
The cycling hair follicle as an ideal systems biology
research model

Yusur Al-Nuaimi1,2, Gerold Baier1, Rachel E. B. Watson2, Cheng-Ming Chuong3 and Ralf Paus2,4

1Doctoral Training Centre in Integrative Systems Biology, Manchester Interdisciplinary Biocentre, University of Manchester, Manchester, UK;
2Epithelial Sciences, School of Translational Medicine, Manchester Academic Health Sciences Centre, University of Manchester, Manchester, UK;
3Department of Pathology, Keck School of Medicine, University of Southern California, Los Angeles, USA;
4Department of Dermatology, University of Lübeck, Lübeck, Germany
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Abstract: In the postgenomic era, systems biology has rapidly

emerged as an exciting field predicted to enhance the molecular

understanding of complex biological systems by the use of

quantitative experimental and mathematical approaches. Systems

biology studies how the components of a biological system (e.g.

genes, transcripts, proteins, metabolites) interact to bring about

defined biological function or dysfunction. Living systems may be

divided into five dimensions of complexity: (i) molecular;

(ii) structural; (iii) temporal; (iv) abstraction and emergence; and

(v) algorithmic. Understanding the details of these dimensions in

living systems is the challenge that systems biology aims to

address. Here, we argue that the hair follicle (HF), one of the

signature features of mammals, is a perfect and clinically relevant

model for systems biology research. The HF represents a stem

cell-rich, essentially autonomous mini-organ, whose cyclic

transformations follow a hypothetical intrafollicular ‘‘hair cycle

clock’’ (HCC). This prototypic neuroectodermal-mesodermal

interaction system, at the cross-roads of systems and

chronobiology, encompasses various levels of complexity as it is

subject to both intrafollicular and extrafollicular inputs (e.g.

intracutaneous timing mechanisms with neural and systemic

stimuli). Exploring how the cycling HF addresses the five

dimensions of living systems, we argue that a systems biology

approach to the study of hair growth and cycling, in man and

mice, has great translational medicine potential. Namely, the easily

accessible human HF invites preclinical and clinical testing of

novel hypotheses generated with this approach.
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Introduction

‘‘The problem of biology is not to stand aghast at the

complexity but to conquer it’’ Sidney Brenner, Nobel

Laureate (1)

Systems biology is a fast-evolving life sciences field that

aims to establish how the components of a living system

combine to cause function (2,3). Biological systems can be

divided into five levels of complexity: (i) molecular; (ii)

structural; (iii) temporal; (iv) abstraction and emergence;

and (v) algorithmic (Table S1) (4).

In the past, cell cultures (particularly yeast) were often

used in systems biology research to handle the complexity

of living systems (2,5–8). These models are far removed

from the reality of mammalian organisms. Identifying

mammalian models that are sufficiently complex to

encompass these five dimensions, and approach physio-

logical relevance is an important challenge for systems

biology (2,9).

The hair follicle (HF) consists of multiple different cell

populations of neural crest, ectodermal or mesodermal ori-

gin, which are distinct in their location, function and gene

and protein expression characteristics (10–13). Addition-

ally, the HF is a uniquely dynamic mini-organ that under-

goes continuous cycling throughout adult life during which

elements of its own morphogenesis are recapitulated

(11,14) (Fig. 1). This transformation process arises under

the dictates of an enigmatic oscillator system [the hair cycle

clock (HCC)] (12,15,16). Hair growth disorders can be

attributed, at large, to changes in the normal dynamic

behaviour of the HF (12,13,15,17,18). Common hair dis-

eases such as alopecia areata, telogen effluvium, hirsutism

and hypertrichosis remain major, unsolved medical prob-

lems that call for new approaches in developing effective

remedies. The HF is an attractive research model as hair

growth, cycling and colour are of profound interest to bio-

logical and medical researchers, and a vast industry that

caters to individuals who wish to manipulate these parame-
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ters. The study of HF cycling thus brings together systems

biology, stem cell biology, regenerative medicine, chrono-

biology and translational medicine (16,19–21).

