 

SG, are marked by the cell surface marker MTS24 (Nijhof et al., 

2006). However the best characterized stem cell population resides 

in the hair follicle bulge.         

 

The hair follicle undergoes cycles of destruction (catagen), rest 

(telogen) and regeneration (anagen). At the onset of each new 

growth phase, the resident stem cell population, located near the 

base of the non-cycling portion of the hair follicle, fuel the 

production of matrix cells, enabling new hair to emerge at the skin 
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surface. Hair follicle stem cells, however, reside in a specialized 

microenvironment called the bulge. The fact that these cells cycle 

slowly as evidenced by their ability to retain pulses of nucleotide 

label following weeks of chase, led to a series of lineage-tracing 

experiments using mice that have fluorescently tagged histone H2B 

(Braun et al., 2003; Cotsarelis et al., 1990; Tumbar et al., 2004). 

Subsequently, researchers were thus able to isolate hair follicle 

bulge stem cells and have conducted transcriptional gene expression 

profiling in order identify bulge stem cell specific markers 

(Blanpain et al., 2004; Morris et al., 2004; Tumbar et al., 2004).     

 

Currently, hair follicle stem cells can be identified by a variety of 

cell-specific markers that identify the different populations of 

resident stem cells. In the mouse, bulge stem cells, close to the 

secondary hair germ, that cycle more frequently, express Lgr5 and 

Gli1 whereas those located in the lower bulge are defined by the 

proteins CD34, Keratin 15 (K15), Sox9 and α6 integrin (Hsu et al., 

2011; Jaks et al., 2008; Morris et al., 2004; Tumbar et al., 2004). 

Furthermore, other stem cell populations have been identified at the 

upper fringe of the hair follicle bulge, which are enriched for Lgr6 

and Lrig1 (Jensen et al., 2009; Snippert et al., 2010) (Figure 6). 

Additionally, although human hair follicles lack distinctive bulge 

morphology, a recent study has identified a similar bulge stem cell 

population to that of the mouse, distinguished by the expression of 

CD200 (Ohyama et al., 2006). 
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Figure 6. Murine Hair Follicle Stem Cell Markers (adapted from Woo 
and Oro, 2011).  
 

2.2 Keratin-15 Reporter Mouse Model 

Transgenic reporter mouse models are now considered ideal tools in 

order to analyse gene function and complex biological processes. In 

particular, the generation of promoter reporter mice have been 

instrumental to elucidating the role of hair follicle stem cells in 

normal tissue homeostasis (Blanpain et al., 2004; Morris et al., 

2004; Tumbar et al., 2004). One such example is the Keratin 1-15 

promoter enhanced green fluorescent protein (EGFP) reporter 

mouse model that was designed to lineage trace and isolate a subset 

of murine bulge stem cells (Liu et al., 2003; Morris et al., 2004). 

Using this mouse model, the laboratory of George Cotsarelis was 

able to demonstrate that after isolation, K1-15 EGFP stem cells 
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were able to generate all epithelial cell types within the hair follicle 

and subsequently all components of the epithelium (Morris et al., 

2004). Interestingly, under normal homeostatic conditions, these 

cells contributed only to the hair follicle, but in conditions of 

wounding, they contributed to all layers of the skin. This ultimately 

demonstrated that Keratin 15 positive cells represent a bone fide 

stem cell population in the hair follicle bulge.    

 

3. The Vertebrate Limb As A Model Of Embryonic 

Development 

The limb bud is an excellent model for gaining insights into the 

cellular and molecular interactions that govern embryogenesis. One 

such advantage of the limb bud is that it is not a vital organ 

therefore genetic or experimental manipulation that disrupts 

structure or function will not impact embryo survival. Since as early 

as the 1940s, the chick was the preferential model of choice due to 

its relative ease of manipulation and accessibility. These early 

studies generated the framework upon which the main cellular 

interactions and pathways underlying limb development are built 

(Benazet and Zeller, 2009; Saunders, 1948; Tickle et al., 1975). 

Since then, mouse models with their possibility for manipulation at 

the genetic level have led to a deeper understanding of the 

regulatory genes and interactions that govern organogenesis 

(Lewandoski et al., 2000; Logan et al., 2002; Moon and Capecchi, 

2000). 
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3.1 Overview of Limb Development 

The first discernible signs of limb development in the embryo are 

the appearance of symmetric swellings in the lateral body wall at 

the appropriate somite level. These occur at stage 16 (Hamburger 

and Hamilton, 1951) in the chick and at developmental day 9.50 

(Fernandez-Teran et al., 2006; Wanek et al., 1989) in the mouse. 

This early limb bud consists of homogeneous undifferentiated 

mesenchymal cells covered by ectoderm (Towers and Tickle, 2009). 

    

After the initial budding, the limb continues to elongate, relying on 

multiple cellular interactions that are directed by three main 

signalling centres: the apical ectodermal ridge (AER), the zone of 

polarizing activity (ZPA) and the non-AER ectoderm (Fernandez-

Teran and Ros, 2008). Each of these signalling centres are 

responsible for directing limb patterning along one of the main axes 

(proximal-distal, dorsal-ventral and anterior-posterior respectively) 

and subsequently provides the growth factors necessary for the 

patterning of the limb (Fernandez-Teran and Ros, 2008). 

Additionally, previous studies have illustrated that the function of 

these signalling centres is highly interdependent, particularly those 

between the mesenchyme and ectoderm, and that physiologically 

normal limb development requires adequate interactions between 

them all (Laufer et al., 1994; Niswander et al., 1994; Parr and 

McMahon, 1995) (Figure 7).  
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Figure 7. Anatomy Of The Developing Limb Bud. The three main axes 
of the vertebrate limb are: the proximal-distal, anterior-posterior and 
dorsal-ventral. Outgrowth of the limb bud results from co-ordinated 
interactions between the apical ectodermal ridge (AER), zone of 
polarizing activity (ZPA) and progress zone.  
 
 

3.2 Apical Ectodermal Ridge (AER) Morphology & Dynamics 

The AER is a zone of thickened epithelium that runs along the distal 

tip of the limb bud, covered by an overlying periderm. However, it 

is important to note that the AER is both a very dynamic and 

transitory structure, of which no cellular descendants are detectable 

at birth (Guo et al., 2003). During the initial stages of limb 
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development, the AER begins to thicken whereby the ventral 

ectoderm is thicker than the dorsal ectoderm and this corresponds to 

the early AER (Bell et al., 1998; Loomis et al., 1998). 

Approximately twenty-four hours following initial outgrowth of the 

limb, in both mouse and chicken, the AER reaches maturity and 

subsequently, after reaching maximal elevation, the process of AER 

regression begins (Guo et al., 2003; Wanek et al., 1989). During this 

process the AER becomes indistinguishable from the dorsal and 

ventral ectoderm and regression occurs first over the inter-digital 

spaces and then over the digits (Guo et al., 2003; Wanek et al., 

1989). 

A B

 
Figure 8. The Apical Ectodermal Ridge (A) Anatomy of AER By 
Scanning Electron Microscope and (B) Morphology Of AER By H & 
E. (Image (A) taken from Mariani and Martin, 2003 – Courtesy Of K.W. 
Tosney). 
 

3.3 Apical Ectodermal Ridge (AER) Activity & Gene 

Expression 

The function of the AER was revealed approximately sixty years 

ago by a series of micro-surgical experiments in the chick limb bud, 
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which established that removal of the AER causes a developmental 

arrest, truncating the limb (Saunders, 1948; Summerbell, 1974). 

Subsequently it is now known that the AER is a critical signalling 

centre essential for vertebrate limb outgrowth and patterning 

(Capdevila and Izpisua Belmonte, 2001; Martin, 1998). Primarily, 

the AER instructs the underlying mesenchyme to proliferate at the 

tip of the limb via the secretion of growth factors including 

members of the fibroblast growth factor (FGF) family (Fernandez-

Teran et al., 1999; Niswander et al., 1993). In turn, the mesenchyme 

maintains the AER via reciprocal signalling through the NFκB 

pathway (Kanegae et al., 1998). Furthermore, evidence that FGFs 

were responsible for the AER function came from experiments 

showing that several FGFs could act as substitutes for the AER 

resulting in normal progression of the limb (Fallon et al., 1994; 

Niswander et al., 1993).    

 

Apart from FGFs, numerous other genes are expressed in the AER. 

These include the transcription factors Engrailed1 (En1) (Loomis et 

al., 1996), Distal-less homeobox 2 (Dlx2), 5 and 6 (Bulfone et al., 

1993; Robledo et al., 2002) and Msh homeobox 2 (Msx2) (Davidson 

et al., 1991); and components of signalling pathways such as Bone 

Morphogenetic Protein 2 (Bmp2), 4 and 7 (Francis et al., 1994; 

Lyons et al., 1995) and Wingless-Type MMTV 3a (Wnt3a) 

(Kengaku et al., 1998).  
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II OBJECTIVES 
 
A long standing controversy in the field of senescence centres 

around the paradox that cellular senescence has many contrasting 

features, and exerts opposing effects in many pathologies including 

tumour suppression, tumour promotion, wound healing and aging. 

Therefore both the underlying mechanisms as well as its biological 

and physiological implications are still not fully understood. In this 

thesis we wanted to investigate the role (if any) of senescence in 

two seemingly polar contexts.    

 

1. To characterize the regulatory mechanisms that mediate 

biological stem cell aging in order to understand age-related 

pathologies. In particular, to determine if senescence 

contributes either intrinsically or extrinsically to functional 

stem cell decline in the aged skin.  

 

2. To determine if senescent cells exist and are functional in 

non-pathological states. Specifically, to investigate if 

cellular senescence plays a role in the development of the 

embryo.  
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III RESULTS: SECTION I 
 
Investigating Senescence During Physiological Aging 
 
Aging is associated with a decline in stem cell function, leading to 

defective tissue homeostasis and regenerative capacity. It is 

currently thought that epidermal stem cells remain constant 

throughout an organism’s life, suggesting that this population of 

stem cells is resistant to the effects of aging. We therefore, 

investigated age-related changes in the epidermal stem cell 

population, using a Keratin 15-EGFP-reporter mouse line.    

 
Initially, we investigated if the stem cell population underwent 

senescence directly. Preliminary results indicated that although this 

was not the case, aging stem cells became impaired in functional 

capacity. Consequently, through functional assays and cell 

profiling, we found that the surrounding tissue contributed to this 

impairment, through the secretion of SASP-associated factors. 

These findings suggest that the aging microenvironment impairs 

epidermal stem cells, and together this contributes to the aging 

phenotype of the tissue.  

 

A former post doctorate researcher, Dr. Jason Doles, led this 

project. Under the supervision of both Drs. Doles and Keyes, I 

contributed to this study during the first year of my PhD, resulting 

in a second name authorship in the publication. Specifically, I was 

involved in the project design, data collection and analysis, which 

resulted in figures 2F, 2G, 4E, 5C, 5D and supplementary figures 

1A, 2D, 2E, 2F and 16C in the above mentioned publication. This 
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experience enabled me to develop experimental tools that were used 

throughout the remainder of my PhD. 

Doles, J., Storer, M., Cozzuto, L., Roma, G., and Keyes, W.M. 
(2012) Age-associated inflammation inhibits epidermal stem cell 
function. Genes & Development, 26(19): 2144-53 

Due to space constraints, supplementary Table 1 (pertaining to the 

raw data of RNA-sequencing of differentially expressed transcripts) 

is supplied in the accompanying CD. 
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Altered stem cell homeostasis is linked to organismal aging. However, the mechanisms involved remain poorly
understood. Here we report novel alterations in hair follicle stem cells during skin aging, including increased
numbers, decreased function, and an inability to tolerate stress. Performing high-throughput RNA sequencing
on aging stem cells, cytokine arrays, and functional assays, we identify an age-associated imbalance in epidermal
Jak–Stat signaling that inhibits stem cell function. Collectively, this study reveals a role for the aging epidermis in
the disruption of cytokine and stem cell homeostasis, suggesting that stem cell decline during aging may be part of
broader tumor-suppressive mechanisms.
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Adult tissue homeostasis requires continual replacement
of cells lost due to normal turnover, injury, and disease.
However, aging is accompanied by decreased tissue
regeneration and homeostasis, both of which are fre-
quently associated with impaired stem cell function. As
some stem cell compartments undergo dramatic age-
associated changes (including alterations in cell num-
ber, decreased regenerative capacity, and fate change), a
decline in stem cell function is suggested to contribute
to the aging process (Conboy et al. 2003; Rossi et al.
2005; Molofsky et al. 2006). Therefore, characterizing
the regulatory mechanisms that mediate normal stem
cell aging is critical to understanding age-associated
pathologies and disease.

The skin is one of the most obvious tissues to undergo
aging-associated phenotypical and functional changes,
including decreased hair cycling, epidermal thinning, di-
minished sebaceous gland function, and an impaired wound
response (Balin and Pratt 1989). Although some studies in
mice suggest that epidermal stem cells are retained during
aging (Stern and Bickenbach 2007; Giangreco et al. 2008),
aged human keratinocyte stem cells exhibit decreased
colony-forming ability (Barrandon and Green 1987), sug-
gesting that undiscovered stem cell changes may be in-
volved in epidermal aging. Indeed, the skin contains many
individual, well-characterized stem cell populations, which
not only highlights the complexity of the skin hierarchy,

but also suggests that discrete populations may undergo
age-associated changes that might ultimately impact tissue
function. We set out to investigate this hypothesis using
well-established murine hair follicle stem cell models.

Results

Keratin-15 (Krt-15)-positive hair follicle cells are one of
the best-characterized stem cell populations in the skin.
Specifically, studies using Krt-15 promoter reporter
mouse models have demonstrated that these cells possess
stem cell properties, as they are label-retaining cells with
multipotent capacity, contributing to hair follicle cycling,
sebaceous gland function, and wound repair (Morris et al.
2004; Ito et al. 2005; Petersson et al. 2011). In agreement
with published work, whole-mount immunostaining for
GFP in the tails of young Krt-15-GFP reporter mice
confirmed these cells as a subset of the Krt-15 protein-
expressing fraction, with the GFP reporter identifying the
most primitive compartment (Fig. 1A; Morris et al. 2004).
Although expression is seen in the sebaceous gland and the
epidermis, immunohistochemical and FACS analysis sup-
ported previous studies demonstrating significant overlap
with the CD34+ population of stem cells in the bulge
region (Supplemental Fig. 1a–d). However, temporal anal-
yses of Krt-15-GFP expression in the bulge region of the
hair follicle revealed a significant increase in GFP with
respect to Krt-15 protein in aged mice (Fig. 1A,B) as well as
an expansion of the absolute number of GFP+ cells per hair
follicle unit (Fig. 1C). Corroborating these observations,
we also documented temporal enrichment of GFP+ cells in
flow cytometric analyses of aged back skin epidermis (Fig.
1D). As has been previously reported (Giangreco et al.
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2008), we did not observe any significant differences in the
overall CD34+/CD49f+ or Krt-15 protein-positive popula-
tions (Fig. 1E,F, respectively). We did, however, observe
that the increasing Krt-15-GFP+ cells coexpressed CD34
(Fig. 1G; Supplemental Fig. 1e), thus highlighting a pre-
viously undocumented increase in this hair follicle stem
cell population during aging.

