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Abstract

Historically work on peripheral circadian clocks has been focused on organs and tissues that have 

prominent metabolic functions, such as liver, fat and muscle. In recent years, skin is emerging as a 

model for studying circadian clock regulation of cell proliferation, stem cell functions, tissue 

regeneration, aging and carcinogenesis. Morphologically skin is complex, containing multiple cell 

types and structures, and there is evidence for a functional circadian clock in most, if not all, of its 

cell types. Despite the complexity, skin stem cell populations are well defined, experimentally 

tractable and exhibit prominent daily cell proliferation cycles. Hair follicle stem cells also 

participate in recurrent, long-lasting cycles of regeneration -- the hair growth cycles. Among other 

advantages of skin is a broad repertoire of available genetic tools enabling the creation of cell-type 

specific circadian mutants. Also, due to the accessibility of the skin, in vivo imaging techniques 

can be readily applied to study the circadian clock and its outputs in real time, even at the single-

cell level. Skin provides the first line of defense against many environmental and stress factors 

that exhibit dramatic diurnal variations such as solar UV radiation and temperature. Studies have 

already linked the circadian clock to the control of UVB-induced DNA damage and skin cancers. 

Due to the important role that skin plays in the defense against microorganisms, it represents a 

promising model system to further explore the role of the clock in the regulation of the body's 
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immune functions. To that end, recent studies have already linked the circadian clock to psoriasis, 

one of the most common immune-mediated skin disorders. The skin also provides opportunities to 

interrogate clock regulation of tissue metabolism in the context of stem cells and regeneration. 

Furthermore, many animal species feature prominent seasonal hair molt cycles, offering an 

attractive model for investigating the role of clock in seasonal organismal behaviors.

I. Introduction to the organization and function of the circadian clock in the 

skin

Day and night create widely different environments for the skin. As examples, risks of toxin 

or pathogen exposure, risk of physical injuries, ultraviolet (UV) radiation exposure, 

exposure to extreme temperatures, and the potential for water loss vary greatly depending on 

the time of day. Therefore, it should not come as a surprise if the circadian clock -- an 

evolutionary ancient system that adjusts organismal physiology to diurnal changes stemming 

from the rotation of the earth -- modulates skin functions. In fact, work in recent years has 

begun to elucidate the diverse functions of the circadian clock within skin.

A full description of the circadian clock is beyond the scope of this review, but at a 

molecular level the circadian clock consists of an autoregulatory gene expression feedback 

loop. Clock and Bmal1 transcription factors induce expression of their own inhibitors, 

Period (Per) and Cryptochrome (Cry), thereby creating self-sustainable 24-hour rhythms in 

gene expression. The nuclear receptors Ror and RevErb constitute an auxiliary 

transcriptional loop that regulates the expression Bmal1. Furthermore, by acting at their 

genomic regulatory sequences, the circadian clock transcription factors generate rhythmic 

oscillations in the expression of a large number of output genes, which are largely tissue- 

and cell type-specific (Mohawk et al., 2012). At least 1,400 genes involved in multiple 

different functions show circadian expression changes in mouse skin, suggesting that the 

circadian clock may, in fact, influence various aspects of skin physiology (Geyfman et al., 

2012). In addition, while it is known that the central clock affects circadian rhythms within 

skin (Tanioka et al., 2009), new evidence indicates that the clock regulation of skin 

functions is not merely a consequence of the central suprachiasmatic nucleus clock exerting 

its influence via neuroendocrine mediators; rather skin itself, like most, if not all, organs, 

harbors a robust, intrinsic clock (Geyfman et al., 2012; Plikus et al., 2013; Al-Nuaimi et al., 

2014). The ontogeny of the circadian clock in skin remains to be studied, but evidence 

suggests that skin development proceeds entirely normally in mice mutated for core clock 

genes (Kondratov et al., 2006; Lin et al., 2009; Plikus et al., 2013). Based on work in other 

organs, it is likely that the circadian clock in skin matures in the early postnatal period 

(Kovacikova et al., 2006; Sladek et al., 2007; Ansari et al., 2009).

Serving primarily to protect the body against environmental insults, skin is a large and 

complex organ composed of multiple cell types, organized into layers, and featuring 

thousands of mini-organ structures, such as hair follicles and sweat glands. Therefore it may 

be misleading to think of “the skin clock” as a single entity analogous to how the clock is 

often thought of in anatomically and functionally more homogenous organs such as liver, 

muscle and fat. A more useful model is to consider multiple independent, yet most likely 
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coordinated, peripheral clocks that function within distinct anatomical compartments of the 

skin. In part such a framework is more useful because in all likelihood the circadian clock 

affects the expression of distinct gene sets and physiological functions in the different cell 

types of skin.

Already more than a decade ago, circadian oscillators were found to be present in several 

principle skin cell types, including epidermal and hair follicle keratinocytes, dermal 

fibroblasts, and melanocytes (Zanello et al., 2000; Bjarnason et al., 2001; Kawara et al., 

2002; Oishi et al., 2002; Brown et al., 2005). A series of more recent studies taking 

advantage of genetic mouse models (Lin et al., 2009; Gaddameedhi et al., 2011; Janich et 

al., 2011; Geyfman et al., 2012; Plikus et al., 2013) and gene knockdowns in human hair 

follicles in vitro (Al-Nuaimi et al., 2014; Hardman et al., 2014) have confirmed the 

ubiquitous presence of clock in skin, identified specific functional clock outputs, and 

importantly, demonstrated an impressive degree of compartmentalization of clock across the 

spatial “landscape” of skin and along the temporal axis of the hair growth cycle. 

Importantly, circadian regulation of skin functions is likely an ancient evolutionary feature. 

To further advance the argument for “multiple skin clocks”, below we provide a brief 

overview of the distribution of circadian oscillators in key skin compartments in the context 

of diverse skin functions.

I.a The interfollicular epidermal clock – working in layers

The interfollicular (i.e. between hair follicles) epidermis is a continuously renewing 

stratified squamous epithelium (Figure 1) of a vast size, covering a surface of 1.8 m2 in an 

average adult human. Its basal cell compartment contains progenitor/stem cells, whose 

proliferative activity assures both the physiological maintenance of the epidermis, as well as 

restoration of its integrity following injury (Figure 2). Progeny of proliferative basal cells 

exit the cell cycle as they move up into the suprabasal compartment. There, epidermal 

keratinocytes progressively differentiate as they move towards the skin's surface, ultimately 

forming the uppermost stratum corneum, a tough and highly cross-linked protective lipid/

protein composite that contributes to the skin's barrier function (Doupe and Jones, 2013; 

Lopez-Pajares et al., 2013).