Induction, spacing, orientation and morphogenesis of

the HF (22) represent classical scenarios of developmental

and stem cell systems biology (23–25). The hair patterning

process is a prototypic neuroectodermal-mesodermal inter-

action system which is beautifully demonstrated by the

pioneering work of Nagorcka and Mooney (26–28). Mathe-

matical theory was utilized to explain the spatial patterns

of morphogens and thus patterned HF formation. Systems

biology research in HF development has been previously

covered (25,29,30); therefore, here we focus on the cycling

adult HF as a systems biology research model.

We argue that the HF, a signature organ of the mamma-

lian species, is optimally suited to address challenges in

medical and systems biology research by studying clinically

relevant biological phenomena from a comprehensive sys-

tems biology perspective.

Systems biology in a nutshell

Systems biology is the study of how the components of a

biological system (e.g. genes, transcripts, proteins, metabo-

lites) interact to bring about function (and dysfunction) of

that system (2,4,6,8,31). This discipline has risen in the

postgenomic era as advances in molecular biology, and the

production of high-throughput data such as deciphering

the genome in the human genome project (4,32,33) still left

a gap in our ability to translate the vast amounts of molec-

ular knowledge to understanding biological function (7).

Understanding biological systems by a transition from

reductionist study on the molecular level to the systems

level of life phenomena is systems biology (5,6,31,34).

Appendix S1 provides further details about systems biology,

emergence, mathematical modelling in systems biology and

a summary of some important successes of systems biology

in medical research (Table S2).

The hair follicle as a prototypic systems
biology organ

HF cycling displays a number of properties that recom-

mend it for systems biology research. The HF can be inves-

tigated at different levels that mirror the five dimensions of

living systems Table S1 (4). We discuss some previous

studies where this has already been explored in hair cycling

research.

Molecular complexity of the hair follicle
Despite the divergent cell types and number of molecular

players that interact within a HF, the total number of HF

protagonists is finite compared to larger organs. Moreover,

the murine HF is among the best-characterized mammalian

organs at the gene and protein level (11,12,35).

Typically, profiling tools such as metabolomics, proteo-

mics and genomics are used to acquire a systematic analysis

of the molecular components in living systems (4). Time-

course gene expression profiling of murine skin has led to

the identification of novel candidates in hair cycle regula-

tion. This method of eliciting gene expression during the

hair cycle also addresses the temporal dimension of living

systems (16). By clustering gene expression profiles by their

pattern of expression during the murine hair cycle and sub-

sequently grouping the clusters by gene function, novel

genes and pathways have been identified as candidates in

murine hair cycle control. Clock genes (those responsible

for the circadian rhythm) have been demonstrated to be

hair cycle dependent (16) and are prominently expressed in

the secondary hair germ (SHG) (36) of telogen and early

anagen HFs (16). Bmal1 knock-out mice displayed retarded

anagen development and lack mitotic cells in the SHG,

suggesting that clock genes regulate anagen progression via

their effect on the cell cycle. These findings indicate that

clock genes can regulate complex non-diurnal organ trans-

formation such as HF cycling (16). Additionally, the sys-

tems approach used enabled novel candidates to be

Figure 1. The hair follicle enters a continuous cyclical process of organ

regression (catagen), a relative ‘resting’ phase (telogen) and a growth

phase (anagen) in the hair cycle. This process is altered in hair disorders

such as hirsutism where hair follicles exhibit a prolonged anagen phase.

The hair cycle demonstrates the dynamic nature of the HF with drastic

molecular and structural changes associated with the passing of time

(stage of hair cycle). DP, Dermal papilla; ORS, Outer root sheath; HS,

Hair shaft; IRS, inner root sheath; SG, Sebaceous gland. Adapted after

Schneider et al. 2009 Curr Biol (11).
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identified and allowed understanding of dynamic gene

expression during the HF cycle.