To test whether these accumulating aged Krt-15-GFP
stem cells retained functional capacity, we FACS-purified
GFP-positive and GFP-negative epidermal fractions and
plated them in equal numbers to assess clonogenic
capacity (Barrandon and Green 1987). In agreement with

earlier reports (Morris et al. 2004), young (3-mo) GFP+

cells gave rise to larger and significantly greater num-
bers of colonies compared with GFP� control cells (Fig.
2A, left panels). Strikingly, we observed a significantly
diminished colony-forming ability of aged (18-mo) GFP+

cells cultured under identical conditions (Fig. 2A–C).
Similarly, parallel studies using FACS-isolated triple-
positive (CD34+/CD49f+/GFP+) stem cells (Fig. 2D) as
well as the total CD34+/CD49f+ population (Supple-
mental Fig. 2a) also revealed an age-associated decline
in functional capacity, thus reinforcing the notion that
bona fide stem cells are indeed impaired with advanced

Figure 1. Krt-15-GFP hair follicle stem cell number increases with age. (A) Whole-mount coimmunofluorescence of aged tail
epidermis stained with antibodies targeting Krt-15 (red) and GFP (green). (B,C) Quantification of absolute GFP cell number per hair
follicle (B) and fluorescence intensity relative to Krt-15 protein (n = 32–42 follicles from three mice) (C). (D) Percentage of Krt-15-GFP+

cells in epidermal preparations analyzed by FACS (data points represent independent FACS analyses of one to three mice; n $ 7 mice
total per time point). (E) Whole-mount immunofluorescence for Krt-15 protein in aged tail epidermis and intensity quantification
relative to DAPI. (F) Representative FACS scatterplots and summarized percentages of CD34+/CD49fhi cells in aged epidermis (n = 4–5).
(G) FACS analysis of aging GFP+/CD34+/CD49f+ cells (n = 3). Bar, 100 mm. P-values were determined using unpaired, two-tailed
Student’s t-tests. (*) P < 0.05; (**) P < 0.005; (n.s.) not significant.
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age. We subsequently tested whether these aged stem
cells were functionally impaired in vivo. First, we sub-
jected young and old Krt-15-GFP mice to ionizing radia-
tion (IR) and measured the change in stem cell number in
response to exogenous low-level DNA damage (Davies
et al. 2008; Liang et al. 2011). Surprisingly, whereas the
Krt-15-GFP stem cells in young mice exhibited an ap-
proximately twofold increase in response to acute DNA

damage, there was no change in old mice (Fig. 2E). Similar
results were also seen for the Krt-15-GFP+/CD34+/CD49f+

population (Supplemental Fig. 2b), suggesting that aged
stem cells are either unable to respond to the stress or
become depleted as a result. To examine this observation
in greater detail, we treated shaved, dorsal back skin with
12-O-tetradecanoylphorbol-13-acetate (TPA), an inducer
of stem cell activation and epidermal hyperproliferation.

Figure 2. Age-associated functional decline
in Krt-15-GFP stem cells. (A) Clonogenic
colony-forming assays of FACS-sorted GFP+

and GFP� cells from 3- and 18-mo-old epi-
dermis. Pictured are duplicate wells of each
condition, representative of n $ 3 indepen-
dent experiments. (B,C) Quantification of
colony number (B) and normalized colony
size (C) of data depicted in A. (D) Colony
assays using FACS-sorted GFP+/CD34+/
CD49f+ cells. (E) Aged Krt-15-GFP mice were
exposed to 5 Gy of whole-body irradiation
and sacrificed 24 h post-IR. Shown is a graph
of the FACS-determined fold change in GFP+

cells in IR-treated epidermis relative to non-
IR controls at each time point. (F) Absolute
GFP+ cell number per hair follicle in shaved
back skin epidermis treated with 20 nM TPA
every other day for 1 wk. (G) Representative
histological images of back skin sections
stained with antibodies against Ki67, GFP,
and CD34. P-values were determined using
unpaired, two-tailed Student’s t-tests. (*) P <

0.05; (**) P < 0.001. Error bars for bar graphs
represent 6SD.
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Interestingly, at the tissue level, aged skin was not able to
tolerate TPA as well as young skin and rapidly developed
skin lesions (Supplemental Fig. 2c). In agreement with our
earlier data, counting of individual GFP+ stem cells in the
hair follicle bulge in untreated young and old dorsal back
skin revealed an age-associated increase in absolute cell
number with age (Fig. 2F; Supplemental Fig. 2c). However,
upon treatment with TPA, whereas young skin exhibited
a significant increase in stem cell number in response to
stimulus, aged skin displayed the opposite trend, with
depletion of both Krt-15-GFP and CD34 immunoreactivity
(Fig. 2F,G; Supplemental Fig. 2e). Altogether, this dem-
onstrates an inherent inability of aged stem cells to be
maintained following substantial cellular stress.

To gain deeper insight into the molecular mechanisms
underlying these age-related changes, we performed high-
throughput RNA sequencing (RNA-seq) on 3- and 18-mo
Krt-15-GFP cells freshly isolated from the skin (data pro-
vided in Supplemental Table 1). Importantly, expression
(fragments per kilobase of exon per million of fragments
mapped [FPKM]) values generated by sequencing and
further selectively validated by quantitative RT–PCR
(qRT–PCR) demonstrated that with age, the GFP+ stem
cell population retains, and possibly increases, the relative
expression of a core stem cell signature (Supplemental
Figs. 3, 4; Tumbar et al. 2004; Lien et al. 2011). Interest-
ingly, while the core signature of these cells increased, we
observed little change or even possible decreases in the
alternate fate signatures (namely, interfollicular epidermis
and sebaceous gland) (Tumbar et al. 2004; Lien et al. 2011),
suggesting that there may be fate changes within this
population with age (Supplemental Fig. 3).

Unbiased, global analyses of transcript expression in
highly purified Krt-15-GFP cells revealed substantial
changes in many genes and biological processes (Fig. 3A;
Supplemental Fig. 5). Given that stem cell functional
decline has been linked with changes in key signaling
pathways (Silva-Vargas et al. 2005; Brack et al. 2007), we
initially focused on these for subsequent analyses. On the
basis of gene ontology (GO) annotations, we manually
extracted transcripts associated with positive and nega-
tive regulation of Jak–Stat, Wnt, Hedgehog, Tgf-b, and
Notch signaling to survey canonical signal transduction
activity. Interestingly, two pathways (Jak–Stat and Notch)
stood out as being significantly altered with age, as
evidenced by a robust inverse relationship between
positive and negative signaling regulators (Fig. 3B). We
also validated many of these gene expression changes
by qRT–PCR in independent biological replicates (Fig.
3C). Collectively, our deep-sequencing results demon-
strate that while Krt-15-GFP cells maintain a stem-like
signature during aging, they also exhibit marked alter-
ations in critical signal transduction cascades.

The transcriptional change in regulators of Jak–Stat
signaling was of particular interest to us for several
reasons: First, it represented the signaling pathway most
prominently deregulated in our analysis. Second, the
increase in Jak–Stat negative regulators, including SOCS1
and SOCS2, is consistent with activation of a negative
feedback loop (Krebs and Hilton 2001; Kimura et al. 2005)

and suggests that aged Krt15-GFP-positive cells may be
engaging feedback mechanisms in response to a proinflam-
matory environment. To investigate this, we performed
protein cytokine arrays that simultaneously analyze the
relative abundance of 40 cytokines and chemokines on
freshly prepared epidermal and dermal cell lysates col-
lected from 3- and 18-mo-old mice (Fig. 3D; Supplemental
Fig. 6). Interestingly, while significant changes in cytokine
levels were not detected in aged dermis (Supplemental
Figs. 6, 7), we observed a striking age-dependent increase of
nearly every tested cytokine in epidermal samples (Fig. 3E;
Supplemental Fig. 6), including several factors—e.g., BLC/
CXCL13, GM-CSF, ICAM-1/CD54, Il-1a, and Il-1ra—that
reached particularly high expression levels in 18-mo-old
epidermis.

As alterations in cytokine abundance are generally
reflected at the transcript level (Freund et al. 2010), we
examined our sequencing expression data for these same
40 cytokines within the purified aging stem cells and
found no corresponding trend, suggesting a stem cell-
extrinsic, epidermis-derived origin of the proinflamma-
tory signal (Supplemental Fig. 8). Given that specific
cytokine signaling has recently been suggested to inhibit
stem cell function in other settings (Villeda et al. 2011),
we suspected that the enhanced cytokine networks might
also be contributing to decreased stem cell function in the
skin. To investigate this, we endeavored to directly test
whether any of these deregulated and highly expressed
cytokines could affect the clonogenic capacity of young,
healthy keratinocytes in vitro. Of the six recombinant
proteins assayed (Il-1a, Il-1ra, Il-6, GM-CSF, ICAM-1, and
BLC), two—Il-1a and ICAM-1—were able to individually
suppress growth of 3-mo-old clonogenic keratinocyte
cultures (Fig. 3F; Supplemental Fig. 9). Interestingly,
cotreatment of Il-1a cultures with the receptor antagonist
Il-1ra ameliorated much of the growth inhibitory effect,
suggesting that the stoichiometric balance of Il-1 signal-
ing components is particularly critical in regulating stem
cell function (Fig. 3F; Supplemental Fig. 9). Importantly,
while we did not observe growth-interfering effects with
every tested cytokine, we cannot rule out important
contributions of these (and other) factors on stem cell
function that require precise dosing or combinatorial
coactivation to realize their potential. These data, how-
ever, demonstrate that individual cytokines that increase
during tissue aging can contribute to functional stem cell
decline.

A striking feature of the aging epidermal arrays was the
expression increase across such a diverse set of cytokines.
Taking into account our observation that positive regula-
tion of Il-1a signaling had an adverse effect on keratinocyte
stem cell function, we hypothesized that global repression
of cytokine signaling may have potentially growth-
promoting effects in aged epidermis. To address this, we
generated clonogenic cultures from aged (18-mo) wild-type
mice and treated these with the protein kinase inhibitor
pyridone-6 (Jak Inhibitor I, Jaki), a global inhibitor of the
Jak–Stat pathway. Strikingly, this resulted in a robust
rescue of aged stem cell clonogenic activity, as evidenced
by more abundant and significantly faster-growing colonies
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compared with vehicle-treated control cultures that main-
tained expression of prototypical epidermal markers, in-
cluding p63, Krt-14, and CD49f (Fig. 4A; Supplemental
Fig. 10a). This rescue effect was not seen when we tested
inhibitors of other pathways that showed little change in
our transcriptome analysis (Wnt, Hedgehog, and Notch) or
the Wnt agonist BIO (Fig. 4A; Supplemental Fig. 10b),
highlighting the functional significance of Jak–Stat tran-
script changes derived from our sequencing data. Rescue
of aged colony-forming ability was also seen with two
different inhibitors of the Jak–Stat pathway, highlighting

the specificity of these results (Supplemental Fig. 11a).
This effect of Jak kinase inhibition was also evident when
we treated aged GFP+ or GFP+/CD34+/CD49f+ cultures,
indicating that Jak inhibition has a proproliferative effect
directly on aged stem cells (Fig. 4B), including on cells
derived from mice exposed to g-irradiation in vivo (Sup-
plemental Fig. 12b). Ultimately, however, the proliferative
advantage with Jak inhibition seemed temporary, as serial
passaging of the aged colonies treated with Jak inhibitor
restored an aged phenotype to these cells (Supplemental
Fig. 11b). Interestingly, nonbulge stem cell populations

Figure 3. Dynamic changes in cytokine signaling networks in aging epidermis. (A) A balloon graph depicting RNA-seq-determined
individual transcript changes of aged, Krt-15-GFP stem cells. Red data points represent significantly up-regulated or down-regulated
transcripts. (B) Differential expression values of transcripts associated with positive (+) or negative (�) regulation of selected signaling
pathways. (C) qRT–PCR validation of selected Jak–Stat signaling transcripts. Data represent n = 3 independently FACS-sorted RNA
pools (mice) for each time point. (D) Heat maps summarizing normalized fold change values for individual cytokines/chemokines
detected in murine epidermis (left) and dermis (right). (E) Raw expression values for assayed cytokines/chemokines in aged (3-mo vs.
18-mo) epidermis. (F) A summary of clonogenic colony size of young (3-mo) epidermal cells exposed to selected recombinant cytokines.
P-values were determined using unpaired, two-tailed Student’s t-tests. (*) P < 0.05; (**) P < 0.005; (n.s.) not significant; (#) cytokines
selected for further detailed analyses. Error bars for bar graphs represent 6SD.
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(GFP+/CD34�) also exhibited an age-associated decrease in
proliferation that was rescued with the inhibitor, suggest-
ing that Jak kinase suppression may have effects on non-
stem cells or other stem cell populations within the
culture (Supplemental Fig. 12a).