There is a robust circadian clock activity in stem and progenitor cells of the basal epidermal 

layer. Deletion of core clock genes in the germline, and selectively in keratinocytes, shows 

that in this epidermal compartment, the clock modulates diurnal cycles of DNA replication 

and repair (Figure 2A, 2B) (Lin et al., 2009; Gaddameedhi et al., 2011; Geyfman et al., 

2012; Janich et al., 2013; Kumar et al., 2013). Thus, the circadian clock intrinsic to 

keratinocytes appears to be a key control mechanism responsible for the prominent diurnal 

variation in cell proliferation activity of epidermal progenitor cells, a remarkable 

phenomenon known since the early part of the 20th century (Fortuyn-Van Leyden, 1916; 

Bullough, 1948), and demonstrated in vertebrate species beyond mammals, including 

zebrafish (Idda et al., 2012) and salamander (Chiakulas and Scheving, 1966). The 

interfollicular epidermal pattern of clock activity and function extends into the upper 

epithelial compartments of the hair follicle, the infundibulum and the isthmus (Geyfman et 

al., 2012) (Figure 3A). Unlike the hair follicle bulge, which houses hair-fated stem cells, the 
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infundibulum and isthmus house stem cells that in terms of their proliferation activity 

behave more like interfollicular epidermal stem cells (Jensen et al., 2009; Snippert et al., 

2010; Geyfman et al., 2012). These cells also routinely contribute to maintenance and repair 

of the nearby epidermis (reviewed in Plikus et al., 2012).

Functions of the differentiated suprabasal epidermal compartments are also under circadian 

clock influence. Diurnal variations in several physiological skin parameters that depend on 

the functional state of the suprabasal epidermal layers, including skin pH, transepidermal 

water loss and stratum corneum capacitance were first noted almost two decades ago 

(Reinberg et al., 1996; Yosipovitch et al., 1998; Le Fur et al., 2001; reviewed in Geyfman 

and Andersen, 2009), and were further validated in recent studies (Flo et al., 2014; 

Matsunaga et al., 2014). Also, a study on cultured human keratinocytes provided support for 

clock regulation of the epidermal differentiation program (Janich et al., 2013). Considering 

that the stratum corneum is composed of dead cells and that proteins delivered to stratum 

corneum are long lived, the mechanisms underlying daily variations in the above mentioned 

epidermal parameters are likely driven by the circadian output genes in the live epidermal 

strata, basal and/or immediate suprabasal layers. To that end, a recent study by Matsunaga et 

al. (2014) showed that daily cycles in stratum corneum hydration and transepidermal water 

loss depend on the levels of Aquaporin 3 (Aqp3), a membrane transporter for water and 

glycerol, and a putative epidermal clock output gene whose expression is under the positive 

regulation by the CLOCK-regulated transcription factor DBP. Both Aqp3 expression and 

stratum corneum hydration are markedly decreased in Clock-mutated mice. In line with the 

notion that circadian variations in suprabasal epidermal functions depend on circadian 

fluctuations in gene expression and protein activities in the living epidermal layers, Aqp3 

was shown to be prominently expressed in basal keratinocytes (Hara-Chikuma and 

Verkman, 2008).

I.b The hair follicle clock – clock in the context of stem cell cornucopia

Beneath the epidermis and spanning through dermal and adipose skin layers are the hair 

follicles, miniature, yet anatomically complex ectodermal appendages (Figure 1). Hair 

follicles have a radially symmetric, onion-like organization of several concentric layers of 

epithelial cells sitting above and partially surrounding a cluster of specialized dermal papilla 

cells (Figure 3) (Paus et al., 1999; Muller-Rover et al., 2001). A prominent feature of hair 

follicles is the hair growth cycle -- a repetitive cycle in which follicles go through 

consecutive phases of cell proliferation-driven growth (anagen), apoptosis-mediated 

involution (catagen) and relative mitotic quiescence (telogen) (Figure 3) (Stenn and Paus, 

2001; Schneider et al., 2009). During each such cycle, hair follicles regenerate new hair 

shafts, the final product of their growth activities. Life-long ability of hair follicles to 

regenerate hairs is supported by several distinct stem cell populations, most notably by the 

slow-cycling bulge stem cells (Cotsarelis et al., 1990; Morris et al., 2004; Tumbar et al., 

2004; Snippert et al., 2010). The mesenchymal dermal papilla primarily acts as a signaling 

niche, generating critical growth factor signals that induce activation of stem cells and 

sustain proliferation of their progeny over the course of hair shaft production (Figure 3) 

(Enshell-Seijffers et al., 2010a; Enshell-Seijffers et al., 2010b; Clavel et al., 2012).
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Most mammals, including humans have many thousands, even millions of hair follicles on 

their body. In many mammalian species, cycling among all body's hair follicles is 

coordinated with the yearly seasons, allowing the production of two, often dramatically 

different, types of fur coats to suit the animal's unique needs -- one for summer and one for 

winter. In humans, hair follicles appear to cycle relatively continuously throughout life, 

although subtle seasonal hair growth changes have been noted (Randall and Ebling, 1991). 

In house mice (Mus musculus), the most widely used model species for studying hair 

biology, initial hair follicle morphogenesis completes by the end of week two after birth. 

This is followed by two relatively synchronized hair growth cycles, after which hair cycles 

become distinctly asynchronous (Plikus and Chuong, 2008).

Intimately connected with the hair follicles are the sebaceous glands, whose lipid rich 

secretion provides water repellant and protective coating to hairs and the stratum corneum of 

the neighboring epidermis (Figure 1). Human skin is also densely populated by sweat 

glands, which drive perspiration-based thermoregulation (Figure 1). In mice, sweat gland 

distribution is reduced to just ventral surfaces of their paws, where sweating aids in 

generating friction.

Over the course of the hair cycle, bulge stem cells periodically give rise to all of the 

epithelial cell types that constitute the lower portion of the follicle (Morris et al., 2004; 

Tumbar et al., 2004). While cellular dynamics in the epithelial hair lineage are complex, this 

lineage generally alternates between dormant hair germ progenitors during telogen and their 

actively dividing progeny, in particular, activated hair germ cells at the beginning of anagen 

and hair matrix cells during full anagen (Muller-Rover et al., 1999; Greco et al., 2009). Hair 

follicle compartments that lie below the isthmus, display complex circadian expression 

patterns and seem to vary in terms of the strength of circadian outputs. During telogen and at 

the telogen-to-anagen transition, circadian genes are robustly expressed in hair germ 

progenitors (Lin et al., 2009), contrasting with the patchy expression in the bulge stem cells 

(Janich et al., 2011; Plikus et al., 2013) (Figure 3C). Once the hair lineage fully expands 

during anagen, clock (Plikus et al., 2013; Al-Nuaimi et al., 2014) and clock output genes 

(Lin et al., 2009) become most highly expressed in the epithelial hair matrix cells located at 

the very base of the hair follicle, known as the hair bulb. At this stage of the hair cycle, 

clock activity is also prominent in the specialized fibroblasts of the dermal papilla, the 

mesenchymal structure serving as the key signaling center of hair growth activities (Plikus et 

al., 2013) (Figure 3E). Interestingly, although all of the core clock genes are expressed in 

telogen and anagen skin, only about 6% of clock regulated genes overlap between these two 

phases of the hair growth cycle (Geyfman et al., 2012). This demonstrates that circadian 

programs are not only tissue specific (Yan et al., 2008), but can also differ in the same tissue 

in different physiological states, such as phases of hair regeneration. Recent studies by Al-

Nuaimi et al. (2014) and Hardman et al. (2014) showed that clock activity in human hair 

follicles is similar to that of mice and is present in hair matrix, dermal papilla, as well as in 

other key compartments of anagen hair follicles, namely the outer root sheath and dermal 

sheath. Robust circadian activity in human hair follicles is maintained in vitro in the absence 

of synchronizing inputs from the CNS. Furthermore, disruption of the follicle autonomous 
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clock using an siRNA approach leads to prolonged growth of hair follicles in culture and 

their hyper-pigmentation.