The use of mouse mutants (11,12,22,37) represents an

ideal system biology instrument in vivo (38). One particu-

larly interesting example is the fuzzy phenotype, which

results from a mutation in the Sgk3 gene (39) (Supplemen-

tary Figure S1) and exhibits strikingly accelerated HF cycling

(40). Researchers often investigate one gene or protein of

interest, however, functional overlap of hair cycle candidates

(such as via common pathways) should not be overlooked,

and a systems biology approach avoids this (Appendix S2

and Supplementary Figure S1 detail the link between

Sgk3 and growth factor pathways). This approach can be

complemented in the human system via organ culture of

micro-dissected human anagen scalp HFs and perturbing

their normal behaviour in vitro. Thus, the impact of defined

test agents on hair shaft formation, follicular melanogenesis,

catagen transformation, hair matrix keratinocyte prolifera-

tion and apoptosis and gene expression can be evaluated

(41–44). From a systems biology point of view, the cycling

HF connects molecular complexity (e.g. epithelial-mesen-

chymal signalling exchanges) with structural and temporal

complexities (e.g. switch-on/switch-off hair shaft produc-

tion, cyclic organ transformation, time course of HF cycling

and disparate length of individual cycle stages).

Structural complexity of the hair follicle
The tissue compartments of the HF are stringently circum-

scribed and of well-defined composition. This makes the HF

a microcosm and ideal target for systems biology research.

The structure of the HF can directly address the second

dimension of living systems that Huang and Wikswo

describe (4). HFs are easily accessible for experimentation,

observation and perturbation because of their superficial

location on the surface of mammalian bodies. This feature

makes the HF ideal for systems biology research as access

to molecular, structural and phenotypic information is

readily available. In addition, the HF can be reduced into

different structural levels; from cells (such as stem cells,

dermal papilla (DP) cells, epithelial cells) to isolated mini-

organs (e.g. HFs) to whole tissues (e.g. hair-bearing skin)

and organisms (such as humans and mice) (45). Impor-

tantly, these different structural levels all exhibit systems

properties within themselves (Appendix S1).

The structural unit of the HF can be considered an essen-

tially autonomous organ as it is able to grow after dissection

from its neurovascular supply and transplantation into

another part of the integument (46). In addition, isolated

human HFs can be maintained in organ culture (47,48).

This is an exciting prospect for systems biologists as these

mini-organs exhibit emergent properties of great biological

relevance: controlled cell proliferation; differentiation; apop-

tosis and organ regeneration. In addition, the basic autono-

mous clock driving the HF cycle may reside in the HF itself

(15,49). Nevertheless, the HF ‘system’ is also highly sensitive

to extra-follicular signals, e.g. neural and vascular stimuli

(22,49,50), thus increasing the level of system complexity.

The mature HF can be divided into the mesenchymal

HF, consisting of the DP and connective tissue sheath, and

the epithelial HF [the remaining portions; including tran-

sient amplifying cells of the hair matrix that envelope the

DP, hair shaft, inner root sheath (IRS) and outer root

sheath (ORS)]. The structural complexity of the HF is inter-

twined with the molecular complexity of this mini-organ

and adequate epithelial-mesenchymal communication is

vital for normal HF cycling (12,14,35,49,52). (Appendix S2

explores epithelial-mesenchymal interaction in the HF). The

accessibility and exhibition of epithelial and mesenchymal

communication in the HF make it an excellent tool for

those interested in this type of communication; for example,

in cancer research (53,54) and as general model for inter-

tissue communication through time and space (2).

Temporal complexity of the hair follicle
Living systems exhibit different temporal properties and

scales. For example, in the heart, depolarization of myo-

cytes takes 1 ms; the cardiac cycle, 1 s; and longevity of the

organism, gigaseconds (4). The temporal dimension of liv-

ing systems (Table S1) is well reflected in HF biology

because this organ exhibits its own unique temporal cycle;

the hair cycle. These cycling events are typical examples of

patterns, namely breaks of homogeneity leading to the

emergence of new structure (55). Temporal complexity of

HF cycling also relates directly to structural and molecular

complexities as these themselves exhibit dramatic hair

cycle-dependent changes. During the hair cycle, the HF

shows complex, patterned phenomena that are temporo-

spatially restricted (55,56). Despite the large number of

molecular candidates implicated in HF cycling control,

such as IGF-1 (57), hepatocyte growth factor (HGF) (58–

60) (anagen promoters), fibroblast growth factor-5 (FGF-5)

(61–63) and neurotrophins (catagen inducers) (64,65), the

mechanisms regulating its timing remain elusive

(11,12,15,16,18,49). An integrated systems approach to this

problem has been lacking with researchers often looking

only at one gene or protein of interest (66).