Having identified inhibition of cytokine signaling as
a potent means of restoring aspects of stem cell function
in vitro, we tested its potential biological relevance in
vivo. Consistent with our clonogenicity results, a 1-wk

topical Jak inhibitor regimen on 18-mo tail epidermis
resulted in a substantial increase in the number of active
hair follicles. By whole-mount immunohistochemistry,
we observed an increase in Ki67 and CCAAT displacement
protein (CDP) expression, both of which are associated
with actively cycling hair follicles (Fig. 4C). Quantitatively,
we observed <5% anagen (active) hair follicles in vehicle-
treated epidermis. However, this increased to >35%
when exposed to the inhibitor (Fig. 4D; Supplemental

Figure 4. Jak kinase inhibition promotes aged epidermal stem cell function in vitro and in vivo. (A) Clonogenic colony formation
assays of aged (18-mo) keratinocytes cultured in the presence of Jak, Wnt, or Notch pathway inhibitors. (B) Colony assays of FACS-
sorted GFP+ or GFP+/CD34+/CD49f+ cells treated with 500 nM Jak inhibitor. (C) Representative whole-mount immunofluorescence
images of Jak inhibitor-treated, aged tail epidermis stained with antibodies targeting Ki67 (left, red) and CDP (right, green). Bar, 200 mm.
(D) Quantification of anagen hair follicles in Jak inhibitor-treated tail hair follicles compared with vehicle controls. Data are
representative of three independent in vivo experiments (n = 5 mice). (E) Representative histological images of Jak inhibitor-treated
back skin epidermis stained using antibodies targeting GFP, CD34, or Ki67. P-values were determined using unpaired, two-tailed
Student’s t-tests. (*) P < 0.05; (**) P < 0.0001. Error bars for bar graphs represent 6SD.
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Fig. 13). This effect seemed to be independent of the stage
of the mature hair follicle when treated, as follicles were
largely in telogen (resting) at both time points examined
using anagen hair follicle counting and analysis of relevant
signaling pathways (Supplemental Fig. 14). Furthermore,
histological examination of shaved back skin treated with
vehicle or Jak inhibitor also revealed significant hair
follicle reactivation (Fig. 4E). However, upon further
investigation, we observed a marked depletion in both
Krt-15-GFP and CD34 immunoreactivity in Jak inhibitor-
treated samples, suggesting that while aged hair follicles
are capable of being stimulated into an active state,
enhanced proliferative/activating signals may ultimately
drive the stem cells to exhaustion and depletion (Fig. 4E).
Taken together, these data uncover a complex relation-
ship between epidermal stem cell proliferation and self-
renewal in aged skin and show that aspects of this
relationship can be partially restored through inhibition
of the Jak–Stat pathway.

Given the robust ability of cytokine signaling to modu-
late stem cell function and hair follicle status in aged mice,
we sought to elucidate the cellular sources of these in-
creased signals. Using antibodies against immune cell
subtypes, we performed FACS analyses on whole epider-
mal preparations generated from young (3-mo) and aged
(18-mo) mice. We did not observe a substantial increase in

the percentage of cells labeled using lineage antibodies
against an array of mature immune subtypes, including
lymphocytes, monocytes/macrophages, NK cells, eryth-
rocytes, and granulocytes (Fig. 5A; Supplemental Fig. 15).
We then separated the bulk lineage-positive and lineage-
negative fractions at each time point and analyzed them
by qRT–PCR in order to ascertain whether cytokine
expression levels were changing over time. Surprisingly,
we observed a significant increase in cytokine transcript
expression emanating from the lineage-negative fraction,
suggesting that the age-associated increase in certain
cytokine levels derived from the epidermal compartment
itself and not solely from bona fide immune cells (Fig. 5B).
These data were further supported and refined in addi-
tional FACS/qPCR experiments, which specifically im-
plicated the CD34�/CD49fmed, CD49fhi subpopulations
as likely sources of several cytokines, including those
involved in Il-1 signaling (Supplemental Fig. 15). In addition,
immunofluorescent staining of back skin tissue sections
using an ICAM-1 antibody revealed an epidermal-specific
staining pattern increasing with age throughout the inter-
follicular epidermis, the hair follicles, and associated seba-
ceous glands (Fig. 5C). Interestingly, and in accordance
with the overall up-regulation of cytokine signaling, we
also observed a robust increase in epidermal phospho-
Stat3 staining throughout the aged tissue, including in

Figure 5. Epidermal-derived cytokines promote Stat3 hyperactivation in aged skin. (A) Box plot depicting the percentage of lineage-
positive cells present in aging epidermal preps as determined by FACS. (B) qPCR of selected cytokine transcripts in preparations of
whole epidermis (left) or FACS-sorted lineage-negative (middle) or lineage-positive (right) cell fractions. (C,D) Immunofluorescent
images of aged back skin stained with antibodies targeting ICAM-1 (C) or Stat3, phospho-Stat3, or GFP (D). Error bars represent 6SD.
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the interfollicular epidermis and within the Krt-15-GFP
stem cell population (Fig. 5D), a pattern that was not
observed with various stages of the hair follicle cycle in
young mice (Supplemental Fig. 16). Thus, our data show
that the epidermis contributes to the age-associated
cytokine imbalance, with activity and expression de-
tectable throughout the tissue.

Discussion

Collectively, our data identify for the first time that hair
follicle stem cells are susceptible to age-associated changes
that may contribute to aging phenotypes. As has been
described for other stem cell populations (Rossi et al.
2005), these cells increase significantly in number but
decrease in functional capacity with normal aging, sug-
gesting that the mechanisms we identify here may also be
general mediators of stem cell aging in other tissues. That
these cells retain stem-like properties while simulta-
neously being repressed by the external environment
implies a degree of reversibility, which we show is partially
feasible with chemical compounds. Whether this is possi-
ble in other stem cell populations remains to be seen, but
studies suggest that this is likely (Conboy et al. 2005; Boyle
et al. 2007; Pan et al. 2007; Villeda et al. 2011).

Conceptually, the biological function behind such an
inhibition of stem cell function remains intriguing. Given
that age is a primary determinant of tumor initiation and
that this Krt-15 stem cell population was recently iden-
tified as a target cell of origin in squamous cell carcinoma
(Keyes et al. 2011; Lapouge et al. 2011; White et al. 2011),
the expansion of this population during aging could signif-
icantly increase the chance of malignant transformation—
through either up-regulation of stem cell-maintaining
proto-oncogene signaling, as demonstrated here, or simply
increased opportunities for mutation. Certainly, as in-
flammation has long been linked to tumor progression,
this suggests that stem cell impairment and, consequently,
tissue aging may ultimately be the result of tumor-suppres-
sive mechanisms. Our observation of increased phospho-
Stat3 signaling throughout the aging epidermis and within
the stem cell population, coupled with evidence that hyper-
activated Stat3 can drive tumor progression (Bromberg et al.
1999; Demaria et al. 2012), provides a rationale for the
engagement of this suppressive phenotype, particularly
within vulnerable stem cell populations. Further de-
tailed analyses of this aging stem cell population are
needed to assess whether these cells might be primed for
tumor initiation by age-associated inflammation as well
as to uncover cell-intrinsic mechanisms likely contrib-
uting to the aging process.

Materials and methods

Animal use

Aged Krt-15-GFP (Morris et al. 2004) or wild-type C57Bl6/J mice
were housed in accordance with the CEEA (Ethical Committee
for Animal Experimentation) of the Government of Catalonia.
For chemical epidermal activation assays, shaved back or tail

skin was treated either once or three times over 1 wk with 20 nM
TPA (Sigma-Aldrich). Skin samples were harvested the day
following the final treatment and processed as described below.
IR experiments were performed by subjecting mice to 5 Gy of
whole-body irradiation followed by flow cytometric analysis of
single-cell epidermal preparations at the indicated time points.
For in vivo pyridone-6 (Jak inhibitor I; Calbiochem) assays,
a 1 mM inhibitor preparation (in DMSO/acetone) was applied
to tail skin and harvested as described for TPA experiments.

Primary mouse keratinocyte clonogenicity assays

Primary mouse keratinocytes were harvested from dorsal back skin
of aged mice as described previously (Jensen et al. 2010). Chemical
and cytokine treatments were initiated ;8 h following establish-
ment of the coculture in order to allow for equal initial seeding
numbers. All cytokines were purchased from Peprotech and used
as follows: 0.4–4 ng/mL Il-1a, 5–50 ng/mL Il-1ra, 1–10 ng/mL
GM-CSF, 4–40 ng/mL ICAM-1, and 1–10 ng/mL BLC. Chemical
activators/inhibitors were used as follows: 50–500 nM pyridone-6
(Calbiochem), 1–10 mM DAPT (Sigma), 500 nM–1 mM BIO (Cayman
Chemical), 1–5 mM IWR-1 endo and exo (Cayman Chemical),
1–5 mM cyclopamine (Calbiochem), 80–400 nM tofacitinib (Selleck
Chemicals), and 80–400 nM ruxolitinib (Selleck Chemicals). To
visualize clonogenic keratinocyte expansion, cocultures were fixed
in 10% formalin, stained with crystal violet/methanol, and imaged
using conventional scanning and imaging tools.

Whole-mount immunofluorescence

Preparation of tail skin and whole-mount stainings was performed
as previously described (Braun et al. 2003). Primary antibodies
were incubated overnight at room temperature and used at the
following concentrations: anti-GFP (1:200; Invitrogen); anti-Ki67
(1:200; Abcam); anti-Krt-15 (1:200; NeoMarkers); and anti-CDP
(1:100; Santa Cruz Biotechnology). Alexa-conjugated secondary
antibodies (1:500; Molecular Probes) were used for 2 h at room
temperature. Nuclei were then stained with DAPI (1:10,000;
Roche), and epidermal sheets were mounted in Mowiol. Pictures
were acquired with a Leica TCS SP5 confocal microscope and,
when applicable, quantified using ImageJ software.

Immunohistochemistry

Back and/or tail skin was fixed in 10% NBF (Sigma-Aldrich)
overnight, washed in PBS, and then embedded in paraffin. Depar-
affinized sections were boiled for 10 min in 0.01 M citric acid for
antigen retrieval. Primary antibodies were incubated overnight at
4°C, and secondary antibodies were incubated for 2 h at room
temperature in 1% serum/PBS. Nuclei were stained with DAPI
(1:10,000; Roche), and the slides were mounted in VectaShield
(Vector Laboratories). Primary antibodies were used at the following
dilutions: anti-Krt-15 (1:200; MS-1068-P1, NeoMarkers); anti-Ki67
(1:200; ab15580, Abcam); anti-GFP (1:200; A11122, Invitrogen);
anti-CD34 (1:50; 560233, BD Biosciences); anti-ICAM-1 (1:50;
4915, Cell Signaling); anti-Stat3 (1:50; 9132, Cell Signaling); and
anti-p-Stat3 (Tyr705) (1:50; 9145, Cell Signaling). Alexa-conjugated
secondary antibodies (Molecular Probes) were all used at a dilution
of 1:2000. Pictures were acquired with a Leica DMI 6000B or a Leica
TCS SP5 confocal microscope.

Flow cytometry

Epidermal cells from back skin of Krt-15-GFP or wild-type
C57Bl6/J mice were isolated as described above. Cell suspensions
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were incubated for 30 min on ice with the following antibodies at
the given dilutions: APC-conjugated anti-CD34 (1:200; clone
RAM34, BD Pharmingen) and FITC-conjugated anti-a6-integrin
(1:200; CD49f clone NKI-GoH3, Serotec). Keratinocytes were
sorted on the basis of single cellularity, viability (DAPI), GFP
positivity (Krt-15+), and/or CD34/CD49f status. FACS purifi-
cation was performed on a FACS Aria system equipped with
FACS DiVa software (BD Bioscience). Sorted cells were col-
lected in keratinocyte medium supplemented to 50% FBS and
either plated for clonogenic assays or pelleted and stored at
�80°C for RNA isolation. FACS analysis was performed using
LSRII FACS Analysers (BD Biosciences) and analyzed using
Flowjo software.

RNA-seq and analysis

Total RNA was isolated from pooled, FACS-sorted GFP+ cells
using the RNeasy microkit (Qiagen). RNA-seq libraries were
prepared using an Illumina RNA prep kit and sequenced using
the Illumina HiSeq2000 platform. A total of 233 million 46-base-
pair (bp) paired-end reads were mapped to the Mus musculus

genome (NCBIM37.57) by using the TopHat aligner (version
1.3.0) (Trapnell et al. 2009), a RNA-seq mapper specifically
designed for detecting splice junctions between exons and based
on the fast NGS mapper Bowtie (Langmead et al. 2009). TopHat
parameters were set to default with a mate pair distance of 150.
Final transcript levels of all mouse Ensembl known genes (v57)
were calculated in units of FPKM by counting the number of
mapped and spliced reads to exons, normalized by the length of
the exons and averaged over all used exons for each transcript.
On average, ;81% of the total reads (equivalent to 188 million
sequences) were mapped to the genome or the splice junctions.
Of these, 85.6% mapped uniquely, 8.88% mapped twice, 2.8%
mapped three times, and 2.9% mapped from four to 20 times.
Cuffdiff tool from the Cufflinks package (version 1.0.3) (Roberts
et al. 2011) was then used to detect the transcripts whose
expression statistically changed between 3- and 18-mo Krt-15-GFP+

cells.

RT-qPCR

Total RNA from cultured or FACS-sorted cells was purified using
the RNeasy microkit or minikit (Qiagen). Equal amounts of
RNA were reverse-transcribed using random hexamer prim-
ing and SuperScript III (Invitrogen). RT-qPCR was performed
with SYBR Green master mix (Roche) and gene-specific pri-
mers (sequences provided in Supplemental Table 2) using a
LightCycler 480 instrument (Roche). Relative levels of expres-
sion were determined using the DDCt method relative to the
housekeeping gene actin.
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A

B

Supplementary Figure 1

C

Supplementary Figure 1. a, Representative immunoflorescent images of young (3m) and aged (18m) 
backskin epidermis co-stained with antibodies targeting CD34 and GFP. Shown are closeup views of 
the hair follicle bulge region. b, Schematic representing FACS gating strategy to identify and isolate 
CD34/GFP epidermal cell subpopulations. c, Representative scatter plots depicting CD34/GFP overlap 
in young and aged samples. d, Graph representing the CD34+ fraction within the GFP+ population. e, 
Box-whisker plots further quantifying individual epidermal cell subpopulations identified in (C). n=7 mice 
at each timepoint (young=12 weeks; old=76-85 weeks of age). p-values were determined using 
unpaired, two-tailed student’s t-tests. *p<0.05.  n.s.=not significant (p>0.05).
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B

Supplementary Figure 2

Supplementary Figure 2. a, Clonogenic colony assays of bulge-positive (CD34+/CD49f+) cells FACS-
isolated from young (3m) and aged mice. Shown are triplicate wells at each age. b, Graph depicting the 
fold change in triple-positive (CD34+/CD49f+/GFP+) cells in response to 5Gy irradiation. Each point 
represents FACS data collected from an individual mouse. c, Representative photographs of shaved 
backskin before and after a one week TPA treatment regimen. d, Backskin sections from untreated mice 
stained with antibodies targeting Ki67, GFP and CD34. e, Scatter plot quantifying the number of 
GFP+/Ki67+ cells in aged mice treated with TPA as described in Figure 2. f, Scatter plot quantifying 
GFP cell number per follicle in response to a single dose of TPA. Untreated (NT) data are from Figure 
2f. *p<0.05, **p<0.005. n.s.=not significant.
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Supplementary Figure 3