Functionally, it is known that germline deletion of Bmal1 in mice leads to a delay in the 

expansion of the secondary hair germ and initiation of anagen (Lin et al., 2009), and Cry1/

Cry2 deletion alters daily mitotic rhythm of hair matrix cells (Plikus et al., 2013). Janich et 

al. (2011) reported that bulge stem cells are heterogeneous for circadian reporter 

fluorescence levels, containing distinct populations of reporter-high and reporter-low stem 

cell types (Figure 3B). Comparative gene expression profiling of both stem cell sub-

populations indicates that the reporter-high sub-population is enriched for mediators of 

WNT and TGFβ signaling pathways, whose activity is implicated in stem cell activation 

(reviewed in Plikus, 2012). Furthermore, the ratio of reporter-high to reporter-low bulge 

stem cells changes as the hair cycle progresses, with the percentage of reporter-low stem 

cells decreasing from 50% to just 10% between resting and active phases of the cycle. While 

intriguing, these results raise questions about the functional correspondence to these 

findings, as there does not appear to be a defect in bulge stem cell activation in mice with 

Bmal1 deleted in keratinocytes (Geyfman et al., 2012). Also, it is unclear whether the 

reported high and low states represent true differences in clock amplitude, or whether they 

are caused by the heterogeneity (i.e. temporal shift) in circadian phase. Although in vitro 

data suggest the possibility that there are daily cycles of WNT and TGFβ responsiveness 

(Janich et al., 2011; Janich et al., 2013), this idea remains to be tested in a biologically 

meaningful manner in vivo.

While the idea that the hair growth cycle is governed by a simple “pacemaker mechanism” 

is attractive (Paus and Foitzik, 2004), the work on the influence of the circadian clock on the 

hair growth cycle indicates that the circadian clock does not fulfill such a role. Rather, the 

circadian clock seems to be involved in modulating cell proliferation activity at distinct 

stages of the hair cycle, and clock gene mutations lead to subtle hair cycle phenotypes. 

Given the possible role of the circadian clock in regulation of seasonal physiology, it is 

likely that clock mechanisms have a more prominent role in species exhibiting seasonal 

control of hair cycles (Bradshaw and Holzapfel, 2010; Dardente et al., 2010; Geyfman and 

Andersen, 2010). Supporting this hypothesis, in Arctic reindeers, which live in extreme 

latitude where environmental light cycles are absent during polar summer and winter, skin 

fibroblasts do not have circadian rhythms (Lu et al., 2010 Current Biology). However, 

further studies on this subject are required.

Lastly, because of their prominent clock and ease of access, hairs provide convenient and 

non-invasive tissue source for assessing human circadian rhythms (Akashi et al., 2010; 

Watanabe et al., 2012; Watts et al., 2012). Thus, hair sampling can enable population-level 

epidemiologic studies of circadian clock disruptions and disease associations. To that end, 

using plucked scalp hairs Akashi et al. (2010) already demonstrated de-synchrony between 

clock gene expression and lifestyle in rotating shift workers.

I.c Dermal and adipose clocks – new frontiers for circadian skin biology

The dermis, lying immediately beneath the epidermis, is a fibroblast-rich structure that 

provides tensile strength to the skin and support to hair follicles through an extensive 
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collagen network. Skin adipose tissue, a thin, finely structured layer of white adipocytes, lies 

below the dermis and marks the innermost boundary of the skin (Figure 1). While fibroblasts 

have been a model cell type of choice for in vitro circadian studies for over a decade 

(Balsalobre et al., 1998), and extensive work has been performed on circadian biology of 

adipocytes, especially as it relates to endocrine and metabolic function (Guo et al., 2012; 

Paschos et al., 2012; reviewed in Shostak et al., 2013a; Shostak et al., 2013b), specific 

inquiries into the role of clock in cutaneous fibroblasts and adipocytes are lacking. What we 

currently know is that circadian genes are expressed in at least a subset of cells in skin 

dermis and adipose tissue (Lin et al., 2009; Plikus et al., 2013). Given the critical 

contribution of the dermal compartment to skin aging (Uitto, 2008), and the emerging role 

of the adipose layer in regulation of hair follicles (Plikus et al., 2008; Festa et al., 2011), in 

vivo functional inquiry into the dermal and skin adipose clocks is warranted.

I.d Immune, vascular and neuronal clocks – the skin in an organismal context

In addition to characteristic skin cell types, epidermal keratinocytes and dermal fibroblasts, 

the skin harbors an impressive array of tissue resident and transient immune cell types, 

constantly “patrolling” for microorganisms and working to counter the development of 

infections. These immune cells are in part under the control of factors expressed and 

secreted by epidermal keratinocytes, allowing for concerted epidermal and immune response 

to injuries and infections (Di Meglio et al., 2011). In contrast to this barrier enhancing 

function, deregulation of the cutaneous immune system is causally associated with many 

inflammatory skin diseases, prominently psoriasis (Schon et al., 1997; Nickoloff and Nestle, 

2004) and atopic dermatitis (Leung et al., 2004; De Benedetto et al., 2009), emphasizing the 

importance of balancing the immune response. In principle, the circadian clock could 

provide means to increase skin immunity during times of highest risk for encountering 

infections while minimizing the tendency for autoimmunity by suppressing immune 

response during other times of the day. Although detailed review of the skin's immune 

system is outside the scope of this review, briefly, within the epidermis, Langerhans cells 

and different types of T cells are prominent, and within the dermis macrophages, mast cells, 

T cells and dendritic cells are abundant (Figure 1) (reviewed in Pasparakis et al., 2014). In 

addition to countering pathogenic organisms, the immune system interacts with the 

prominent and complex commensal flora of the skin.

The role of the circadian clock in regulating the immune system is an emerging area of 

research, revealing a prominent clock within immune cells and generally supporting a clock-

controlled diurnal variation in their ability to counter infections (Scheiermann et al., 2013). 