Organ-cultured human HFs are able to synthesize a hair

fibre (at rates (41) and with a keratinization process (67)

similar to that in vivo) and subsequently enter a catagen-

like stage i.e. in the absence of extrafollicular tissue, neural,

vascular or endocrine signals. A full hair cycle is not exhib-

ited in this in vitro model, however, this model has advan-

tages for researching the human anagen–catagen transition

as the occurrence rate of catagen HFs in vivo is low (68)

compared to the majority of HFs that spontaneously enter

catagen with this model (45).

The cycling hair follicle as an ideal systems biology research model
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Because oscillatory behaviour is a classical emergent phe-

nomenon (69), the cycling HF is an ideal mammalian sys-

tem for systems biology studies. The full temporal

complexity of HF cycling is evident by the recent discovery

that clock genes may play an important role in this ‘‘intrin-

sic’’ HCC (16), thus joining circadian oscillator systems

(daily) with the rhythmic organ remodelling process that

spans weeks (mice) or even years (man). The HF and skin

exhibit circadian rhythms in gene transcription and protein

expression (16,70–75). Therefore, this tissue operates on

various time-scales simultaneously (74). To fully under-

stand how these distinct chronobiological systems interact

constitutes a major systems biology research challenge.

Routine hair research approaches cannot hope to master

this challenge if hair biologists do not cooperate closely

with chronobiologists and systems biologists (11,16,74,76).

Abstraction and Emergence

The Follicular Automaton
In order to cycle, HFs exhibit oscillations in structural and

molecular properties. However, on a high level of abstrac-

tion, HF cycling can be studied without explicit reference

to the exact molecular mechanisms that produce it. As a

starting point to understand HF cycling, a rather abstract

mathematical model was proposed; the follicular automa-

ton model (FAM) (77,78). The FAM aimed to establish a

model of the dynamics of human scalp hair to predict

long-term changes of scalp hair growth and thus under-

stand (and, ideally, predict) the manner by which different

balding patterns occur (Fig. 2).

The FAM has generated useful formation on the

dynamics of human hair cycling, with a level of abstrac-

tion that may be advantageous (4). On a population

level, the distribution of HFs in the skin provides a strik-

ing example of a self-organized spatio-temporal pattern

and molecular detail is not required to demonstrate this.

In addition, the model simulation of the evolution of

hair patterns is hypothesis stimulating i.e. the pattern of

hair growth on the human scalp can be manipulated to

elicit male pattern baldness, diffuse alopecia and ‘normal’

hair growth (Fig. 2). This provokes hypotheses about HF

parameters such as ‘‘heterogeneous distribution of fol-

licular parameters produces a diffuse pattern’’ whereas

‘‘gradients in mean duration of anagen phase (e.g. from

centre to periphery of the scalp) cause a central balding

pattern’’. The authors also determine that the indepen-

dence of HFs and variability in the length of the anagen

phase are major determinants of collective dynamics of

human hair cycling. This model could be advanced,

predictions tested, implemented and improved by includ-

ing molecular signals and further refined by experimental

data and hair cycle staging.

Despite its limitations (see legend, Fig. 2); this model is

an elegant example of how combined experimental and

theoretical methods can be optimally utilized to explore

specific scientific problems (here: to provide a basis for

long-term prognoses of human scalp hair growth in

response to manipulations), make predictions and create

new hypotheses. The dynamic behaviour of single HFs and

HF populations can be approximated by a simple model

(abstraction). Thus, the FAM perfectly illustrates a classical

systems biology approach to hair research.