A B

C

Supplementary Figure 3. a-c, Heatmaps depicting relative gene expression changes for tran-
scripts associated with interfollicular epidermis (a), core hair follicle bulge (b), and sebaceous 
gland (c).  Individual transcript values for each timepoint (row) are shown as the log2(fold 
change [timepoint]) with respect to the mean expression value.
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Supplementary Figure 4

Supplementary Figure 4. Quantitative RT-PCR of selected epidermal stem cell 
transcripts.  n=3 RNA pools (n=1-3 mice/pool) for each timepoint.  p-values were 
determined using unpaired, two-tailed student’s t-tests. *p<0.05.
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Supplementary Figure 5

A

B

GO process Description P-value 

GO:0044260 cellular macromolecule metabolic process 8.33E-08 
GO:0043170 macromolecule metabolic process 5.66E-06 
GO:0018193 peptidyl-amino acid modification 7.30E-06 

GO:0051171 regulation of nitrogen compound metabolic 
process 1.08E-05 

GO:0043412 macromolecule modification 1.22E-05 
GO:0006464 protein modification process 1.38E-05 

GO:0019219 regulation of nucleobase-containing 
compound metabolic process 1.97E-05 

GO:2001141 regulation of RNA biosynthetic process 2.38E-05 

GO:0034645 cellular macromolecule biosynthetic process 2.73E-05 

GO:0016568 chromatin modification 2.88E-05 
GO:0006355 regulation of transcription, DNA-dependent 2.96E-05 

GO:0044267 cellular protein metabolic process 3.15E-05 

GO:0009059 macromolecule biosynthetic process 3.66E-05 
GO:0006996 organelle organization 4.09E-05 
GO:0032774 RNA biosynthetic process 4.33E-05 
GO:0006351 transcription, DNA-dependent 5.43E-05 
GO:0051252 regulation of RNA metabolic process 5.69E-05 

GO:0051253 negative regulation of RNA metabolic 
process 6.38E-05 

GO:0006325 chromatin organization 6.77E-05 

GO:0010629 negative regulation of gene expression 9.13E-05 

GO process Description P-value 

GO:0051707 response to other organism 5.37E-07 
GO:0009607 response to biotic stimulus 3.78E-06 
GO:0051704 multi-organism process 3.78E-06 

GO:0048525 negative regulation of viral reproduction 9.10E-06 

GO:0048821 erythrocyte development 2.56E-05 
GO:0006952 defense response 1.18E-04 

GO:0045071 negative regulation of viral genome 
replication 1.43E-04 

GO:0042742 defense response to bacterium 1.56E-04 

GO:0010951 negative regulation of endopeptidase activity 1.57E-04 

GO:0009615 response to virus 2.07E-04 
GO:0032355 response to estradiol stimulus 2.12E-04 

GO:0010466 negative regulation of peptidase activity 2.28E-04 

GO:0002682 regulation of immune system process 2.95E-04 
GO:0006955 immune response 3.30E-04 
GO:0002252 immune effector process 4.68E-04 
GO:0030216 keratinocyte differentiation 4.76E-04 
GO:0002376 immune system process 4.95E-04 

GO:0002695 negative regulation of leukocyte activation 5.26E-04 

GO:0051250 negative regulation of lymphocyte activation 5.26E-04 

GO:0051346 negative regulation of hydrolase activity 6.07E-04 

Top 20 upregulated Gene Ontology processes

Top 20 downregulated Gene Ontology processes

Supplementary Figure 5. a,b, Gene ontology analysis of significant differentially expressed genes 
between 3- and 18- month Krt-15-GFP cells.  Transcripts were analyzed using Gene Ontology 
enrichment analysis and visualization (GOrilla) software (http://cbl-gorilla.cs.technion.ac.il/).  
Shown are the top 20 GO processes enriched in up-regulated (a) and down-regulated (b) gene 
sets.  



Supplementary Figure 6

B

A C
Coordinate Target/Control
A1,A2 Positive control
A23,A24 Positive control
B1,B2 BLC
B3,B4 C5a
B5,B6 G-CSF
B7,B8 GM-CSF
B9,B10 I-309
B11,B12 Eotaxin
B13,B14 ICAM-1
B15,B16 IFNgamma
B17,B18 IL-1alpha
B19,B20 IL-1beta
B21,B22 IL-1ra
B23,B24 IL-2
C1,C2 IL-3
C3,C4 IL-4
C5,C6 IL-5
C7,C8 IL-6
C9,C10 IL-7
C11,C12 IL-10
C13,C14 IL-13
C15,C16 IL-12p70
C17,C18 IL-16
C19,C20 IL-17
C21,C22 IL-23
C23,C24 IL-27
D1,D2 IP-10
D3,D4 I-TAC
D5,D6 KC
D7,D8 M-CSF
D9,D10 JE
D11,D12 MCP-5
D13,D14 MIG
D15,D16 MIP-1alpha
D17,D18 MIP-1beta
D19,D20 MIP-2
D21,D22 RANTES
D23,D24 SDF-1
E1,E2 TARC
E3,E4 TIMP-1
E5,E6 TNFalpha
E7,E8 TREM-1
F1,F2 Positive control
F23,F24 Negative control

Supplementary Figure 6. Raw cytokine array data.  a, Shown is a ten minute exposure 
of all four cytokine arrays (from top to bottom: epidermis 18 months, epidermis 3 
months, dermis 18 months, dermis 3m).  Each target or control is arrayed in duplicate 
and can be identified using the key (b) along with the table listing coordinate IDs (c).   



Supplementary Figure 7
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Supplementary Figure 7. Cytokine/chemokine expression changes in the dermis. Shown is a 
graph depicting ImageJ-generated expression values for assayed cytokines/chemokines in 
aged (3 vs. 18m) dermis using cytokine arrays described in the text.  



Supplementary Figure 8

3 months 18 months

Supplementary Figure 8. Heatmap depicting FPKM-based gene expression changes of the 
40 cytokines/chemokines represented in the cytokine arrays. Individual transcript values for 
each timepoint (row) are shown as the log2(fold change [timepoint]) with respect to the 
mean expression value.  Gray values represent transcripts that were not detected by RNA-
seq.  



Supplementary Figure 9

Supplementary Figure 9. a, Clonogenic colony forming assays of cytokine-treated 3-
month old epidermis.  Epidermal cell preparations were generated from wildtype 
C57Bl6/J mice, allowed to attach to a fibroblast feeder layer, then treated with GM-CSF 

50ng/ml, respectively).  20,000 cells were plated per well.  b, Quantification of results 
from n=3 mice are shown. Size measurement are quantified in Figure 4a. c, Colony 
forming assays examining the effect of exogenous Il-6 supplementation. 
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Supplementary Figure 10

Supplementary Figure 10.  a, Representative histological and immunoflorescent images 
of aged keratinocytes treated with vehicle or 500nM Jak inhibitor (Jaki).  Scale 
bar=50um. b, Clonogenic colony forming assays of drug-treated 18-month old epider-
mis. Epidermal cell preparations were generated from wildtype C57Bl6/J mice, allowed 
to attach to a fibroblast feeder layer, then treated with the Wnt-agonist BIO (500nM-
1uM) or Cyclopamine (1uM-5uM).
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Supplementary Figure 11

Supplementary Figure 11. a, Clonogenic colony forming assays using 18m epidermis 
cultured in the presence of either vehicle (left column)), or the Jak-Stat inhibitors Ruxolitinib 
(bottom row) or Tofacitinib (top row). b, Serial passaging of Jak-inhibitor treated colonies. At 
the conclusion of each preceding round of culture, replicate wells were either split for replat-
ing (colony assay) or fixed for crystal violet staining. Shown are cells maintained in either 
vehicle or Jak inhibitor conditions for three passages (50000 cells were seeded in per well at 
the start of each round of treatment).
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Supplementary Figure 12

Supplementary Figure 12. a, Clonogenic colony forming assays of FACS-purified 
progenitor cell subpopulations. Aged (3m and 18m) CD49f+-gated cells were sorted, split 
into 3 groups (bulge+/GFP+, bulge+/GFP-, and bulge-/GFP+), and treated +/- 500nM Jak 
inhibitor. ‘X’ represents an experimental condition which we were unable to perform due 
to insufficient cell numbers recovered from the sort. b, Colony assays (as described in 
[a]) instead using tissue sourced from mice exposed to 5Gy whole-body irradation for 
24h.  
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Supplementary Figure 13
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Experiment 1 Experiment 2 Experiment 3

Supplementary Figure 13.  a, Representative DAPI-stained whole-mount confocal images of 
Jaki-treated tail epidermis.  b, Bar graphs quantifying Jaki-dependent entry into anagen.  
Shown are the results from three independent experiments (n=5 mice total).  
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A

Supplementary Figure 14

Supplementary Figure 14. a, Representative photographs of backskin isolated from 3 month (top) and 
18 month (bottom) old mice. Dark regions were manually excluded from subsequent analyses. b, Bar 
graph depicting the proportion of anagen hair follicles in epidermal tail preparations from 3m mice. Note: 
18m data is for comparison and is from experiments performed in Supplementary Figure 13. c, Heat-
map of selected BMP-signaling target transcripts extracted from RNA-seq data of Krt-15-GFP cells. 
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Supplementary Figure 15

Supplementary Figure 15. a, FACS analysis of single-cell epidermal preparations stained with 
antibodies targeting CD45 (BD 553772), Mac-1 (BD 552850), Gr-1 (BD 25-5931-82), F4/80 
(BD 12-4801-82), B220 (BD 553089)/CD19 (BD 555412), CD4 (BD 552775) or CD8 (BD 
557086). Shown is data representative of one to three biological replicates for each condition. 
b, FACS analysis of epidermal subpopulations identified using antibodies targeting CD49f (a6 
integrin), CD34, and P-cadherin (Life Technologies, 13-2000Z). Shown is data representative 
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Supplementary Figure 16

Supplementary Figure 16. a, Photographs of shaved mouse backskin with dashed lines 
delineating putative regions of anagen/telogen. b, A cartoon of a propagating anagen wave 
with numerical landmarks highlighting regions examined hisologically in (c). c, Immunoflores-
cent images of 4 m.o. WT mouse backskin regions indicated in (b) stained with an antibody 
targeting pY705-Stat3. Backskin of WT 18m epidermis is shown for comparison. Images are 
representative of staining patterns observed in four individual animals. 
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Supplementary Table 2

Supplementary Table 2.  qPCR primer sequences

GATCTGGCACCACACCTTCT 20
GGGGTGTTGAAGGTCTCAAA 20
CGCCGCCCCTGGTGTGG

ATCTGGCGGTTGGTGGAGGTCA 22
AACATTTTGGGGTCTGGGTCAC 22
GGCCCACAGAGACTGCTTCTTT 22

20
20

20
20
20

ATATGGCTCGGACACCACTC 20
GCACTTGCTGCTGGTGTAGA 20
AAACGAAAATGCCAGCTGAT 20
GTCTTTGGTTTGTCCGGTGT 20
CCTGACCTGGATGCAGAAAT 20
CTTGAGGACAGCAGGGATGT 20
CACAAACTCACCACCCTGTG 20
TGACATATTGCCCCCATTTT 20
TGAAAGGGTGAGGCATTTTC 20
TCCAAATGTTCCGGAAAGAG 20
GTCCACCCGTGGAATTTATG 20
GCAATCTTCCGTTGCTCTTC 20
ACGTGCTTTGTTAGGGATGG 20
TGAAGCCTATGCTGCACTTG 20
GCTAAACCGAGACTGCCAAG 20
AAGGTCGAGCTTCACAGCAT 20
ACTTCTGGCTGGAGACCTCA 20
CCCAGACACAAGCTGCTACA 20
CCCAACCTAGTGCCATTGTT 20
TCCGTGGTCAGACAATTCAA 20
ATTCACCCAGGTGGCTACAG 20
GCCAATGTCTTCCCAGTGTT 20
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IV RESULTS: SECTION II 
 
Investigating Senescence During Embryonic Development 
 
Cellular senescence, in addition to being an established tumour 

suppressor mechanism, has been increasingly implicated in various 

other biological processes. Recent studies have shown that 

senescent cells play an important role in both wound healing and 

regenerative processes, such as limiting the extent of fibrosis after 

tissue damage in vivo in mice (Jun and Lau, 2010; Krizhanovsky et 

al., 2008). Therefore, since senescence shares many similarities 

with apoptosis (Campisi and d'Adda di Fagagna, 2007; Collado et 

al., 2007), and given that apoptosis has critical functions during 

normal embryonic development, we set out to determine if 

senescence might also play a role in the embryo.  

 
The following study comprises the bulk of my PhD and was 

published in the November addition of Cell, 2013. I was the lead 

investigator and responsible for all major areas of concept 

formation, experimental design, data collection and analysis under 
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factors (Coppé et al., 2008; Parrinello et a

senescent cells are resistant to apoptotic

odds with their tumor-suppressive role

2006; Wang, 1995).

Cell 155, 1119–1130, November 21, 2013 ª20

mailto:bill.keyes@crg.eu
http://dx.doi.org/10.1016/j.cell.2013.10.041
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cell.2013.10.041&domain=pdf


In many ways, as a distinct cellular proce
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acts to functionally remove cells at risk of

addition, both processes have demonstra
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Many Tissues during Embryonic Development

Mouse and chick embryoswere stained at thewhole-e

Representative images of regions that stained positiv

(A) Mouse embryo, E11.5.

(B) mouse hindlimb, E11.5.

(C) The distal tip of the mouse tail, E14.5.

(D) Mouse otic vesicle, E10.5.

(E) Fusion zone of the vesicles of the mouse hindbrai

(F) Fusing neural tube of the mouse, E11.5.

(G) Chick pharyngeal arches, Hamburger and Hamilto

(H) Chick neural tube, HH28. Arrows denote the line o

the length of the neural tube.

(I) Chick eye, HH28.
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outgrowth and patterning (Cohn et al., 1995; Niswander et al.,

1993). It lies directly above and, via secreted growth factors

including fibroblast growth factors (FGFs), instructs the progress

zone (PZ), an area of mesenchymal proliferation at the tip of the

limb. In turn, the PZ is reciprocally required to maintain AER

function (Kanegae et al., 1998). The AER can be identified with
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Figure 2. Senescence Markers Are Ex-

pressed in the Developing Forelimb and

Neural Tube

(A) Forelimb stained for SAb-gal, BrdU incorpora-

tion, p53, and p21 by immunohistochemistry. The

insert panel of positive p53 staining corresponds

to limb mesenchymal tissue of irradiated wild-type

(WT) embryos. Top left image shows SAb-gal

whole-mount staining with a line showing the plane

of section for the staining. Bottom left image was

processed for in situ hybridization with FGF8 and

scanned by OPT to allow visualization of the AER.