Thus, the circulating leukocyte count peaks during the day in rodents and during the night in 

humans. Further, circadian variation in the expression of endothelial cell adhesion molecules 

and tissue chemokines /chemokine receptors mediate time of day dependent recruitment of 

leukocytes into tissues. In fact, studies in several epithelial organs have demonstrated that 

the susceptibility to infections is time of day dependent. In the lung, circadian regulation of 

chemokine CXCL5 within Clara cells mediates diurnal changes in neutrophil recruitment 

and host response to S. pneumoniae infections (Gibbs et al., 2014). Additionally, in the gut, 

clock controls the immune response to the enteric pathogen S. Typhimurium (Bellet et al., 

2013).
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Several immune function-related genes are found among the set of genes showing circadian 

regulation in mouse skin, suggesting that the skin's immune system could be under circadian 

clock influence (Figure 4) (based on Geyfman et al., 2012). Consistent with this idea, studies 

are now emerging that specifically address how the circadian clock affects the skin immune 

system. Exploring the cause of diurnal variation in allergic symptoms, Nakamura et al. 

(2011; 2014) found that the circadian clock intrinsic to mast cells contributed to IgE-

mediated degranulation and diurnal variation in cutaneous anaphylactic reactions. The same 

group also found that the delayed-type skin allergic reactions, thought to model human 

allergic contact dermatitis, are more severe in mice mutated for Clock (Takita et al., 2013). 

Furthermore, pinealectomy in hamsters, which leads to the loss of nocturnal melatonin 

signal, abolished circadian changes in the trafficking of antigen-presenting dentritic cells in 

the skin and impaired cutaneous antigen-specific delayed-type hypersensitivity reactions 

(Prendergast et al., 2013).

The skin is also highly vascularized and densely innervated (Figure 1), thus providing 

humoral and neuronal pathways as entry points for the central CNS circadian activities to be 

imposed on top of autonomous cell type specific circadian functions. Neuronal inputs from 

CNS also provide essential means for entrainment of peripheral skin clocks to external 

changes in photoperiods, as skin cells themselves, such as epidermal keratinocytes, are 

“blind” to external light inputs despite being constantly exposed to it (Tanioka et al., 2009). 

It is also likely that cells of the skin vasculature and neurons are themselves under circadian 

control although possible functional consequences of such regulation have not been 

explored.

I.e The pigment cell system of skin

Melanocytes, specialized pigment-producing cells residing in the skin, confer the pigment 

patterning of epidermis and hair, and provide protection against UV radiation. Melanocytes 

synthesize and actively transfer UV-absorbing melanin granules to their neighboring 

keratinocytes, endowing the latter with natural sunscreen properties. As such, any potential 

circadian variations in pigment producing function of melanocytes can impact the overall 

UV sensitivity of the epidermis.

In fish (Hayashi et al., 1993), amphibian (Binkley et al., 1988; Filadelfi et al., 2005) and 

reptile species (Fan et al., 2014), which mostly lack appendage structures, there is often a 

prominent circadian rhythm in skin pigmentation. Mechanistically, red abdominal 

pigmentation in Neon tetra and Cardinal tetra species of fish depends on the activity of skin 

erythrophores, which changes in circadian fashion as a function of rhythmic nocturnal 

melatonin production. Melatonin causes aggregation of erythrophores, which in turn leads to 

fading in red coloration (Hayashi et al., 1993).

In mammals, melanocytes are known to harbor active circadian clock (Zanello et al., 2000; 

Sandu et al., 2012; Lengyel et al., 2013b), but their circadian biology is just starting to be 

elucidated. Recent study by Hardman et al. (2014) investigated the role of peripheral 

circadian clock in regulating hair pigmentation using an in vitro model of human hair 

follicles. siRNA mediated silencing of BMAL1 or PER1 results in increased hair 

pigmentation. Mechanistically, this effect is mediated by changes at different levels of 
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melanocyte function, including increases in Tyrosinase-related protein (TYRP) 1/2 and 

Tyrosinase expression and activity, as well as melanocyte dendricity. Future studies using 

melanocyte lineage-specific circadian gene deletions will be needed to define the role of 

clock in melanocyte biology in mice. Furthermore, it will be intriguing to see if circadian 

effects, similar to these in hair follicle melanocytes, also occur in human epidermal 

melanocytes, and if this mechanism can be leveraged for enhanced UV protection.

It should be also noted that unlike in humans, in mammalian species with dense hair coat, 

such as mice, melanocytes typically do not localize to epidermis and for the most part UV 

protection is accomplished by the light-shielding property of the fur.

II. Circadian cell cycle control in the epidermis – diverse checkpoint 

strategies

An intimate molecular relationship between circadian clock pathway and cell cycle signaling 

machinery has been underscored in multiple studies. One hypothesis is that temporal 

partitioning of organismal exposure to solar irradiation, DNA repair and DNA synthesis was 

a major factor shaping evolution of the clock (Rosbash, 2009; Khapre et al., 2010). If true, 

this ancient clock function -- separating DNA synthesis away from the external genotoxic 

stress -- remains highly relevant for the mammalian epidermis. Indeed, UVB penetration 

into the body is largely limited to the interfollicular epidermis (Biniek et al., 2012), where 

circadian cell cycle gating is prominent (Gaddameedhi et al., 2011; Geyfman et al., 2012). 

However, in deep tissues, where solar UVB radiation does not penetrate, there appears to be 

circadian variation in cell proliferation as well (Matsuo et al., 2003; Granda et al., 2005). 

Also, in humans, evidence suggests that the highest proportion of epidermal progenitors 

goes through S phase during the day, the time of maximum solar exposure. Therefore, it has 

been suggested that circadian gating of the cell cycle could be to minimize the overlap 

between sensitive cell cycle phases and endogenous genotoxic factors, including reactive 

byproducts of oxidative metabolism (reviewed in Johnson, 2010; Khapre et al., 2010; Masri 

et al., 2013). Below we will review circadian cell cycle control strategies in various 

anatomical skin compartments, including epidermis and hair follicles, and under various 

physiological states, including regeneration, wound healing and aging.

II.a The interfollicular epidermal strategy – raising UV awareness for skin cancer

A prominent daily cycle of epidermal progenitor/stem cell proliferation was first noted 

almost a century ago (Fortuyn-Van Leyden, 1916; Bullough, 1948). In the nocturnal mouse, 

the highest proportion of epidermal progenitors are in S-phase during the night, while in 

diurnal humans the situation is reversed with the highest proportion of keratinocytes in S-

phase during the day (Figure 2) (Brown, 1991). Cell cycle kinetic studies suggested that this 

regulation might be mediated through an effect on S-phase duration (Clausen et al., 1979). 

