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Keep quiet—how stress regulates hair follicle stem cells
Sven R. Quist 1,2✉ and Jennifer Quist2

Signal Transduction and Targeted Therapy           (2021) 6:364 ; https://doi.org/10.1038/s41392-021-00772-4

In a recent paper published in Nature, Choi et al.1 demonstrated
that corticosterone, the mouse equivalent to human cortisol,
controls the activity of hair follicle stem cell (HFCS) quiescence by
regulating the gene expression of Gas6.
Mammalian stem cells have the unique ability to repair,

generate and maintain tissues throughout their lifetime. Stem
cells under autonomous and non-autonomous regulators are
located in specific niches where this regulation can be synchro-
nized.2 The hair follicle is a highly interactively regulated mini-
organ that enables the study of stem cell functions. During hair
formation, hair follicles undergo orchestrated and dynamic cycles
of growth (anagen), regression (catagen) and quiescence (telo-
gen). The niche of HFSCs is known as the bulge region where
quiescent HFSCs are localized. HFSCs are transiently activated, and
proliferate to form the hair germ. Matrix cells of the hair bulb
proliferate and differentiate, elongating the hair shaft in the
growth (anagen) phase. In the regression (catagen), the hair bulb
and the lower part of the hair follicle regress leading to the
telogen (resting) phase where bulge cells remain inactivated, and
HFCSs are quiescent.3 In the telogen phase, under normal
conditions, HFSC quiescence is regulated by cell intrinsic as well
as extrinsic signals from the bulge niche environment. This is
precisely orchestrated by Wnt and bone morphogenetic protein
(BMP) signalling. In early telogen, HFCSs are silenced through
BMPs, including BMP6 and fibroblast growth factor 18, secreted
from Keratin 6-positive cells of the inner bulge, BMP4 from dermal
papilla cells that mantain a low Wnt low niche environment and
BMP2 and BMP4 from surrounding fibroblasts and adipocytes.3

Transcriptional factors such as Nfatc1 or Foxp1 are important
intrinsic regulators of HFSC quiesence that control BMP signal-
ling.2 TREM2-positive macrophages in surrounding tissues secrete
oncostatin M4 which activates JAK-STAT5 signalling to mantain
HFSC quiescence. During the early telogen phase, the HFSC niche
environment is BMP-high and Wnt-low to mantain HFSC in
quiescence. Dermal papilla (DP) cells play a critical regulatory role
as they secrete various mediators in a paracrine manner either to
keep HFSC inactivity or to enter the early anagen phase by
secreting BMP inhibitors and transforming growth factor-beta-2,
Fibroblast growth factor 7 and 10 activate Wnt signalling leading
to the early anagen phase again (Fig. 1).
Chronic stress can result in continuous hair loss. This leads to

telogen effluvium where hair follicles enter a resting phase
followed by considerable hair loss. Even worse, it can also result in
an autoimmune condition called alopecia areata where hairs are
lost due to an attack of the immune system,5 resulting in complete
hait loss of the hair of the scalp or body. It is thought that, under
stress, the hair follicle is under a micro-inflamed environment5 and
may need more of its essential nutrients such as proteins,
vitamins, iron or zinc. Choi and coworkers showed that chronic

stress has an even more profound impact on hair growth by
governing HFSCs, keeping them in a quiescent state by changing
the microenvironment. In various mouse models, by adenovirus-
associated injection with activating gene expression and cell
culture experiments, they studied the effect of corticosterone on
the activity of HFSCs. Hairs of mice that underwent surgical
removal of the adrenal glands (adrenalectomy) remained pro-
liferative, their hair shafts and hair follicles became longer, and
their hair follicles entered anagen phases more synchronized with
longer cycles compared with the results obtained in mice with
intact glands. To study the direct effect of corticosterone on hair
follicle growth, mice were fed oral corticosterone. Hair follicles
prolonged their telogen phase in contrast to that observed in
mice without adrenal glands. During ageing, mice showed
increased levels of corticosterone and long telogen phases could
be reversed by re-entry in the anagen phase by adrenalectomy,
even in old mice. Anagen entry remained intact throughout life. In
a mouse model of growth receptor gene deletion, they revealed
that the dermal papilla fibroblasts surrounding the hair follicle
play a crucial role in connecting the corticosterone effects with the
prolonged resting phases. By comparing the different mouse
models, DP cells revealed a candidate gene, Growth Arrest Specific
Protein 6 (Gas6), as a regulator of hair growth that is stress
sensitive. In DP cells, Gas6 encodes a gamma-carboxy glutamic
acid-containing secreted protein that predominantly binds to AXL,
a member of the TAM (TYRO3, AXL and MERTK)-family of receptor
tyrosine kinases and can be suppressed by corticosterone.
Interestingly, recombinant Gas6 was also able to activate hair
growth when supplemented in vitro with isolated HFSCs and
in vivo via adenovirus-associated injection.
High levels of BMPs secreted from fibroblasts, and dermal