The graphs at the bottom show the percentage of

positively stained cells in the AER and underlying

mesenchyme (mes).

(B) Left panels show whole-mount embryo high-

lighting plane of section, and below, box indicates

area shown in high-magnification images. Neural

tube stained for SAb-gal, BrdU incorporation, p53,

and p21 by immunohistochemistry. The BrdU

insert corresponds to an enlarged area in the

neural tube. The graphs at the bottom show the

percentage of positively stained cells in the neural

RP and adjacent mesenchyme (mes).

All samples stained were WT embryos at E11.5.

Values are expressed as mean ± SEM; n = total

number of embryos analyzed. See also Figure S2.
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PML and H3K9me3 (Figure S2A) but at
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AER. The AER was microdissected from E11.5 mouse forelimbs,

and pooled replicates were compared to samples of nonsenes-

cent surface ectoderm from the dorsal-proximal limb bud (Fig-

ure 3A). Importantly, many known AER genes, including FGF8

and 4, Msh homeobox (MSX) 1 and 2, distal-less homeobox

Figure 3. Developmental Senescence

Shares a Molecular Signature with OIS

(A) Schematic demonstrating regions in which

tissue samples were collected for microarray

(red = AER, and green = ectoderm). Representa-

tive heatmap of the microarray profile on AER

compared to nonsenescent adjacent ectoderm is

shown. Example genes are shown to demonstrate

that known markers of the AER were expressed at

higher levels (red) in the AER compared to the

ectoderm (green) (left). qPCR expression on

separate biological replicates for FGF8 and FGF4

is shown. Values are expressed as mean ± SEM.

(B) Representational overlap of the microarray

profile of gene probes that were upregulated >1.4-

fold in the AER versus ectoderm compared to

those that were upregulated >1.4-fold in two

pooled arrays of IMR90 human fibroblasts under-

going OIS. Statistical analysis denotes Fisher’s

test of enrichment, p = 0.029. OIS data are from

Collado et al., 2005. Representative examples of

genes from each section are denoted with arrows.

The full list of genes and their overlap is shown in

Table S2, along with the AER expression values for

the genes common to OIS and AER. Underlying

graphs represent GO analysis of upregulated

genes common to senescence and development

(left), downregulated genes (Figure S3), and genes

in OIS (right).

(C) qPCR validation on separate biological

replicates for selected genes identified in the

microarray. Values are expressed as mean ± SEM.

Ecto, Ectoderm; AER, apical ectodermal ridge.

See also Figure S3 and Table S2.
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senescent human fibroblasts (Figure 3B and Table S2), whereas

60% (273 genes; p = 0.0004; Fishers enrichment test) of the

downregulated genes also overlapped (Figure S3A).

Interestingly, among the upregulated genes common to both

senescent human fibroblasts and the AER were the senescence

inducers p21 (CDKN1A) and p15 (CDKN2B) (Figure 3B). How-
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Surprisingly, we found a significant increase in cell death in the

SAb-gal-positive cells of the AER as measured by TUNEL stain-

ing (Figure 4B), suggesting that in the absence of p21, these cells

adopted a fate of cell death. Interestingly, there was no differ-

ence in the rate of proliferation in the AER in the absence of

p21 (Figure 4C). However, there was a significant decrease in
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interdigital spaces (Guo et al., 2003). Interestingly, the pattern of

staining with SAb-gal seemed to very closely follow that of the

AER, with staining persisting through E12.5 and E13.5 (Figures

5D and 5E). By E13.5, senescent cells were apparent in the

developing interdigital spaces, and by E14.5, following disap-

pearance of most of the interdigital tissue, senescence staining

th

r

de

Figure 4. p21 Deficiency Impairs Develop-

mental Senescence and Induces Patterning

Defects in Limbs and OIS Cells

(A) Representative images of limbs from WT and

p21-deficient embryos that had been stained at

the whole-embryo level for SAb-gal at E11.5 and

corresponding sections. Graph shows percentage

of SAb-gal-positive cells in the AER in WT and

p21-deficient embryos (n = 7 embryos; values

are ± SEM, t test).

(B) Sections of whole-mount stained SAb-gal

embryos, costained with TUNEL. Graph shows

percentage of the SAb-gal population that are

TUNEL positive in the AER inWT and p21-deficient

embryos (n = 5 embryos; values are ± SEM, t test).

(C) Graphs shows the percentage of BrdU

incorporation in the AER and mesenchyme in WT

and p21-deficient embryos (n = 5 embryos; values

are ± SEM, t test).

(D) In situ hybridization for FGF8 on forelimbs and

hindlimbs of WT and p21-deficient mice at E11.5.

qPCR for FGF4 expression in the AER from WT

and p21-deficient embryos is shown (n = 5

embryos; values are ± SEM, t test).

(E) The anterior limbs of WT and p21-deficient

embryos were removed at E11.5, and qPCR was

performed for representative genes involved in

limb patterning (n = 4 embryos; values are ± SEM,

t test).

(F) Growing IMR90 cells (black columns; Vec:

vector) or Ras-infected senescent IMR90 cells

(gray columns; RasV12) were infected with control

siRNA (c) or an siRNA targeting p21 (p21) and were

assayed by qPCR for the indicated genes (values

are ± SEM, Anova and t tests).

See also Figure S4.

5H and 5I). In addition, a similar pattern

of expression and timing was seen in the

AER of developing chick wing bud (Fig-

ure S5). Altogether, this demonstrates

that senescent cells and the AER follow

the same pattern and distribution during

ental window.

n the Limb Are
tosis and
Clearance

nescence, senescent

by immune-mediated

al., 2011; Xue et al.,

ed by apoptosis and

o et al., 2003; Wood

cence disappearance

os at E11.5–14.5 that

al. At the histological

senescent cells was

t cells were largely

(Figures 6A, 6B, and

r positive cells in the

ing senescent cells

01
was prominent on the posterior flanks of

By E15.5, staining had virtually disappea

focal regions remaining on the tips of the

ure 5G), and was no longer detectable by
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a precise developm

Senescent Cells i
Removed by Apop
Immune-Mediated
In stress-induced se

cells are removed

clearance (Kang et

2007). In the embryo, the AER is remov

macrophage-mediated phagocytosis (Gu

et al., 2000). To uncover the cause of senes

in the limb, we sectioned limbs from embry

had been whole-mount stained for SAb-g

level, the redistribution of the pattern of
e digits (Figure 5F).

ed, with only small

veloping nails (Fig-

E16.5–17.5 (Figures

clearly visible. At E11.5–12.5, senescen

detectable in the ectoderm of the AER

6E). However, by E13.5, there were fewe

surface ectoderm/AER, and the remain
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were predominantly detected in the adjacen

ures 6C and 6E). By E14.5, senescent cells h

peared from the digit ectoderm (Figures 6

remaining cells were predominantly in th

chyme. Interestingly, once senescent cel

mesenchyme, they were frequently surrou

.

th

previous reports (Wood et al., 2000), there is an infiltration of

macrophages in the developing limb, and that by E13.5–14.5,

these are predominantly located in the mesenchyme surround-

ing the senescent cells, suggesting that developmental senes-

cent cells might also be removed by macrophage-mediated

clearance (Figure S6).

ith TUNEL to identify

apoptosis. At E11.5–

cent cells in the AER

). By E13.5 however,

derm and the mesen-

.5, almost all of the

he interdigital mesen-

6E). Interestingly, the

senescent cells also

y identifying macro-

ures 6C and 6D). At

lls outnumbered the

esting that there are

poptosis at this stage.

the AER, senescent

redistribution to the

acrophage-mediated

y Paracrine

signaling from the

blished AER instructs

ling, which activates

esenchyme (Corson

yme then maintains

cy of the two regions

anegae et al., 1998).

ence is maintained in

th-promoting signals

d state. Given that

, we asked whether it

om the mesenchyme.

in the whole limb at

the mesenchyme un-

emonstrated (Corson

ine whether transient

ffect senescence. To

les at E11.5 with the

RK phosphorylation

et al., 2007). Surpris-

n of the number of

ggesting that pERK-

establishes paracrine

t, to see whether pro-

ve additional effects,

24 hr in the presence

ntrol limbs developed

enescence, inhibition

of senescence in the

pment of the limb.

is maintained in part

Figure 5. Timeline of Senescence durin

Development

SAb-gal staining showing the localization of senesc

forelimb development. (A) E9.5; (B) E10.5; (C) E11

staining in the AER; (D) E12.5; (E) E13.5; (F) E14.5;

E17.5. See also Figure S5.
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immune cells (Figures 6C and 6D, II0–III0)

the macrophage marker F4/80 revealed
t mesenchyme (Fig-

ad practically disap-

D and 6E), and the

e posterior mesen-

ls appeared in the

nded by clusters of

Immunostaining for

at, consistent with

Next, we costained SAb-gal sections w

whether these cells might be undergoing

12.5, only a small percentage of the senes

were apoptotic (Figures 6A, 6B, and 6E

this percentage increased in both the ecto

chyme (Figures 6C and 6E), and by E14

remaining senescent cells, now located in t

chyme, were apoptotic (Figures 6D and

clusters of immune cells surrounding the

stained positive for TUNEL, presumabl

phages containing apoptotic bodies (Fig

each stage, the number of apoptotic ce

quantity of dying senescent cells, sugg

separate populations of cells undergoing a

Altogether, this identifies that, at least in

cells undergo a coordinated process of

interdigital mesenchyme, apoptosis, andm

clearance.

Senescence in the AER Is Instructed b
Signaling from the Underlying Stroma
The AER initiates through instructive

underlying mesenchyme. In turn, the esta

proliferation through growth factor signa

phospho-ERK (pERK) pathways in the m

et al., 2003). Reciprocally, the mesench

AER function, establishing interdependen

(Capdevila and Izpisúa Belmonte, 2001; K

Surprisingly, adult stress-induced senesc

part by ERK signaling, with these grow

paradoxically contributing to the arreste

senescence is synonymous with the AER

too might be mediated by signals arising fr

First, we determined pERK expression

E11.5, specifically detecting pERK only in

derlying the AER (Figure 7A) as previously d

et al., 2003). Next, we wanted to determ

in vivo inhibition of ERK signaling could a

address this, we injected pregnant fema

MEK inhibitor U0126, which prevents E

in vivo and blocks OIS in the adult (Shukla

ingly, this led to a significant reductio

senescent cells in the AER (Figure 7B), su

mediated signaling in the mesenchyme

instruction of senescence in the AER. Nex

longed inhibition of ERK signaling might ha

we cultured E11.5 embryonic limbs for 15–

of U0126 (Figure 7C). Remarkably, while co

normally and retained a normal pattern of s

of ERK signaling led to a significant loss

AER concomitant with abnormal develo

Together, this suggests that senescence

g Mouse Forelimb

ent cells during mouse

.5, showing prominent

(G) E15.5; (H) E16.5; (I)
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via paracrine signals from the underlying mesenchyme, and

that a deregulation of this process leads to developmental

abnormalities.

DISCUSSION

f

se

Figure 6. Senescent Cells in the AER Are

Removed by Apoptosis and Immune-

Mediated Clearance

Representative OPT scans of whole limbs at each

stage are shown to illustrate plane of section.

(A) E11.5 SAb-gal-stained forelimb and TUNEL

overlap.

(B) E12.5.

(C) E13.5. Bars I, II, and II denote plane of section in

images, and highermagnification of boxed areas is

shown in I0, II0, and III0. Note that senescent cells

are surrounded by clusters of immune cells in II0

and III0.

(D) E14.5, similar notation of plane of section and

high-magnification images as seen in (C). Inset in

II0 shows clusters of immune cells surrounding a

senescent cell.

(E) Shown are the numbers of SAb-gal-positive

cells in the ectoderm and mesenchyme at each

stage (left) and the percentages of the total

SAb-gal cells that are TUNEL positive at each

stage in the ectoderm and in the mesenchyme

(right) (values are ± SEM).

See also Figure S6.

normal in vivo setting. We use chick and

mouse models to show that senescence

is a recurrent process in the embryo,

is restricted to particular regions and

structures, and follows a specific time

course, identifying that developmental

nserved programmed

l staining to identify

e embryo because it

ble marker of senes-

ny settings, including

s (Chen et al., 2005;

; Michaloglou et al.,

y and tumor regres-

l., 2002; Xue et al.,

aging (Baker et al.,

2005), fibrotic tissue

; Krizhanovsky et al.,

human skin (Dimri

rmore, in addition to

identified here with

ining approach, we

her developing struc-

nescence to mediate

at distinct stages of

panying manuscript

erlap between devel-

escence, including

f SASP components

haracterize develop-

e AER and the RP.

aling centers in the

01
Here we describe that senescence is a key

development and, importantly, identify
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senescence is a co

mechanism.

We used SAb-ga

senescent cells in th

is a proven and relia

cence in vivo in ma

premalignant lesion

Collado et al., 2005

2005), chemotherap

sion (Schmitt et a

2007), premature

2011; Keyes et al.,

(Jun and Lau, 2010

2008), and aging

et al., 1995). Furthe

the many regions

a whole-mount sta

believe that many ot

tures will also use se

correct patterning

development, as exemplified in the accom

(Muñoz-Espı́n et al., 2013).

Interestingly, we identified significant ov

opmental and oncogene-induced sen

expression of p21, p15, and a number o

(Kuilman et al., 2010). Subsequently, to c
eature of embryonic

nescent cells in a

mental senescence, we focused on th

Interestingly, these are both major sign
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embryo that instruct growth and patterning through the release

of secreted factors and whose disruption can significantly per-

turb normal development (Chizhikov and Millen, 2004; Lee

et al., 2000; Mariani et al., 2008). Remarkably, in each case,

the secreted proteins are common components of the SASP of

adult stress-induced senescence, suggesting that some of the

d

s

v

lu

e

,

d

in

or

d

Figure 7. Instructive Signals from the

Stroma Maintain Senescence in the AER

(A) Immunofluorescence of pErk showing locali-

zation in the mesenchyme in E11.5 forelimbs.

(B) Inhibition of pErk in vivo leads to a decrease

in senescence in the AER. Quantification of

percentage of SAb-gal-positive cells in control

(DMSO) and U0126-treated embryos (n = 5

embryos, values are ± SEM, t test).

(C) Inhibition of pErk in cultured limbs shows

a partial loss of senescence in the AER and

abnormal patterning. Western blot shows a loss of

pErk in cultured limbs.