More recent studies demonstrated that this diurnal variation depends on an intact circadian 

clock both systematically and within keratinocytes (Gaddameedhi et al., 2011; Geyfman et 

al., 2012; Plikus et al., 2013). In the absence of Bmal1 in keratinocytes the proportion of 

cells in S-phase is constant and high, indicating that in mice the role of Bmal1 is to suppress 

the proportion of cells in S-phase during the day (Geyfman et al., 2012). Superimposed on 
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this cell cycle regulation is the circadian expression of the nucleotide excision repair factor 

xeroderma pigmentosum group A (XPA) which is antiphasic with S-phase progression, with 

lowest level during the night in mice (Gaddameedhi et al., 2011). The antiphasic regulation 

of S-phase and XPA may relate to the fact that UVB-induced DNA lesions, cyclobutane 

pyrimidine dimers and the (6-4) photoproducts, and possibly ROS-induced lesions (Maria 

Berra et al., 2013), are corrected via nucleotide excision repair, a delicate and time-

consuming process (Ikehata and Ono, 2011). When activated during S-phase, the latter 

interferes with DNA replication and requires slowing and stalling of the replicative fork, 

which in turn enhances the degree of genomic instability and rate of DNA replication errors.

Several molecular mechanisms have been suggested as important for the circadian clock's 

influence on the cell cycle. Studies on liver regeneration, the first in vivo studies to 

investigate this theme, identified the cell cycle regulator Wee1 and the G2/M checkpoint as 

the key targets for the circadian clock (Matsuo et al., 2003). In fact, Wee1 is highly 

circadian in mouse skin (Lin et al., 2009; Geyfman et al., 2012). Other studies, mostly based 

on in vitro experiments, have identified several other G1/S cell cycle regulators as targets of 

the clock. These include NONO, which controls the expression of cell cycle inhibitor p16-

INK4a, p21, cyclin D1 and Myc (Khapre et al., 2010; Maier and Kramer, 2013). Another 

recent study identified KLF9 as the circadian transcription factor that controls cell 

proliferation in human epidermis (Sporl et al., 2012). Functional experiments in mice will be 

needed to determine if the clock targets the aforementioned cell cycle mechanisms to 

influence daily variations in epidermal cell proliferation.

Ultraviolet radiation from the sun is the major carcinogen for skin, both for melanoma and 

the more common non-melanoma cancers. In this respect, recent studies showed that the 

mouse epidermis is more sensitive to UVB-induced DNA damage at night (Gaddameedhi et 

al., 2011; Geyfman et al., 2012) and that this translates into more skin carcinogenesis when 

UVB is applied at night than during the day (Gaddameedhi et al., 2011). These diurnal 

differences are obliterated when core clock genes Bmal1 and Cry1/Cry2 are mutated 

indicating that this variation in sensitivity is controlled by the circadian clock. The 

underlying mechanisms maybe the aforementioned clock-controlled variability in DNA 

repair which is less efficient at night, or the increased proportion of epidermal stem cells in 

S-phase during the night. As human epidermis shows the opposite diurnal pattern in cell 

proliferation, and possibly DNA repair, this clock-controlled mechanism may contribute to 

the high incidence of skin carcinogenesis in humans; our skin is expected to be especially 

sensitive to UVB-induced DNA damage during times of maximum sun exposure. In fact, 

people living in UVB rich regions of the planet developed constitutively dark pigmentation 

required to protect their epidermis from DNA damaging radiation (Jablonski and Chaplin, 

2010). The skin therefore is an outstanding model to understand how the clock affects our 

response to environmental carcinogens, a topic of major importance in cancer biology as 

most forms of common human cancers are caused by environmental effects.

II.b The hair follicle strategy – when speed matters

Compared to progenitors/stem cells in the basal epidermis, hair matrix cells proliferate more 

rapidly to assure fast and uninterrupted hair shaft growth. Unlike epidermis, hair matrix does 
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not show identifiable DNA replication rhythm. Instead, it shows daily mitotic rhythm, which 

appears to depend on circadian gating of the G2/M cell cycle checkpoint (Plikus et al., 2013) 

(Figure 3E) -- mechanisms similar to that in regenerating liver (Matsuo et al., 2003). 

Because mitotic cells are more vulnerable to double stranded DNA breaks compared to G1- 

or S-phase cells, growing mouse hair follicles are more sensitive to genotoxic stress, and 

display more severe hair loss following exposure to the same dose of γ-radiation in the 

morning, during the mitotic peak, than in the mid-afternoon, during the mitotic decline. This 

diurnal effect disappeared in arrhythmic Cry1/Cry2 null mice, which experience significant 

hair loss irrespective of the time of day. It is unclear why in hair matrix circadian clock 

preferentially times mitosis, rather than DNA replication phase. One possibility, that 

remains to be tested, is that such gating strategy achieves a compromise between 

maintaining high speed of hair growth and protecting the most vulnerable subset of cells, 

mitotic cells, against diurnal fluctuations in genotoxic stress factors.

II.c Skin aging and scarring – leveraging the senescence pathway

Gradual decline in cell proliferation and physiological tissue repair, as well as a rise in 

cellular senescence, are prominent features of tissue aging. In addition to a role in 

modulating cell cycle progression, the clock has been implicated in regulation of cellular 

senescence pathways. Senescence describes a permanent and often irreversible replicative 

block initiated by a variety of genomic stress stimuli and mediated by a handful of signaling 

mechanisms, most prominently p53-p21 and p16Ink4a-pRb pathways (reviewed in Campisi, 

2013; van Deursen, 2014).

Normally, skin undergoes a high cellular renewal rate, and therefore it provides a sensitive 

model system for studying defects in physiological tissues renewal. Hair graying, hair loss, 

decrease in the cutaneous fat layer, as well as a delay in skin wound healing can all be used 

as sensitive readouts for skin aging. In this respect, Bmal1 deficient mice that develop 

premature aging in multiple tissues and have decreased lifespan, also show several signs of 

premature skin aging, including delayed hair regrowth, thinning of the cutaneous fat layer 

(Kondratov et al., 2006; Lin et al., 2009), and significant deficiency of wound closure 

(Kowalska et al., 2013). Normally, Bmal1 appears to counteract tissue senescence by 

negatively regulating mammalian Target of Rapamycin Complex1 (mTORC1) (Khapre et 

al., 2014), known for its ability to promote accumulation of reactive oxygen species and 

induction of replicative senescence (Iglesias-Bartolome et al., 2012).

While the role of senescence in age-dependent proliferative decline is not surprising, its role 

in normal tissue regeneration is somewhat counterintuitive. However, recent studies suggest 

that programmed activation of senescence in wound myofibroblasts is, in fact, an integral 

part of skin injury repair response (Jun and Lau, 2010; Kowalska et al., 2013). Following 

wounding, skin integrity is restored via robust proliferation of myofibroblasts and formation 

of the so-called granulation tissue – the early form of the scar. Importantly, after the initial 

proliferative burst, myofibroblasts enter replicative senescence - the process initiated by 

CCN1 adhesive protein signaling and executed via activation of both p53-p21 and p16Ink4a-

pRb senescence pathways (Jun and Lau, 2010). Myofibroblasts’ senescence is though to aid 

proper skin wound healing in two complimentary ways: (i) a replicative block puts breaks 
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on cell over-proliferation, and (ii) activation of the so-called senescence-associated secretory 

phenotype (SASP), characterized by multiple immune-modulating cytokines and matrix 

metalloproteinases, helps to drive granulation tissue remodeling into a mature and functional 

scar tissue and dampen excessive fibrosis. Importantly, recent study implicated NONO, a 

multifunctional nuclear factor and a binding partner of Per proteins, in timing the replicative 

senescence of wound myofibroblasts (Kowalska et al., 2013; Maier and Kramer, 2013). 