adipocytes can promote HFSC quiescence in early (refractory)
telogen. Since the effects of corticosterone remain constant, Choi
and coworkers observed that Gas6 expression was opposite to
BMP signalling. Gas6 expression in the dermal papilla was low in
early telogen and high in late telegon. BMP suppressed the
expression of Gas6, and when Noggin, a secreted BMP inhibitor,
was overexpressed, increased levels of Gas6 were observed.
Corticosterone (a systemic hormone) and BMP (a niche signal)
represent two upstream signals that suppress Gas6 levels in DP.
Restoration of Gas6 expression via adenovirus-associated injection
was sufficient to promote HFSC activation even in a high-
corticosterone environment, suggests that corticosterone regu-
lates HFSC activity by inhibiting Gas6 expression in dermal
papilla cells.
This work is of interest because the orchestrated signalling

process of mammalian HFSCs during maintenance and repair,
already known to be quite complex, has been a primary research
focus. Nevertheless, the influence of external stimuli such as
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corticoids (in mice, corticosterone is the major effector of
corticoids), on the regulation of HFSCs, has not yet been well
characterized. Chronic stress, as well as long-term corticoid therapy,
has many undesirable side effects. It seems to directly impact the
regulation of hair follicle stem cells via non-autonomous, paracrine
effects keeping those cells in both, a prolonged quiescent state and
prolonged telogen phase. This results in a noticeable stop of hair
growth and potential subsequent telogen hair loss, which is a
further stressor for patients.

FUNDING
Open Access funding enabled and organized by Projekt DEAL.

ADDITIONAL INFORMATION
Competing interests: The authors declare no competing interests.

REFERENCES
1. Choi, S. et al. Corticosterone inhibits GAS6 to govern hair follicle stem-cell

quiescence. Nature 592, 428–432 (2021).
2. Lee, S. A., Li, K. N. & Tumbar, T. Stem cell-intrinsic mechanisms regulating adult hair

follicle homeostasis. Exp. Dermatol. 30, 430–447 (2021).

3. Daszczuk, P. et al. An intrinsic oscillation of gene networks inside hair follicle stem
cells: an additional layer that can modulate hair stem cell activities. Front Cell Dev.
Biol. 8, 595178 (2020).

4. Wang, E. C. E., Dai, Z., Ferrante, A. W., Drake, C. G. & Christiano, A. M. A subset of
TREM2(+) dermal macrophages secretes oncostatin m to maintain hair follicle
stem cell quiescence and inhibit hair growth. Cell Stem Cell 24, 654–669.e656
(2019).

5. Peters, E. M. J. et al. Hair and stress: a pilot study of hair and cytokine balance
alteration in healthy young women under major exam stress. PLoS ONE 12,
e0175904 (2017).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

Fig. 1 Regulation of hair follicle stem cell activity under normal condition and during enhanced corticosterone/stress. HFSC quiescence is
regulated by the bulge niche environment. In early telogen, HFCSs remain quiescent through BMP6 and fibroblast growth factor 18, which are
secreted from keratin 6+ cells of the inner bulge and BMP4 from DP cells, BMP2 and BMP4 from surrounding fibroblasts and adipocytes and
oncostatin M from TREM2+ macrophages. In late telogen, Gas6, BMP inhibitors and TGF-β-2, FGF 7 and 10 activate Wnt signalling, leading to
early anagen. High levels of corticosterone/stress suppress Gas6 and prevent the transition from late telogen to anagen prolonging late
telogen
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