(D) Model demonstrating proposed function of

p21-mediated senescence in the AER: inducing

senescence during development, protecting from

apoptosis, and instructing local tissue patterning,

which is in part maintained by pErk-mediated

signals from the mesenchyme.

increased in our array (Acosta et al.,

2008; Kuilman et al., 2008). One possible

interpretation is that developmental

senescence represents a more primitive

form of senescence intended as a tempo-

rary signaling process during particular

es, whereas the path-

OIS or aging necessi-

ent of more complex

additional mediators

uilman et al., 2010).

parisons of senes-

ndition will be infor-

ing stimulus-specific

l as identifying new

f senescence.

accompanying study

2013), identify p21 as

evelopmental senes-

w p21 contributes to

ence remains to be

mily of cyclin-depen-

ibitor of proliferation

e (Xiong et al., 1993).

3 in stress-induced

is p53 independent

al feature of p21 is to

lular level and through

tion of survival/SASP

al., 2006; Roninson,

tes to many aspects

ration and apoptosis,

s. Interestingly, how-

and return to nearly

irreversibility (Alcorta

with apoptosis in the

data not shown), this

cture might represent
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paradoxical functions of the SASP in OIS m

vation of developmental processes. In

expression of key mediators and features

cence might primarily have arisen as a de

nism that was later adapted during evo

adult roles.

However, there are also notable differenc

mental and adult senescence. Surprisingly

the embryo, we failed to detect p16 or DNA

mediators of replicative and oncogene-

(Kuilman et al., 2010). Additionally, mediat

forcement such as interleukin-6 (IL-6) an
developmental stag

ological aspects of

tated the establishm

regulation, requiring

of reinforcement (K

More detailed com

cence in each co

mative in classify

mediators, as wel

common markers o

While we, and the

(Muñoz-Espı́n et al.,

one mediator of d

cence, precisely ho

the regulation of developmental senesc

determined. A member of the CIP/KIP fa

dent kinase inhibitors, p21 is a potent inh

and an important mediator of senescenc

Despite primarily being regulated by p5

senescence, in the embryo, p21 function
ight involve a reacti-

eed, this common

uggests that senes-

elopmental mecha-

tion to perform its

s between develop-

in senescent cells in

amage, two central

duced senescence

s of senescent rein-

IL-8 were also not

(Parker et al., 1995). However, an addition

protect from apoptosis, both at the intracel

paracrine effects mediated by the secre

factors (Chang et al., 2000; Devgan et

2002). Our data suggest that p21 contribu

of the senescent state, preventing prolife

while regulating secretion of SASP factor

ever, in OIS, p21 levels are not maintained

normal levels as p16 increases to establish

et al., 1996). As loss of p21 is associated

limb mesenchyme (Vasey et al., 2011 and

suggests that the p21-p16 expression jun
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a critical step in the senescence-apoptosis fate determination of

cells.

Additionally, it might seem surprising that mice deficient in p21

do not havemore pronounced developmental defects. However,

embryos are particularly resilient and adaptive to alterations,

often requiring compound deficiencies before a frank defect

at

rs

a

f1

t

u

s

p

e

d

a

5

E

-m

ed

d

r

c

ne

n

it

ce

nc

t

c

at

00

m

ce

b

se

se

E

en

r r

h

E

u

r l

R

1

d

p

e

a

ve

focused on two main areas where senescence is detected, the

AER and the RP. Interestingly, these are among the most

frequently disrupted areas affected by developmental birth

defects, implying that an investigation of the regulatory mecha-

nisms of developmental senescence might shed new light on

the causes of developmental abnormalities. Additionally, this

aradoxical functions

logical role in the em-

f cellular senescence

lular mechanism.
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manifests, as in the case of the pRB-rel

genes (Cobrinik et al., 1996) or FGFmembe

et al., 2008). Alternatively, adaptations can

deficient in the proapoptotic mediator Apa

a delayed mid-stage limb developmen

resolved by birth (Yoshida et al., 1998). F
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factor PU.1 prevents macrophage develo

interdigital cell death is functionally replac

cells adopting phagocytic properties (Woo

absence of p21, it is possible that other f
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compensatory roles (Zhang et al., 1999).
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EXPERIMENTAL PROCEDURES

Animal Use and Genotyping

Mice were housed in accordance with the CEEA (Eth

Experimentation) of the Government of Catalonia

models used are described in the Extended E

Fertilized hen’s eggs (Granja Gibert, Tarragona,

38�C for specified times, and embryos were staged

and Hamilton (1992).

Histological Analysis, Immunohistochemistry,

Immunofluorescence

Embryos were fixed in 4% PFA for 3 hr at room te

PBS, and tissues were processed for paraffin em

Embryos for phospho-ERK (p44/42) immunosta

solution overnight at 4�C. Immunostaining was p

procedures with a complete list of antibodies i

Experimental Procedures. Whole-mount SAb-gal w

described (Keyes et al., 2005). Incubation with X-

unless otherwise stated.

Culture and Infection of Human Lung IMR90 F

IMR90 fibroblast cultures were established and infe

as per standard procotols. p21 deficiency was ach

pooled siRNA constructs against p21 (Thermo S

provided in Table S3.

Microarray Analysis

Individual AER and limb ectoderm was microdissec

Samples from 2–3 mice were pooled for each rep

Total RNA was isolated using an RNA-easy plus

(QIAGEN). RNA was subsequently labeled and hy

1-color gene expression arrays, with a detailed d

and statistical methods in the Extended Experimen

RT-qPCR and Real-Time qPCR Analysis

Total RNA from cells and embryonic tissues was p

micro RNA extraction kit (QIAGEN). Equal amoun

transcribed using random hexamer priming and S

Real time qPCR was performed using gene-spec

Table S3) and a LightCycler 480 (Roche).
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J., Murillo-Cuesta, S., Rodrı́guez-Baeza, A., Var

Collado, M., et al. (2013). Programmed cell senes

embryonic development. Cell. Published online N

dx.doi.org/10.1016/j.cell.2013.10.019.

Narita, M., N~unez, S., Heard, E., Narita, M., Lin, A

D.L., Hannon, G.J., and Lowe, S.W. (2003). Rb-m

formation and silencing of E2F target genes during

113, 703–716.

Niswander, L., Tickle, C., Vogel, A., Booth, I., and M

replaces the apical ectodermal ridge and directs

of the limb. Cell 75, 579–587.

Parker, S.B., Eichele, G., Zhang, P., Rawls, A., Sand

E.N., Harper, J.W., and Elledge, S.J. (1995). p53-in

p21Cip1 in muscle and other terminally different

1024–1027.

Parrinello, S., Coppe, J.P., Krtolica, A., and Cam

epithelial interactions in aging and cancer: senescen

cell differentiation. J. Cell Sci. 118, 485–496.
1130 Cell 155, 1119–1130, November 21, 201
eper, D.S. (2010). The

e required for cell death

Cell 74, 453–462.

tic ablation reveals that

ecification. Nature 403,

etic evidence that FGFs

atterning. Nature 453,

noyelle, C., Kuilman, T.,

, W.J., and Peeper, D.S.

cycle arrest of human

uced cell senescence—

037–1046.
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Supplemental Information

EXTENDED EXPERIMENTAL PROCEDURES

Mouse Models
Timed matings of wild-type C57BL/6J, and p21+/� (Brugarolas et al., 1995) mice were used in this study. Pregnant females were

sacrificed from E9.50–17.50 days. Genomic DNA from tails was used for genotyping p21 (Garcı́a-Fernández et al., 2011).
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Histological Analysis, Immunohistochemistry, and Immunofluorescence
Deparaffinized sections were boiled for 15 min in 0.01M citric acid pH 6.0 or 0.01M Tris-EDTA pH 9.0 for antig

were incubated with primary antibodies overnight at 4�C, and secondary antibodies for 1 hr at room tempera

tochemistry, sections were treated with streptavidin-biotin-peroxidase (Vectastain Elite, Vector, Burlingame, C

complexeswere visualizedwith diaminobenzidine (DAB) (Vector) as permanufacturer’s instructions. Primary an

the following dilutions: anti-p53 (1:100, CM5, Leica Microsystems), anti-p21 (1:200, SXM30, BD PharMingen)

ab80, Abcam), anti-PML (1:100, 36 1-104, Abnova), anti-P Histone H2AX (1:200, Ser139, Cell Signaling), an

ab8898, Abcam), and anti-P-Erk (1:100, D13 14 4E, Cell Signaling). Staining for F4/80 was performed at the

pathology unit using the D10/CNIO antibody. Secondary antibodies (Vectastain Elite) or Alexa-conjugated fl

(Molecular Probes) were used at a dilution of 1:500 or 1:2000, respectively. Representative pictures were a

DMI 6000B microscope or a Leica TCS SP5 confocal microscope.

For whole-mount SAb-gal staining, representative pictures were acquired with an Olympus MVX 10 Macroz

determination of specific localization of senescence in embryonic tissue, embryos stained with X-gal were fixed

at 4�C and sectioned. To analyze cellular proliferation in embryos, pregnant female mice at E11.5 were injected

5-Bromodeoxyuridine (BrdU; 50 mg/kg body weight) for 2 hr. BrdU In Situ detection kit (BD PharMingen) wa

facturers protocol. Regions of cell death were detected using the TdT-mediated dUTP nick end-labeling (TUNE

Peroxidase In Situ Apoptosis detection kit, Millipore) as per manufacturers’ instructions. Images were acquir

6000B.

U0126 Administration in Mice, Limb Cultures, and Western Blot Analysis
Timed pregnant mice mice were i.p. injected with either MEK inhibitor U0126 (5 mg/kg body weight) twice in a

same volume of DMSO dissolved in PBS at E10.5. Twenty-four hours later, E11.5 embryos were harveste

SAb-gal analysis. For limb cultures, dissected E11.5 limbs were placed on a mesh cell culture insert (Falcon) a

in organ culture dishes, with 10 mM U0126 or equivalent amount of DMSO in DMEM:F12 media substituted w

FBS. The limbsweremaintained at 37�C in a 5%CO2 incubator for 24 hr and processed for SAb-gal analysis as

Imageswere acquired using anOlympusMVX 10Macrozoommicroscope.Western blot analysis of pErk levels

standard protocols. Primary antibodies were used at the following dilutions: phospho-Erk (1:2000, D13 14 4E

MAPK Erk2 (1:3000, 9108, Cell Signaling), and a-Tubulin (1:5000, DM1A, Sigma-Aldrich). Secondary HRP-c

(GE Healthcare) were used at 1:7500.

Whole-Mount In Situ Hybridization and OPT
Mouse embryos were dissected in ice-cold PBS, fixed overnight in 4% PFA, dehydrated in methanol se

Synthesis of digoxigenin-labeled mouse FGF8 antisense riboprobe and whole-mount in situ hybridization was

to standard protocols (de la Pompa et al., 1997 #1963). Specific gene expression was detected by anti-di

alkaline phosphatase antibody (1:2000 dilution; Roche) and developed with NBT/BCIP (Roche). Specific

riboprobe was used as a control of procedure specificity. Embryos were either photographed with an Olympus

microscope or processed for optical projection tomography (OPT) as described previously (Sharpe et al., 200

Microarray Analysis and Statistics
RNA was labeled and hybridized to Agilent 8x60, 1-color gene expression arrays, and the data have been d

Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/), accession number GSE51877. R

from the Feature Extraction output files and were corrected for background noise using the normexp m

2007). To assure comparability across samples, we used quantile normalization (Bolstad, 2001). Differentia

was carried out on non-control probes with an empirical Bayes approach on linear models (limma) (Smyth

corrected for multiple testing according to the false discovery rate (FDR) method (Benjamini and Hochberg

selected by an absolute fold change of greater than 1.4 and adjusted p value of less than 0.05. A gene was calle

one of its probes was selected by the criteria mentioned above.

For the comparative analysis, the public data set was analyzed in a similar way, selecting genes represen

exceeded a fold change of 1.4. The lists of regulated genes, in the data set presented here and the published

to the ones available on both respectivemicroarray platforms. Venn diagramswere produced to show the overla

Fisher’s exact tests were performed to indicate whether the observed numbers of overlapping genes were mo
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expected in randomly chosen gene lists of same size. All statistical analyses were performed with the Bioconductor project (http://

www.bioconductor.org/) in the R statistical environment (http://cran.r-project.org/) (Gentleman et al., 2004).
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Figure S1. Senescence-Associated b-Galactosidase Identifies Senescent Cells in the Embryo, Related to Figure 1

(A) Sections of mouse embryos whole-mount stained with SAb-gal and subsequently sectioned showing examples of positively stained tissues. (Top left) Lumen

of gut endoderm, E9.5. Boxed region corresponds to enlargement shown in top middle (MG: mid gut), (top right) primitive gall bladder, E11.5 (CP: cystic pri-

mordium). (Bottom left) Ventricular zone of pallium (PAL), E11.5. Boxed region corresponds to enlargement shown in bottom middle.

(B) Mouse embryoswere stained at thewhole-embryo level for SAb-gal at different pH. Shown are representative images at pH 5.5 (top left), pH 6.5 (top right), and

pH 7.0 (bottom left).
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Figure S2. Analysis of Senescence Markers in the Developing Limb and Neural Tube, Related to Figure 2

(A) Forelimb stained for p19ARF, PML, gamma-H2AX, and H3K9me3 by immunofluorescence. The insert panel of positive p19 staining is from papilloma. Scale

bars (top panel) = 50 mm and (bottom panel) 25 mm. The graphs at the bottom show the percentage of positively stained cells in the AER and underlying

mesenchyme (mes).

(B) Neural tube stained for p19, PML, gamma-H2AX, and H3K9me3 by immunofluorescence. Scale bars represent (top panel) 50 mm and (bottom panel) 25 mm.

The p19 and gamma-H2AX insert is from papilloma. The graphs at the bottom show the percentage of positively stained cells in the neural RP and corresponding

mesenchyme (mes).

All samples stained were WT embryos at E11.5. Values are expressed as mean ± SEM; n = total number of embryos analyzed.
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Figure S3. Analysis of Signatures and Genes Identified by Microarray, Related to Figure 3

(A) Representational overlap and GO analysis of the microarray profile of gene probes that were downregulated >1.4-fold in AER versus ectoderm compared to

those that were downregulated >1.4-fold in 2 pooled arrays of IMR90 human fibroblasts undergoing OIS versus growing. Statistical analysis denotes Fisher’s test

of enrichment, p = 0.0004.

(B) qPCR analysis on microdissected fusion zone of the embryonic midline, compared with nonsenescent lateral skin of E13.5–E17.5 for key regulators of

senescence. Values are expressed as mean ± SEM.
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Figure S4. Analysis of p21 Function in Developmental and Oncogene-Induced Senescence, Related to Figure 4

(A) qPCR of FGF4 expression in microdissected AER fromWT and p21-deficient embryos; data are the same as shown in Figure 4D, but biological replicates are

shown individually (n = 5 embryos; values are mean ± SEM, t test).