Replicative block in myofibroblasts following CCN1 signaling (Jun and Lau, 2010), requires 

activation of the p16Ink4a cell cycle inhibitor. NONO, whose daily cycle in the nucleus 

appears to depend on a Per2 rhythm, drives rhythmic transcription of p16Ink4a and under 

normal conditions facilitates replicative senescence onset. Kowalska et al. (2013) showed 

that rhythmic activation of p16Ink4a in NONO and Per1/2 double mutant mice becomes 

disrupted, and mutant wound scars displayed myofibroblasts over-proliferation. However, 

considering that skin wound healing is a highly complex process involving concerted 

activity of multiple cell types, future tissue-specific circadian gene deletion studies will be 

necessary to fully dissect the complex wound healing phenotype displayed by NONO, 

Per1/2 and Bmal1 mutant mice (Figure 2C).

III. Unresolved questions and opportunities in circadian clock skin research

Research into the circadian clock in skin is a relatively new and under-explored field. 

Therefore, many important questions remain unresolved about how the circadian clock is 

regulated within skin and which skin functions are modulated by the clock. In addition, 

work into the skin's circadian clock provides several unique opportunities that will likely 

impact how we think of the role of the circadian clock more generally. For example, work 

on peripheral clocks has been dominated by studies in organs such as the liver whose 

primary function is to regulate diurnal changes in organismal metabolism. In contrast, the 

skin features stem cell-generated epithelia required for barrier formation and tissue repair, 

making it a useful model to study the role of the clock in adult stem cells and regeneration, 

clock functions we know little about.

III.a Regulation of the clock in skin

It is known that various skin compartments contain an intrinsic clock and that overall 

activity of the clock depends on the central suprachiasmatic pacemaker (Tanioka et al., 

2009). Although neurohumoral mechanisms are generally assumed, it remains unknown 

how the central clock communicates with the skin. For example, it is possible that the link to 

the clock in different skin compartments could vary; some skin compartments are in close 

proximity to nerve endings while others are not. In addition, the phase of peripheral clocks 

can be modulated by different mechanisms such as physical activity and time of food intake 

(Matsuo et al., 2003; Granda et al., 2005), and whether this is the case in the skin remains 

unknown. This is an exciting area of research because it may reveal unexpected regulation 

of skin biology such as through sleep deprivation, food intake and metabolism in general. In 

this respect, it is increasingly recognized that the skin disease psoriasis is linked to obesity, 

metabolic syndrome and cardiovascular disease (Armstrong et al., 2013; Jensen et al., 2013), 

conditions where circadian disruption may contribute to the pathogenesis (Buxton et al., 

2012; Shi et al., 2013). Also, as the skin clock is involved in the response to UV exposure 
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and injury, it remains to be investigated whether these insults in turn regulate the skin clock. 

Furthermore, an intriguing possibility remains to be tested that at least some circadian skin 

functions can impact molecular clock works in other organs, perhaps through immune or 

endocrine mechanisms.

III.b The role of the clock in adult stem cells

Skin, and hair follicles in particular, are recognized for their well-defined and 

experimentally tractable populations of stem cells (Plikus et al., 2012; Hsu et al., 2014; 

Rompolas and Greco, 2014). Already today, stem cell-specific circadian knockouts (such as 

Bmal1 knockouts) are possible with the help of well-characterized Cre lines. Undoubtedly, 

such future studies will advance our understanding of circadian heterogeneity in stem cell 

populations, and explain the extent to which clock impacts stem cell quiescence and 

activation (Janich et al., 2011; Janich et al., 2013). While challenging due to the complex 

nature of skin, the well-defined stem cell populations are likely to contribute to our 

understanding on the role of the circadian clock in stem cells. For such studies the field will 

have to increasingly adapt in situ single cell analysis methods (Abe et al., 2013; Rompolas et 

al., 2013; Blacker et al., 2014). The role of the clock in regulating diurnal changes in 

progenitor cell proliferation has been shown (Gaddameedhi et al., 2011; Geyfman et al., 

2012; Plikus et al., 2013), but the biologically relevant control mechanisms for this 

regulation remain unknown. The interfollicular epidermis and hair follicle provides an 

opportunity to investigate the physiologically relevant mechanisms in vivo.

Given the role of the clock in cell cycle control, the skin epithelial lineage provides an 

advantage, as within this lineage, cells can be quiescent (bulge stem cells), relatively 

proliferative (interfollicular progenitor/stem cells), and highly proliferative (secondary hair 

germ and matrix). While in vitro studies have provided many candidate mechanisms for 

clock control of cell proliferation, it is likely that a more complete understanding of how the 

clock interacts physiologically with cell proliferation can be derived from studies on the 

epidermal lineage in vivo.

Another area of future inquiries relates to the role of clock in the stem cell niche. Hair 

follicles feature a prominent niche cell population, the dermal papilla, and several recently 

reported dermal papilla-specific Cre lines allow for niche-specific circadian loss-of-function 

studies (Clavel et al., 2012; Ramos et al., 2013; Morgan, 2014). Bmal1 knockdown studies 

in dermal papilla cells in vitro already suggest that several hair growth related genes can be 

under the circadian control (Watabe et al., 2013). In this respect it is of note that while 

germline Bmal1 knockout affects anagen initiation (Lin et al., 2009), such an effect is not 

observed when Bmal1 is deleted from keratinocytes (Geyfman et al., 2012), suggesting the 

possibility of important regulation within non-keratinocyte populations. Thus, the skin is a 

highly suitable organ to test whether the clock is involved in coordination between the stem 

cells and their niche. Recent advances in human hair follicle culture and siRNA-based gene 

knockdown protocols enable studies into circadian regulation of diverse biological 

functions, such as regeneration and pigmentation, under organotypic conditions in a 

translationally-relevant context (Al-Nuaimi et al., 2014; Hardman et al., 2014).
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Skin, with its robust and extensively studied wound healing abilities, provides an ideal 

model system for examining circadian regulation of tissue repair after injury. While complex 

and involving many systems, the immune system in particular, effective wound healing 

depends on proper stem cell regulation. Wound healing defects were already noted in 

several circadian mutants, NONO, Per1/2 and Bmal1 null mice (Kowalska et al., 2013). 

Given the complexity of cellular dynamics upon wound repair, studying epidermal-, dermal- 

and immune-specific circadian knockouts will be crucial for attributing circadian wound 

healing phenotypes to a particular cell type(s) and function(s).