(a)

(b)

(c)

Figure 2. Spatio-temporal simulations of the follicular automaton

model (FAM) showing different patterns of hair growth. Experimental

(phototrichogram) data collected over 14 years was used to

approximate the distribution of durations of hair cycle stages in each

hair follicle for each patient by using a log normal distribution. The

FAM was defined using the assumptions that (i) each follicle is

independent; (ii) each follicle traverses the cycle in the order of anagen-

telogen-latency phases; and (iii) after latency the follicle may either

enter a new cycle or undergo death or miniaturization. The figure

shows the simulation of human hair growth over ’25 years’ using the

FAM and demonstrates how different patterns of alopecia could be

achieved by simulating a population of HFs on a ‘scalp’. (a) ‘Hair

follicles’ were arranged on a grid (‘scalp’) with hair follicles

programmed with different mean durations of the anagen phase across

a gradient as shown in left column (decreasing mean from periphery of

the ‘scalp’ to the centre). The hair follicles were programmed to ‘die’

after a set number of cycles. The final hair pattern at 25 years

corresponds to a diffuse alopecia commonly seen in women. (b) As in

a, but steeper gradient set across the scalp to produce more dramatic

balding pattern in the centre. (c) Grid programmed with temporal

conditions as well as central gradient to achieve the final hair pattern

consistent with androgenetic alopecia (male pattern baldness) as shown

in Figures b and c. This model has limitations, for example, the

phototrichogram method provides only approximate temporal

information regarding the durations of hair cycle stages. The data

represents observations from the skin’s surface and provides no more

specific information on the molecular and temporal changes at the HF

level. The assumption that the results obtained with this method can

relate quantitatively to the molecular timings of the human hair cycle is

tentative. This is demonstrated by the fact that catagen (which lasts a

few weeks in human scalp hair) is not captured using this method.

Adapted after Halloy et al. 2000 Proc Natl Acad Sci USA (77).

Copyright 2000.
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Intrafollicular and extrafollicular communication in hair
follicle dynamics
The HF exhibits emergent properties, i.e. properties that

exist in complex systems that are not demonstrated by the

components alone and cannot be predicted through under-

standing the separated parts. For example, understanding

the properties of hydrogen and oxygen does not equate to

understanding the properties of water (32). The HF is an

emergent organ; the group of cells comprising the HF do

not function in the same way when isolated than when

operating together within the mini-organ. For example, iso-

lated DP cells will not produce a hair shaft (35,52).

Recently, Plikus et al. (50) have shown that adult pelage

HFs in mice exhibit hair cycle domains (i.e. spatially dis-

tinct HF populations that cycle synchronously within a

defined skin territory). These hair cycle domains show the

propagation of regenerating HFs as wave patterns (79,80).

(Fig. 3). Through directed experimental techniques, spa-

tial–temporal patterns in HF activity were directly linked to

expression levels of the BMPs (Bmp2 and Bmp4) within

hair cycle domains (Fig. 3). Cyclic changes were found in

Bmp2 and Bmp4 that were asynchronous to hair cyclic

changes, WNT ⁄ b-catenin signalling and noggin (a BMP

antagonist) expression.

On the basis of these studies, the hair cycle was redefined

[in the context of a population of HFs and the intrafollicu-

lar status of the skin (50)], from the traditional anagen,

catagen and telogen stages, into functional phases of propa-

gating anagen, autonomous anagen, refractory telogen and

competent telogen (Fig. 3). This study addresses the popu-

lation dynamics of cycling murine HFs, i.e. the population

behaviour of HFs to either propagate and cycle in waves or

not. Human HFs, however, behave differently to murine

HFs in that they do not exhibit hair cycle domains and

behave independently and stochastically or at the very

most, in follicular units (81). This murine study cannot be

extrapolated to explain the behaviour of human HFs as yet,

however, it could be that a similar mechanism may exist

between follicular units rather than cycle domains, but

there is as yet no evidence to support this idea.

The functional phases of the hair cycle proposed in this

study, in terms of ability to propagate a wave, can be used

to define spatial–temporal relationships and controls within

murine skin. Plikus et al. (50) demonstrate that stem cell

regeneration is subject to control of biological rhythm. This

work shows how the intrafollicular clock communicates

with intracutaneous (but extrafollicular) timing mecha-

nisms and lend themselves to the quantification and math-

ematical modelling of BMPs, noggin, WNT and b-catenin

levels as a function of time to thereby predict and elucidate

their function in the hair cycle.

Plikus et al. (50) have managed to demonstrate that the

emergent properties of HFs within its macro-environment

are essential for explaining function. Moreover, this study

offers a great example of how emergent properties and

molecular, structural and temporal complexity are all

involved in the process of cyclic tissue transformation

events. This provides yet further evidence that the HF is a

classic systems biology tool.