(B) The anterior sections of WT and p21-deficient embryo limbs were removed at E11.5, and qPCR was performed for representative genes involved in limb

patterning. Data are the same as shown in Figure 4E, but biological replicates are shown individually. Black columns,WT; gray columns, p21-deficient (values are

mean ± SEM, t test).

(C) Growing IMR90 cells (black columns; Vec: vector) or Ras-infected senescent IMR90 cells (gray columns; RasV12) were infected with control siRNA (c) or an

siRNA targeting p21 (p21) and were assayed by qPCR for the indicated genes (values are mean ± SEM,, Anova and t tests).
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Figure S5. Timeline of Senescence during Chick Forelimb Development, Related to Figure 5

SAb-gal staining showing localization of senescent cells during chick forelimb development, which parallels the pattern seen in mouse forelimb development. (A)

HH20, (B) HH23, (C) HH25, and (D) HH28.
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Figure S6. Macrophages Are Recruited to Senescent Areas during Limb Development, Related to Figure 6

Immunostaining for F4/80 identifies macrophages in mouse limbs at (A) E11.5, (B) E13.5, and (C) E14.5. Right images correlate to higher magnification or

enlargement of boxed regions.
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Table S1. Regions Staining Positive for Senescence Associated β Galactosidase 
During Mouse Embryonic Development (E9.5-17.5)  
 
Embryo Stage Location of Senescence Associated β Galactosidase 
 
E9.5 
(n=10) 

 
otic vesicle 
branchial arches,  
gut endoderm,  
AER of  forelimb 
 

E10.5 
(n=13) 

otic vesicle,  
regions of fusion of cranial plates (top and frontal),   
AER of forelimbs and hindlimbs,  
gut endoderm,  
tip of tail   
 

E11.5 
(n=39) 

otic vesicle,  
regions of fusion of cranial plates (top and frontal),  
AER of forelimbs and hindlimbs,  
neural tube (upper embryo),  
ventricular zone of pallium 
cystic primordium (gall bladder) 
tip of tail 
 

E12.5 
(n=30) 

otic vesicle,  
regions of fusion of cranial plates (top and frontal),  
AER of forelimbs and hindlimbs,  
neural tube (lower embryo),  
distal region of tail 
 

E13.5 
(n=37) 

AER of forelimbs and hindlimbs,  
interdigital tissue of forelimbs and hindlimbs,  
spinal chord (lower embryo) 
distal region of tail 
 

E14.5 
(n=37) 

interdigital tissue of forelimbs and hindlimbs,  
distal region of tail 
 

E15.5  
(n=7) 
 

distal region of tail 
 

E16.5  
(n=3) 
 

distal tip of tail 
 

E17.5  
(n=5) 
 

distal tip of tail (in some embryos absent) 

 
AER: apical ectodermal ridge 
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V DISCUSSION 

Investigating Senescence During Physiological Aging 

Mammalian aging is often associated with a gradual loss of tissue 

homeostasis, impaired regeneration and an increase in degenerative 

disease. However, the causes underlying physiological aging are not 

well understood. Recent data suggests that we age, at least in part, 

due to a decline in stem cell functionality. This may be a result of 

intrinsic events such as DNA damage or cell extrinsic factors such 

as changes in the stem cell niche, or more likely, a combination of 

them both. Additionally, tumour suppressive mechanisms such as 

senescence or apoptosis may also induce an age-associated decline 

in the replicative potential of progenitor cells. However, one 

exception to the theory of stem cell aging is the skin. Although this 

organ contains one of the best-characterized stem cell populations, 

and reportedly loses its ability to maintain tissue homeostasis with 

time, no age-associated alterations in stem cell function have been 

documented.   

 

Here we demonstrate that a subset of epidermal stem cells in the 

hair follicle undergo significant changes during normal 

physiological aging. Using a Keratin 15 (Krt-15) GFP reporter 

mouse model to isolate and characterise stem cells during aging, we 

identified increases in stem cell number, but decreases in functional 

capacity in an age-dependent manner. Together, our data identifies 

that age-associated stem cell alterations contribute significantly to 

the phenotypic aging of the skin.  
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4.1 Functional Cell-Intrinsic Manifestations Of Stem Cell Aging 

In long-lived organisms, adult stem cells undergo many rounds of 

cell division in order to maintain tissue homeostasis. Consequently, 

aging in the stem cell compartment generally results in changes in 

cellular fate or the functionality of stem cell progeny. In some 

cases, such as neuronal stem cells, melanocyte stem cells and 

spermatogonial stem cells, this may lead to a depletion of the stem 

cell pool (Inomata et al., 2009; Maslov et al., 2004; Renault et al., 

2009; Ryu et al., 2006). However, in other stem cell compartments, 

stem cell number appears to be relatively constant with age (Booth 

and Potten, 2000; Brack et al., 2007; Giangreco et al., 2008).  

 

In this study we show, contrary to previous reports that the stem cell 

number in the skin increases with age, yet these cells exhibit 

decreases in functional capacity and an inability to tolerate stress. 

Subsequently, this raises two pertinent questions: why had this 

increase in stem cell number not been observed in previous studies 

and, what does this increase in stem cell number reflect? When 

contemplating these questions, it is important to take into 

consideration the diverse heterogeneity of stem cell populations that 

are present in the mammalian epidermis. Indeed, the skin is 

comprised of discrete sets of stem cells occupying specific 

anatomical niches including the interfollicular epidermis, hair 

follicle bulge, sebaceous gland and upper isthmus region. Studies 

have shown that in times of stress, such as wounding, epidermal 

stem cells are able to leave their own compartment and repopulate 

others (Horsley et al., 2006; Ito et al., 2005; Levy et al., 2005). 



DISCUSSION 

             93 

Therefore, it is probable that this heterogeneity in epidermal stem 

cell populations has masked previous attempts in identifying age-

dependent stem cell alterations in the skin. Indeed, these previous 

attempts had relied on non-specific markers to label stem cells, 

including cell size, or alternately, where specific markers were used, 

functional assays were not examined. In our study, we used a 

reporter mouse model in which one of the many subpopulations of 

skin stem cells was labelled, thereby providing more specificity 

than previous attempts. Interestingly, the Krt-15 sub-population of 

cells increased in number, but the broader CD34/α6 population 

remains stable, in agreement with previous studies. However, 

irrespective of the marker used (Krt-15; CD34/α6; Krt-

15/CD34/α6), cells with the combination of these markers exhibited 

impaired functional capacity in colony forming assays and in vivo in 

the skin.                   

 

The ability of stem cells to produce an appropriate array of tissue-

specific progeny is crucial for functional tissue homeostasis. Here 

we identified that the Krt-15 GFP stem cell population that 

accumulate in number also up-regulate a gene-expression profile of 

undifferentiated stem cells. One possible explanation accounting for 

this observation is that there may be a functional block in the 

differentiation capacity of these cells in vivo. Indeed, examination 

of apparent differentiation potential of these cells at the transcript 

level suggests that Krt-15 GFP stem cells may be restricted in their 

ability to differentiate along non-core hair follicle lineages. 

Alternatively, this increase in undifferentiated stem cell signature 
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could also represent an active de-differentiation process in more 

committed cells within the aged tissue in an attempt to compensate 

for the observed functional decline. Only with the use of detailed 

lineage tracing models in mice of advanced age, would it be 

possible to accurately answer this question. However, regardless of 

the mechanism, functional assays have demonstrated an inherent 

inability of these stem cells to tolerate stress including irradiation 

and application of the phorbol ester TPA, a strong mitogenic 

stimulant. Collectively, these data strongly suggests that significant 

cell intrinsic changes contribute to the observed functional decline 

of hair follicle stem cells during aging.            

 

4.2 Age-Related Cell Extrinsic Changes In Stem Cell 

Compartments       

In addition to cell intrinsic mechanisms, cell non-autonomous or 

extrinsic factors have also been implicated as playing a significant 

role in stem cell aging. Recent studies have demonstrated that an 

age-dependent decline in satellite cells, the resident stem cells in the 

muscle, is influenced by the aged microenvironment (Conboy et al., 

2005). Subsequently, these aged satellite cells were rejuvenated by 

exposure to a young blood supply suggesting that factors in the 

aged milieu directly influence the replicative potential of satellite 

cells. Additionally, aging in the haemopoietic system also appears 

to result from a combination of both cell-intrinsic mechanisms, and 

cell-extrinsic alterations in the haemopoietic stem cell niche (Ju et 

al., 2007).  
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Here we present compelling evidence that an epidermally-derived 

increase in cytokine and chemokine expression contributes to the 

age-dependent functional decline observed in Krt-15 skin stem 

cells. Interestingly, the signature of the aged epidermis bears a 

strong resemblance to the senescence-associated secretory 

phenotype (SASP). Indeed senescent cells have been shown to 

accumulate principally in the skin, liver, lung and spleen of aged 

organisms (Dimri et al., 1995; Herbig et al., 2006; Wang et al., 

2009). This net accumulation is most likely a result of an 

increasingly dysfunctional immune system that has lost its ability to 

respond efficiently and clear the senescent cells. Furthermore, 

recent studies have demonstrated that senescent cells secrete various 

pro-inflammatory proteins that may be an important additional 

contributor to age-associated chronic inflammation (Freund et al., 

2010). Consequently this study strongly supports the concept that an 

accumulation of senescent cells, together with their excessive 

inflammatory component may actively contribute to tissue aging 

through inhibition of stem cell functionality and disruption to 

normal tissue homeostasis.  

 

Interestingly, recent studies in the muscle have identified that 

muscle stem cells of advanced age (28 months) display markers of 

cellular senescence, but at earlier ages, although there is a 

functional impairment, no senescence is detected (Sousa-Victor et 

al., 2014). It would therefore be interesting to compare our findings 

in the skin with this study, as we analysed the skin stem cells at 18 

months of age. Perhaps the accumulation of senescence-like SASP 
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factors from months 18 onwards might ultimately result in the 

accumulation of senescent skin stem cells, conceivably through the 

paracrine-transference of the SASP (Acosta et al., 2013). 

      

4.3 Biological Implications Of Stem Cell Inhibition In The Skin 

This raises the question then as to why stem cells lose their 

function, or if this might be beneficial to the organism? Taking this 

question into consideration, it is interesting to note that both the 

aged epidermis and stem cell compartment exhibit a significant 

increase in phospho-signal transducer and activator of transcription 

3 (p-Stat3) levels. Stat3 is a cytoplasmic protein that acts as a 

transcription factor upon activation in response to cytokines such as 

IL6 and growth factors (Zhong et al., 1994). Indeed, studies have 

shown that skin specific ablation of Stat3 in the mouse has 

deleterious affects on skin homeostasis including defects in 

keratinocyte migration and hair follicle growth (Sano et al., 1999). 

Furthermore, mice with a constitutively active form of Stat3 

developed squamous cell carcinoma, suggesting that Stat3 also has 

pro-tumorigenic functions (Chan et al., 2008). Therefore the aged 

stem cells, with their enhanced p-Stat3 expression, may represent a 

population of cells primed for tumour initiation. Furthermore given 

that age is the primary determinant of tumour initiation, this 

observed decline in functionality of the aged Krt-15 stem cells may 

also arise due to unknown tumour suppressor mechanisms acting as 

a safeguard against malignant transformation. Interestingly, p16 is 

one such mediator of stem cell aging and tumour suppression in 

many tissues. However, in our data, p16 levels do not change in the 
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aging Krt15-GFP cells, suggesting there may be as yet undiscovered 

stem cell mediators of this functional block.    

 

4.4 Outstanding Questions & Future Directions 

Although this study demonstrates a functional link between age-

associated changes in the skin stem cell population and the 

functional decline of the tissue, it also raises several new questions 

that may be worth addressing in future investigations.  

 

1. What are the cell intrinsic factors contributing to the functional 

decline of the aged Krt-15 population? Here we demonstrated that 

the aged Krt-15 stem cells are unable to tolerate stress in various 

forms suggesting that cell intrinsic alterations have occurred. 

However, whether these internal alterations include telomere 

attrition or dysfunction, changes in the epigenome or proteomic 

modifications remains to be determined. 

 

2. Why does Jak kinase inhibition only partially abrogate the age-

associated decline in the Krt-15 stem cell function both in vitro and 

in vivo? Is it possible that Jak kinase inhibition disrupts normal 

tissue homeostasis, resulting in excessive proliferation and stem cell 

exhaustion of the Krt-15 population?  

 

3. Are the mechanisms of epidermal stem cell aging identified here, 

including an age-associated imbalance in epidermal Jak-Stat 

signalling, applicable to other somatic stem cell populations in the 

skin and other tissues? 
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4. Given the heterogeneity of the stem cell populations in the skin, 

and the functional decline in the Krt-15 cells, does this lead to 

alterations in the other stem cell compartments, or loss of lineage-

specificity? 

 

Investigating Senescence During Embryonic Development 

Since its first discovery nearly half a century ago, cellular 

senescence has been thought both to suppress cancer and promote 

aging. Recent studies however, have demonstrated that senescence 

plays wider and even contradictory roles in stress-related responses 

such as tissue repair and tumour promotion. Surprisingly, 

senescence has not been described in non-pathological conditions, a 

factor that has contributed to the controversy surrounding the 

process. Here we show for the first time, that senescence occurs 

under normal physiological conditions and is a key component of 

mammalian embryonic development. These findings indicate that 

senescence plays an instructive role in the embryo and have 

significant implications for our understanding of cellular senescence 

as a whole. 

 

4.5 Features of Developmental Senescence Compared to Adult 

Senescence      

A conceptual problem in the field of senescence is that no single 

marker is unique to this biological condition or sufficient to define 

the senescent state. To this end post-natal senescent cells are 

categorised due to a number of hallmark properties of which none 

are decisive. Primarily, these cells are non-proliferative and activate 



DISCUSSION 

             99 

potent tumour suppressors such as p21, p53 and p16. The most 

widely used assay for senescence is the histochemical detection of 

senescence-associated β-galactosidase activity (SA-β-Gal), which 

likely reflects the increased autophagy occurring in senescent cells 

(Dimri et al., 1995; Young et al., 2009). In addition, most senescent 

cells remain metabolically active and exhibit an altered secretory 

profile that modulates immune function (Kuilman et al., 2008; Xue 

et al., 2007).     