The skin is also an especially attractive model for aging research; mice deleted for Bmal1 

exhibit accelerated skin aging (Kondratov et al., 2006). One model for aging proposes stem 

cell exhaustion and dysfunction as the underlying mechanism (Nishimura et al., 2005; 

Inomata et al., 2009), which could be affected by the circadian clock (Lin et al., 2009; Janich 

et al., 2011; Geyfman et al., 2012; Plikus et al., 2013; Al-Nuaimi et al., 2014). There is 

already strong evidence that epidermal stem cells are the initiating cells in skin 

carcinogenesis (Lapouge et al., 2011; White et al., 2014), suggesting that beyond the diurnal 

changes in susceptibility to UV-induced DNA damage and skin cancer formation 

(Gaddameedhi et al., 2011; Geyfman et al., 2012), epidermal stem cells might be a useful 

model to study the role of the circadian clock in endogenous mutation formation that is 

thought to contribute to carcinogenesis more generally.

III.c The circadian clock and the role of metabolism in epithelia

Among the clock-controlled processes, metabolism, by far, is the most recognized and well 

studied (reviewed in Bass, 2012; Sahar and Sassone-Corsi, 2012). Most of our knowledge 

about the role of the clock in metabolism comes from tissues such as liver and skeletal 

muscle that are involved in large-scale organismal adjustment of metabolism. We know 

much less about how the clock affects metabolism in “non-metabolic” organs such as the 

skin. In this respect it is of interest that among the genes showing circadian variation in 

telogen skin, metabolic genes are among the most highly enriched (Geyfman et al., 2012). 

Clearly, stem cell and regenerative functions of skin depend on appropriate metabolic 

regulation. Whether the circadian clock affects such functions in skin is an exciting area of 

research. In this case, the easy accessibility of skin for advanced imaging makes skin a 

unique model system for real-time in vivo measurements of circadian metabolic outputs.

Related to the issue of circadian metabolic control is the evolutionary question of what 

causes diurnal changes in progenitor/stem cell proliferation as observed in epithelia such as 

the epidermis and the gut (Neal and Potten, 1981). As discussed previously, it is difficult to 

argue that the underlying evolutionary pressure is protection against UV exposure since 

diurnal cell proliferation changes are observed in internal organs and in humans the 

epidermis has highest proportion of cells in S-phase during the day, the period of maximum 

UV exposure. One possibility is that this phenomenon evolved to temporally separate 

oxidative metabolism, which generates DNA-damaging oxygen radicals, from the most 

vulnerable cell cycle stages as suggested for metabolic cycles in yeast (Klevecz et al., 2004; 

Klevecz and Li, 2007). The epidermis provides a highly suitable model to investigate this 
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interesting clock-related phenomenon and the biological consequences of de-regulating the 

diurnal change in cell proliferation.

III.d Circadian modulation of immune skin function and microbiota

Immune dysfunction is at the cornerstone of many common skin diseases, prominently 

psoriasis, atopic dermatitis, pemphigus, pemphigoid, alopecia areata and vitiligo. Several 

recent studies indicate that immune cell release from hematopoietic organs, their homing to 

peripheral tissues, as well as inflammatory cytokine production, are all under the cyclic 

circadian control (reviewed in Arjona et al., 2012; Scheiermann et al., 2013). Furthermore, 

in tissues beyond skin, prominent diurnal changes in pathogen sensitivity (Silver et al., 

2012) and autoimmune disease presentation (Cutolo, 2012) have already been noted. 

Working night shifts confers an increased risk of psoriasis based on large epidemiological 

studies (Li et al., 2013), suggesting the possibility that circadian disruption could contribute 

to psoriasis development, possibly through an effect on the immune system. Furthermore, an 

experimental study in BALB/cJ mice with active psoriasis-like inflammation demonstrated 

increased levels of pro-inflammatory cytokines in response to paradoxical sleep deprivation 

(Hirotsu et al., 2012), suggesting that sleep deprivation and circadian disruption, a common 

consequence of the disease's bothersome symptoms, could also contribute to the 

maintenance of psoriasis inflammation. These initial studies in psoriasis, combined with 

strong data on the general role of the circadian clock in immune modulation, should 

stimulate further work on the role of the clock in the pathogenesis of autoimmune and other 

inflammatory skin diseases. The availability of mouse models for circadian clock and skin 

inflammation allows the exploration of the underlying mechanisms; such work may 

ultimately turn into preventative and therapeutically useful insights.

Intimately linked with skin immunity, autoimmune disorders and infection, is the highly 

prominent commensal skin microbiome (Kong et al., 2012; Chehoud et al., 2013; Sanford 

and Gallo, 2013; Srinivas et al., 2013). Recent studies into the relationship between the 

clock and the gut microbiota (Bellet et al., 2013; Henao-Mejia et al., 2013; Mukherji et al., 

2013), suggest that the skin may be fertile ground to investigate whether the circadian clock 

may confer diurnal microbiome changes in skin and/or coordinate activities of the skin 

immune system with the microbiome.

III.e The effect of circadian disruption on skin in health and disease

Irregular work schedules, frequent travel and light pollution, prominent features of modern 

society, cause disruption of circadian rhythms. Epidemiological and experimental studies 

provide evidence for the role of circadian disruption in many diseases, especially metabolic 

and cardiovascular diseases and cancer (Sigurdardottir et al., 2012; Armstrong et al., 2013; 

Jensen et al., 2013; Lengyel et al., 2013a; Relogio et al., 2014). The aforementioned 

epidemiological study by Li et al. (2013) into the association of shift work with risk of 

psoriasis, suggests the possibility that lifestyle changes and circadian disruption, not 

normally associated with skin health, could be more important for skin diseases than 

previously recognized.
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So far, genetic studies have not conclusively identified circadian clock genes as being 

important in the pathogenesis of skin diseases. However, comprehensive evaluation of 

circadian clock gene expression changes, including epigenetic changes, in the context of 

various skin diseases have not been performed. Given the established role of the clock in 

modulating cell proliferation, cellular senescence, epidermal barrier function and immune 

regulation, this might be a fruitful area of translational skin research. In fact, a recent study 

showed that HRAS-transformed metastatic malignant keratinocytes have lower circadian 

amplitude, significantly longer period and significantly delayed phase compared to non-

transformed human keratinocytes (Relogio et al., 2014).

Chronotherapy is another promising area of research that remains underexplored in skin 

diseases. The goal of chronotherapy is to coordinate drug administration with circadian 

rhythms such that the therapeutic effect is maximized while side effects are minimized. In 

line with this idea, various metabolism genes, including drug-metabolizing enzymes, show 

prominent circadian variation in the skin (Geyfman et al., 2012). While highly speculative at 

this stage, drugs could be administered when their targets are expressed at the highest level 

and/or when pathways that metabolize them are at nadir. The principle behind this idea has 

been demonstrated in mice where hair loss after radiation therapy is time-of-day dependent 

(Plikus et al., 2013). Another promising direction for skin chronotherapy relates to 

improving transdermal delivery of topical drugs. Indeed, the study by Matsunaga et al. 