Algorithmic complexity of the cycling hair follicle
Living organisms must be able to ‘compute’ inputs and

convert these to outputs. As an example, gene regulatory

networks within cells process a signal e.g. stimulation by a

hormone (input) into changes in gene expression, protein

production, enyzme activity and complex cellular phenom-

ena (outputs) (Table S1). The ‘computational centre’

(HCC) that drives the hair cycle in the HF has not been

identified (15). The existing theoretical models that simu-

late hair cycling (77,78,82) do not model the ‘computa-

tions’ of the HF during this process. A systems biology

approach to hair cycling research should carefully identify

the drivers of the hair cycle (internal computer or HCC)

whereby inputs to the cycling HF are converted to the out-

puts; such as a hair shaft formation, regression of the HF,

stem cell activation and HF regeneration. In addition, we

need to ensure that we have the computational means to

Figure 3. Demonstration of the emergent property of murine hair

follicles exhibiting this behaviour in hair cycle domains. In situ

hybridization was carried out on longitudinal sections of murine dorsal

skin that were arranged spatially and temporally. These experiments

revealed how the propagation of hair cycle waves on the dorsum may

arise. Spatio-temporal patterns in hair follicle activity were directly

linked to expression levels of the BMPs within hair cycle domains. Cyclic

changes in Bmp2 and Bmp4 expression were asynchronous to hair cycle

changes and that of WNT ⁄ b-catenin signalling. Noggin, a BMP

antagonist, was expressed in a similar pattern to WNT. The figure

shows the schematic summary of the hair cycle rhythm (in black) and

the dermal rhythm (red). Together they define four new functional

stages that correspond to the ability to propagate and respond to hair

cycle propagation, these are; propagating anagen, autonomous

anagen, refractory telogen and competent telogen. Refractory telogen

is characterized by low noggin, high BMPs and low WNT signalling.

Competent telogen is defined by low noggin, low BMPs whereas,

during propagating anagen high noggin levels and low BMPs are

found. Autonomous anagen is distinguished by the expression of high

noggin and high BMPs. Catagen is omitted for simplification. Reprinted

by permission from Macmillan Publishers Ltd: Plikus et al. 2008 Nature

(50). Copyright 2008.
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create models that can handle the complexity of such simu-

lations (4).

Perspectives – Tackling the human hair
cycle

We have delineated why the HF is an ideal tool for systems

biology research; it is a unique mammalian feature, easily

accessible, defined in form and function and addresses all

the dimensions of living systems as an essentially autono-

mous mini-organ. It is evident that the dimensions of living

systems overlap and are intertwined and the HF demon-

strates this flawlessly; for example, molecular changes in

BMPs are coordinated with spatio-temporal changes in the

propagation of hair cycle waves and associated structural

alterations of HFs as they traverse the hair cycle (50,51).

Human hair cycle research highlights the intertwining

pathways that are relevant in the regulation and function

of a multicellular mini-organ. Interesting recent findings

show that circadian genes are differentially expressed in

anagen and catagen human HFs (83). The cycling HF is

thus relevant to regenerative medicine researchers, chrono-

biologists and stem cell biologists to name but a few (20).

More comprehensive and dynamic analyses of the human

hair cycle, e.g. via perturbation with siRNA as well as

microarray, metabolomic and proteomic analyses, com-

bined with the use of mathematical modelling, is a most

promising course of research for both systems biologists

and investigators of human HF biology and pathology.

Also, the systems biology approach to hair research advo-

cated here, at long last, may help to unravel the enigmatic

HCC. This, in turn, could facilitate the development of

novel therapeutic agents for the more effective management

of common hair growth disorders.

Conclusions

In summary:

• HF cycling in mice and man offers an excellent, clini-

cally relevant, research model for systems biology and also

stem cell, chronobiology, regenerative medicine and neuro-

endocrinology research;

• The HF model deserves to be fully discovered by der-

matological and systems biology research communities;

• We propose that a systems biology approach to

human HF cycling via the use of mathematical modelling

coupled to experimental work would greatly further hair

cycle research.
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