 

Our study demonstrated the presence of senescent cells in both 

mouse and chick embryos during a specific time course and in 

restricted tissues. Additionally, the accompanying study by Muñoz-

Espín et al. (2013) also identified similar patterns of senescence in 

human embryos, which suggests that this may be a conserved 

feature of vertebrate embryonic development. We concentrated on 

the characterization of senescence in two major signalling centres in 

the embryo, the apical ectodermal ridge (AER) and developing roof 

plate of the hindbrain neural tube (NRP). These cells were initially 

identified by the presence of SA-β-Gal activity and absence of 

BrdU incorporation. Further analyses revealed that these non-

dividing cells displayed enhanced expression of the cell cycle 

inhibitor p21, and in the AER, a significant overlap with SASP 

proteins, including TGFβ1 and CSF1.       

 

By comparison, both developmental and postnatal senescence share 

some common similarities. Interestingly, we observed that each of 

the tissues containing developmentally senescent cells also exhibit a 
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somewhat comparable transcriptional profile with oncogene-

induced senescence (OIS). For example, in addition to the AER, the 

NRP expresses genes coding for the secreted proteins increased in 

OIS including WNTs, FGFs, BMPs, Notch1 and TGFβ (Gammill 

and Bronner-Fraser, 2003). Moreover, the otic vessel, another 

structure exhibiting positive staining for SA-β-Gal, expresses 

members of the class 3-Semaphorin family (SEMA3A and 3D), as 

well as FGFs, IGF1 and Hox genes (Theveneau and Mayor, 2012). 

Taken together, this suggests that senescent cells may have tissue-

specific profiles that confer context-dependent functions of the 

SASP. Conversely, however, in the study by Muñoz-Espín et al. 

(2013) senescent cells in the developing mesonephros seem not to 

exhibit a SASP. This also raises the interesting observation that 

developmental senescence in major signalling centres such as the 

AER and NRP may have SASP-like components, whereas 

senescent cells in non-signalling centres have different molecular 

profiles.   

 

Consequently, studies of senescent cells in adult and postnatal tissue 

indicate that senescence induced by different stimuli results in 

significantly different profiles, or cells with a different SASP 

(Brady et al., 2011; Coppe et al., 2011; Rodier et al., 2009). In 

addition, the overlap between pre-malignant senescence profiles and 

embryonic patterning has strong implications for the function of 

OIS. These data suggests that during tumour initiation, senescence 

may play an instructive role in altering the local tissue 

microenvironment by reactivating developmental pathways, and 
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therefore explaining how senescence can also have pro-tumorigenic 

functions (Rodier et al., 2009; Youssef et al., 2012).                            

 

Conversely, developmentally senescent cells did not express 

classical senescence markers found in postnatal tissues such as 

p16INK4A, a tumour suppressor classically associated with age-

related senescence or p19ARF. Similarly, developmental senescence 

was not trigged by DNA damage or p53, a transcriptional regulator 

generally activated during tissue damage. Instead, senescence in the 

embryo is mediated by p21 in a p53-independent manner in which 

these cells exhibit enhanced expression of the cell cycle inhibitor 

p15. Collectively, these results indicate that developmental 

senescence shares some, but not all features of the senescence 

response in adult tissues (Figure 9). One such interpretation is that 

cellular senescence arose as a basic developmental process to 

enhance embryogenesis, representing a more primitive form of 

senescence. Subsequently, its beneficial postnatal functions 

including tumour suppression and tissue repair were adapted as an 

emergent adult stress response later during evolution.    
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Figure 9. The Differences & Similarities Between Stress-Induced 
Senescence & Developmental Senescence (adapted from Banito and 
Lowe, 2013). 
 
 
 
This therein begs the question as to whether there are different 

categories of senescence, which differ in their functional role and 

mode of onset. Perhaps developmental senescence represents an 

instructive remodelling process, whereas aging associated 

senescence is the adapted process for end of life arrest and 

protection. Additionally, oncogene-induced senescence (OIS) may 

represent an opportunistic combination of both – on the one hand a 
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tumour suppressive mechanism in cells with neoplastic potential, 

but instructive and detrimental if activated to excess or not removed 

(Figure 10). Furthermore senescence in the adult is primarily 

induced in response to stress and damage, factors not typically seen 

in the embryo.  Therefore this further supports the idea that 

developmental senescence is a genuine programmed mechanism. 

Consequently a more detailed comparison of senescence in different 

cell types and conditions will be informative in classifying new and 

common markers of senescence. 
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Figure 10. Proposed Different Categories Of Senescence Based On 
Their Functional Properties (Taken from Storer and Keyes, 2014).   
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4.6 The Role Of p21 During Embryonic Development 

Little is known about the functional role of p21 during embryonic 

development. Complete genetic ablation of p21 in the embryo 

resulted in no obvious developmental abnormalities (Deng et al., 

1995) suggesting that p21 does not play an important role during 

embryonic development. Ironically, however, p21 is highly 

expressed in a variety of tissues throughout embryogenesis 

including the inner ear, mid-gut, limb and neural tube to name but a 

few (Parker et al., 1995; Vasey et al., 2011). Furthermore, p21 

belongs to the Kip/Cip family of cyclin-dependent kinase inhibitors, 

which include p21Cip1, p27Kip1 and p57Kip2. Therefore a more likely 

explanation for the lack of aberrant phenotype in p21 deficient 

embryos is that compensation exists amongst family members, and 

to date, no triple compound Cip/Kip deficient mice have been made. 

Interestingly, however double knockouts for each family member 

has been engineered. While the combined knockout of both p21 and 

p27 exhibit only mild developmental defects (Jirawatnotai et al., 

2003), mice deficient for both p21 and p57 are embryonic lethal, 

have pronounced developmental defects, and interestingly these 

defects are often in the same tissues where we have documented 

developmental senescence (Zhang et al., 1999).   

 

Here we identify that p21 is an important mediator of 

developmental senescence. In particular, we demonstrated that p21-

deficient embryos exhibited a significant reduction in SA-β-Gal 

positive cells compared to controls and detectable developmental 

abnormalities. However, precisely how p21 contributes to 
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embryonic senescence is not known. Although p21 is a p53-

inducible gene in postnatal tissues (Dulic et al., 1994; el-Deiry et 

al., 1993), during embryonic development, p21 functions to limit 

proliferation in a p53-independent manner (Parker et al., 1995). 

Additionally, p21 is also able to protect cells from apoptosis 

through the secretion of survival factors (Chang et al., 2000; 

Roninson, 2002). Collectively our data indicates that p21 

contributes to many facets of the senescent state from preventing 

proliferation and apoptosis, while consequently regulating secretion 

of SASP factors. 

 

Finally, it is important to keep in mind that while p21 deficient mice 

have detectable developmental abnormalities in senescence-

associated tissues, these embryonic defects were resolved in 

neonates. One possible explanation for this is that the embryo 

engages alternative tissue-remodelling programs in order to 

compensate for the p21 deficiency. Indeed, apoptosis, an important 

cell death program in the developing limbs, is one such example of 

this. Researchers demonstrated that the combined inactivation of the 

pro-apoptotic genes Bax and Bak only partially prevents removal of 

the inter-digital tissues in mouse (Lindsten et al., 2000). 

Subsequently, in the absence of apoptosis, compensatory programs 

exist that modulate limb morphogenesis and enable a functional 

limb to develop. Additionally, the combinatorial inactivation of 

multiple FGF members in the AER was required to manifest 

obvious limb abnormalities and demonstrate that AER-FGF 

signalling was a requirement for limb patterning rather than a 
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permissive signal (Mariani et al., 2008). Furthermore, in the 

accompanying study by Muñoz-Espín et al. (2013) failure of 

senescence in the p21 deficient endolymphatic sac lead to 

patterning defects, however at later stages of development, this was 

compensated by eliminatory processes involving senescence-

independent macrophage infiltration.    

 

4.7 The Possible Roles of Senescent Cells During Embryonic 

Development 

Here we demonstrate that disruption of the normal homeostatic 

signals within the developing limb, by either genetic or chemical 

means, causes a loss of senescent cells and subsequent limb 

abnormalities. Evidently, the senescence program is an integral 

component of limb biology but exactly what function senescent 

cells serve in the embryo, at present, is open to speculation.  

 

Embryonic development requires precise temporal and spatial 

control of cell division and differentiation. Interestingly, senescent 

cells effectively curtail their own proliferation through the 

expression of cell cycle inhibitors. Therefore by constraining the 

proliferation of specific cells, senescence may direct the outgrowth 

and interplay between distinct cell populations within developing 

tissues. Moreover senescent cells secrete a variety of factors that 

have been demonstrated to have potent affects on adjacent cells 

(Acosta et al., 2013). Given that signalling gradients are well-

established mediators of developmental patterning, perhaps it is 

important to have a non-proliferating signalling focus that remains 
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constant and immune to instructive signals. Hence this unique 

population of cells could possibly fine-tune the signalling gradient 

while remaining protected from apoptosis in an environment where 

apoptosis is frequent.   

 

Controlled programmed cell death is an essential part of embryonic 

development. Therein, our data shows that like in the adult, 

embryonic senescent cells are removed by macrophage-mediated 

clearance and apoptosis. It could be suggested that by programming 

its own removal, this is the senescent cell’s way of ensuring that it 

does not persist. Additionally, the fact that these cells are a transient 

population suggests that they play a role in fine-tuning and 

remodelling of the tissue, independently of the SASP. Interestingly, 

recent studies have demonstrated that macrophages are recruited to 

lay adjacent to the senescent AER before the appearance of cell 

death and that embryonic macrophages can have trophic and 

patterning functions mediated by CSF1 instruction (Rae et al., 

2007). Therefore it is tempting to hypothesize that senescence may 

also indirectly contribute to tissue patterning in the developing limb. 

Collectively, these data indicate that the programmed establishment 

and subsequent removal of senescent cells provides an additional 

layer of developmental remodelling throughout embryogenesis.          

 

4.8 Future Directions 

Altogether, the identification of cellular senescence as an additional 

layer of developmental control in the embryo is a landmark finding 

with important ramifications, not just for development, but also for 
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cancer and aging. Consequently, however, the findings presented in 

this thesis raise a range of new pertinent questions. 

 

1. What are the molecular mediators or developmental cues that 

trigger senescence in the embryo? In this study, we identified that 

chemical disruption of pERK signalling in the underlying 

mesenchyme perturbs normal senescence and development. 

However, at present, the upstream mediators responsible for 

senescence induction remain obscure. One such contender is the 

Rel/NFκB transcription factor, being both a master regulator of OIS 

and the SASP, and is subsequently expressed in the progress zone 

of the developing limb (Kanegae et al., 1998). Alternatively, the 

AER itself could produce the required signals for senescence 

induction by either autocrine or paracrine signalling via CEBP/β or 

TGF-β secretion (Acosta et al., 2013; Gomis et al., 2006). 

Additionally, the limb is subject to accumulation of high levels of 

reactive oxygen species, which at least in postnatal tissues, has been 

demonstrated to contribute to the establishment of the senescent 

phenotype (Passos et al., 2010; Salas-Vidal et al., 1998).     

 

2. What is the relationship between senescence and apoptosis during 

embryogenesis? Both senescence and apoptosis share a remarkable 

number of conceptual similarities. In particular, both are responses 

to cellular stress and tumour suppressive mechanisms, but 

intriguingly, both utilise common molecular mediators. Here we 

have shown that the fate of developmentally senescent cells in the 

limb is cell death. It is not clear however as to what is the 



DISCUSSION 

             109 

mechanism by which a senescent cell ‘decides’ to undergo 

apoptosis. It has been reported that manipulation of the expression 

levels of Bcl-2 or caspase inhibition can induce cells that would 

normally have died to enter into senescence (Nelyudova et al., 

2007; Rebbaa et al., 2003). Alternatively, it is possible that recruited 

macrophages are directly responsible for causing the induction of 

apoptosis in previously senescent cells (Lang and Bishop, 1993). 

Future studies into both cellular processes are likely to provide 

novel insights in this regard.         

 

3. What are the potential applications, both physiologically and 

clinically, of developmental senescence? Interestingly, we identified 

cellular senescence in the developing limb and neural roof plate, 

both are areas frequently disrupted by developmental birth defects. 

Is it therefore possible that the de-regulation of embryonic 

senescence is responsible for various developmental birth defects? 

Furthermore, understanding the relationship between developmental 

and post-natal senescence may also help to understand how the 

body maintains homeostasis. Consequently, would it be possible to 

potentially activate embryonic senescence programs to optimize 

tissue repair in post-natal organisms or aged-adults? Ultimately, the 

discovery of developmental senescence opens up a variety of 

possibilities for both therapeutic applications and as an opportunity 

to broaden our knowledge of the senescence process.   
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VI CONCLUSIONS 

Investigating Senescence During Physiological Aging 

 

1. Keratin-15 (Krt-15)-GFP hair follicle stem cell number 

increases in an age-depend manner. 

 

2. Krt-15-GFP (& CD34+) epidermal stem cells display an age-

associated functional decline, both in vitro and in vivo. 

 

3. Although Krt-15-GFP cells maintain a stem-like signature 

during aging, these cells exhibit marked alterations in 

critical signal transduction cascades, namely the Jak-Stat 

and Notch signalling pathways. 

 

4. The aged epidermis, in contrast to the dermis, exhibits a 

striking age-dependent increase in cytokine and chemokine 

expression levels. 

 

5. Il-1α and ICAM-1 directly contribute to the functional 

decline seen in aged Krt-15-GFP hair follicle stem cells. 

 

6. Global suppression of the Jak-Stat inflammatory pathway, in 

vitro and in vivo, resulted in a temporary rescue of aged 

stem cell activity. 
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7. The epidermis is the source of the age-associated cytokine 

imbalance, resulting in Stat3 hyper-activation, evident in 

aged mice.  

 

Investigating Senescence During Embryonic Development 

 

8. Senescent cells are widespread throughout the developing 

embryo including the apical ectodermal ridge (AER) and 

developing roof plate of the hindbrain neural tube, two 

embryonic signalling centres.  

 

9. Embryonic senescent cells in the AER are non-proliferative 

and share a common gene expression profile with that of 

oncogene-induced senescence including expression of p21, 

p15 and mediators of the SASP. 

 

10.  Developmental senescence is p21-dependent, although p53-

independent. Animals deficient in the cell cycle inhibitor 

p21, exhibit alterations in senescence and limb patterning 

defects. 

 

11.  Developmental senescence in the AER corresponds with the 

cellular dynamics of the AER itself (i.e. onset, maturation 

and regression). 

 

12.  Senescent cells in the limb are removed by apoptosis and 

immune-mediated clearance. 
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13.  Cellular senescence in the AER is instructed by paracrine 

signalling from the underlying stroma via ERK signalling 

pathways.  
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