(2014) that identified diurnal rhythm in the expresion of epidermal water transporter Aqp3, 

suggests that daily variations in epidermal barrier functions can be exploited for improving 

transcutaneous absorption of topically appied drugs.
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Figure 1. The complex anatomical organization of skin and its circadian clocks
The schematic drawing depicts the three principle layers of the skin: the keratinocyte-

containing epidermis (brown), the fibroblast-rich dermis (purple) and the fat cell-containing 

adipose tissue (yellow). The interfollicular epidermis is a stratified squamous epithelium 

containing stem/progenitor cells in the basal layer (BL) and post-mitotic differentiated cells 

in the suprabasal layers (SBL). The top layer of the epidermis, the stratum corneum (SC), is 

composed of dead cells with a tough cell envelope that is sealed by an impermeable 

intercellular lipid layer. Also, highlighted are hair follicles with the associated lipid-rich 

sebaceous glands, as well as sweat glands; both are keratinocyte-containing mini organs 

which develop as outgrowths from the epidermis. The skin is also inhabited by melanocytes, 

melanin-producing pigment cells that confer color to hair and skin. In mice, melanocytes are 

primarily found in hair follicles while in humans melanocytes are also prominent at the 

epidermal-dermal junction. In addition, several types of resident and transient immune cells 

are found within the skin. These include Langerhans cells and dendritic cells (DCs), antigen-

presenting cells residing in the epidermis and dermis, respectively, as well as lymphocytes, 

macrophages and mast cells. The skin is also richly vascularized and innervated; cells within 

these structures likely have their own circadian clock that could modify their functions 

including sensory responses, heat regulation and oxygenation. The surface of the skin is 

populated by a large number of commensal bacteria (microbiota) that may play a role in skin 

function and disease. There is evidence for active circadian clock in all cell types of the skin, 

and it is highly likely that distinct functions are modulated in different cell types. It is also 

known that circadian clock activity in skin is coordinated by the suprachiasmatic nucleus, 
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presumably through neuronal and hormonal mediators although this remains to be defined in 

skin.
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Figure 2. The circadian clock modulates skin responses to environmental stresses
Protection against a variety of environmental insults -- these include UVB radiation, 

temperature, chemical and physical injury and microbial infections -- is a major function of 

the skin. (A, C) There are prominent diurnal rhythms in DNA replication, DNA repair 

mechanisms and cell division in progenitor/stem cells of the epidermis -- features that 

depend on an intact circadian clock within epidermal keratinocytes. Exposure of mouse 

epidermis to UVB at night, during the replicative burst when DNA excision repair is at its 

nadir, causes more DNA damage and higher incidence of skin cancer than during the day. 

Based on these mouse studies, and the fact that in diurnal humans the epidermis is more 

proliferative during the day, it has been proposed that the epidermis could be most 

susceptible to UVB-induced DNA damage during the day, the time of maximum solar 

exposure (Gaddameedhi et al., 2011; Geyfman et al., 2012). If correct, this hypothesis 

implies that the circadian clock confers regulation that promotes rather than protects against 

UVB-induced skin cancer formation and skin aging in humans.

(B) Epidermal barrier functions, such as transepidermal water loss and stratum corneum 

hydration are also prominently regulated by the circadian clock and become largely 

arrhythmic in Clock mutant mice. Diurnal cycle in epidermal barrier functions at least in part 

depend on the daily changes in Aquaporin 3 expresion levels -- the putative clock output 

gene in basal epidermal keratinocytes.

(D) Disruption of the circadian clock in the germline leads to aberrant wound healing in 

mice. Wound healing is a very complex process involving most, if not all, major cell types 

in the skin and the underlying mechanisms for clock modulation of wound healing remain to 

be defined. However, it is known that during injury-induced wound healing, the circadian 

clock contributes to the replicative slowdown of myofibroblasts (aka senescence), a process 

important for conversion from scar production to scar remodeling and its proper maturation.
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(E) The immune system is under control of the circadian clock. The influx of immune cells 

into tissues has been shown to be regulated by the circadian clock. In the skin, studies in 

hamsters have shown circadian variation in the trafficking of antigen presenting cells. In 

mice, both acute and delayed-type inflammatory responses have been linked to clock 

regulation. Many immune-related genes in skin have circadian rhythmicity, suggesting that 

skin responses to infection and autoimmune insults can be time-of-day dependent.
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Figure 3. The circadian clock modulates hair follicle regeneration
(A) Circadian clock activity in the infundibulum and isthmus of hair follicles is similar to 

that of the interfollicular epidermis. In these progenitor/stem cell populations, the clock 

intrinsic to keratinocytes is required for diurnal variation in DNA replication. (B) There is 

heterogeneity in circadian output in bulge stem cells. High clock activity correlates with the 

high expression of WNT and TGFβ pathway genes, components of signaling pathways 

involved in stem cell activation. The functional consequence of clock-WNT/TGFβ 

connection is unclear, because deletion of Bmal1 within keratinocytes does not affect stem 
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cell activation and timing of the first two hair growth cycles (Geyfman et al., 2012). Clock 

regulation of these signaling pathways, however, could affect the aging and cancer forming 

susceptibility of these stem cells. (C) Epithelial hair germ progenitors display prominent 

circadian activity prior to and during anagen onset. Whereas germline deletion of Bmal1 

delays anagen initiation, such effects are not found in mice deleted for Bmal1 in 

keratinocytes. These findings suggest that the influence of the clock on anagen initiation is 

through other cell types, for example dermal papilla cells, or through more global regulation, 

such as modulation of systemic hormones that affect hair growth. (D) Silencing on clock 

genes in human hair follicles in vitro prolongs active growth phase. Due to technical 

limitations, the influence of the clock on other aspects of human hair follicle growth could 

not be studied. (E) During active growth phase in mouse hair follicles, circadian clock gates 

cell cycle progression in the epithelial matrix cells at the G2/M checkpoint. Administration 

of ionizing radiation to mice leads to more severe hair loss in the morning, during the 

mitotic peak.
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Figure 4. Many immune genes in skin display circadian rhythmicity
(A) A heat map showing the expression of immune-related genes in telogen over two days 

based on previously published whole skin microarray datasets generated in mice (Geyfman 

et al., 2012). Multiple genes with established immune function exhibit circadian expression. 

The day and night periods are indicated at the top and the gene expression strength indicated 

at the bottom. (B) Shown is the gene ontology for the circadian immune genes. The number 

at the end of bars refers to the number of genes with the specific function. Genes that peak at 

day or night are indicated with the pink and purple color. (C) The function of selective 

immune genes is indicated. These genes are marked with an asterix in A.
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