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A B S T R A C T

Animal cells exhibit a wide range of shapes that reflect their diverse functions. Cell shape is determined by a balance between internal and external forces and
therefore involves the cytoskeleton and its associated adhesion structures. Cell shape dynamics during development and homeostasis are tightly regulated and closely
coordinated with cell fate determination. Defects in cell shape are a hallmark of many pathological conditions including cancer and skin diseases. This review
highlights the links between cell shape and cell fate in the epidermis, which have been studied for over 40 years both in vitro and in vivo. Briefly discussing seminal
experiments showing the strong coupling between keratinocyte cell shape and their fate we primarily focus on recent studies uncovering novel cellular and molecular
mechanisms linking epidermal cell shape with cell growth, differentiation, asymmetric division, and delamination.

1. Introduction

Animal cells exhibit an immense diversity in their shape and me-
chanics to match their wide spectrum of specialization. Ranging from
flat cells, such as endothelia, through round cells, such as macrophages,
to long and narrow cells, such as neurons, as well as cells with very
intricate morphologies, such as photoreceptors. Each morphology is
best adapted in terms of geometry, surface area, connectivity, and
plasticity to execute its function within the tissue. Some adult cell types
continuously and reversibly change their shape as part of their phy-
siological function, such as muscle cells that shorten when they con-
tract, and leukocytes that deform in order to squeeze through other
tissues. In contrast, all cells undergo permanent changes in morphology
during development, either as individuals or collectively within tissues,
until they reach their final differentiated state. It is therefore not sur-
prising that control of cell shape and cell fate go hand in hand [1,2].
Often, cell fate determinants are upstream of cell morphology appara-
tuses [3]. However, studies both in cell culture and in vivo, have shown
that in many cases cell shape can also be influential upstream of cell
fate, as will be discussed in this review.

2. Cell shape and the cytoskeleton

Cell shape is the manifestation of a balance of internal and external
forces as well as the mechanical characteristics of the cell. The cytos-
keleton, comprised of actin, microtubules, intermediate filaments, and
spectrins, is responsible for force generation and for the material

properties of cells and therefore is the primary system controlling cell
morphology [4]. The physical nature of the cytoskeleton, and by ex-
tension of the cell, is viscoelastic [5]. At short time scales (seconds to
minutes), it exhibits elastic responses to external mechanical pertur-
bations, while on longer time scales (minutes to hours) it responds like
a viscous material. The viscous response is a result of reorganization of
the cytoskeletal network through polymerization, depolymerization
and motor activity [6,7]. Lasting changes in cell shape are therefore
possible because of the dynamic and adaptable nature of the cytoske-
leton.

Underlying the cell membrane is a network of spectrin, actin, and
myosin-II filaments, called the cortex, which support the membrane and
maintains cell shape independent of the environment [8]. Global con-
traction of the cortex induces cell rounding, whereas central contrac-
tion can induce cleavage, and polar contraction can generate cortical
flows that drive asymmetric protein distribution [9]. Cells can spread
out and stabilize a stretched morphology by anchoring themselves at
sites of cell-matrix and/or cell-cell adhesion. Such anchoring points are
usually connected to arrays of actomyosin or intermediate filaments,
depending on the type of adhesion receptors. Intermediate filament
arrays connected at hemidesmosomes or desmosomes primarily con-
tribute to the mechanical integrity of cells, while actomyosin networks
connected at focal adhesions or adherens junctions also have an im-
portant role in mechanosensing and transmitting information on the
physical state of the environment to the cell nucleus [10,11].
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3. Cell fate is both upstream and downstream of cell shape

Cell fate decisions integrate intrinsic factors, namely the transcrip-
tional state of a cell, with extrinsic biochemical factors, namely growth,
patterning, and differentiation signals, such as Wingless, Hedgehog,
Bone Morphogenic proteins, etc. The output of a cell fate decision, be it
proliferation, apoptosis, or differentiation, will activate signaling
pathways that control relevant cytoskeletal dynamics. For example, in
the Drosophila trachea, the trachealess patterning gene and EGF
Receptor signaling activate the RhoGAP crossveinless-c that triggers
cytoskeletal rearrangements, leading to epithelial invagination forming
the trachea [12]. In the mouse blastocyst, internalization of the cells
that will go on to form the embryo is due to an increase in their acto-
myosin-driven cortical tension downstream of SOX2 transcription
[13,14]. However, cell shape can have an effect on the intrinsic state of
the cell and therefore influence how cells respond to external signals
(Fig. 1). The effect of cell shape on the transcriptional state of a cell can
be mediated through specific signaling pathways, such as the Hippo
pathway (leading to the transcription factors YAP/TAZ), RhoA, or
serum response factor (SRF) [15–17]], or through global effects on
transcription in response to forces transmitted to the nucleus [18]].
Regardless of the pathway, the end result is that a cell might respond
with different fate decisions to the same external factor depending on
its initial shape. For example, cytoskeletal reorganization in mesench-
ymal cells in pharyngeal arches of chick embryos leads to condensation,
which modulates their response to growth factors; disruption of con-
densation inhibits differentiation of the mesenchymal cells into chon-
drocytes in response to fibroblast growth factor, bone morphogenic
protein and transforming growth factor beta [19]. In another example,
differentiation of mesenchymal stem cells into osteocytes is regulated
by cell shape and actomyosin-generated tension. Restricting cell

spreading and reducing cytoskeletal tension prevented BMP-induced
SMAD1 translocation into the nucleus and subsequent osteogenesis
[20]. Human mesenchymal stem cells that were not permitted to spread
became adipocytes [21].

The notion that engineering cell shape in vitro can provide control
over cell fate has motivated intense research in tissue bioengineering
[22,23]. Here, we review the current knowledge on how cell shape
affects cell fate in vivo, focusing on a single tissue: the skin epidermis.
We start with an introduction to epidermal morphogenesis and then
consider several key experiments and developmental events that ex-
emplify how cell shape influences growth, differentiation, asymmetric
division, and delamination.

4. The skin epidermis: a barrier with highly ordered cell shape
and tissue architecture

The skin epidermis begins its development when cells of the surface
ectoderm commit themselves to the epidermal lineage. These epidermal
stem cells/progenitors will give rise to several structures, including the
interfollicular epidermis (hereafter epidermis), hair follicles, sweat
glands and sebaceous glands. The mature epidermis, which functions as
a barrier, is a stratified epithelium that contains four main layers: i. The
innermost basal layer (stratum basale) is where undifferentiated kera-
tinocyte stem cells/progenitor adhere to the basement membrane and
proliferate, ii. Spinous layer (stratum spinosum), and iii. Granular layer
(stratum granulosum), in which postmitotic keratinocytes differentiate
and finally, iv. A Cornified layer (stratum corneum) that contain ker-
atinized dead cells, which are organelle and nuclei-free cells at the
surface of the body [24,25].

The barrier function of the epidermis is manifested by its ability to
restrict pathogens, chemicals, and radiation from entering the body and

Fig. 1. Cell shape affects cell fate and vice versa, via the cytoskeleton. (A) The transcriptional state of a cell, represented by a colored nucleus, is modulated by
signals from the cytoskeleton, which is influenced by the shape of the cell and its connections with the extracellular matrix and/or other cells. Non-adherent cells tend
to be rounded, while adherent cells can acquire other shapes. B) Soluble growth and differentiation factors influence cell fate decisions and prompt the cell to
modulate its cytoskeleton to execute a new fate. However, the same external signal will elicit different responses in different cells, depending on their shape and
transcriptional state when the signal arrived. In this hypothetical example, the same growth factor induces polarized cell migration in the cell on the left, proliferation
of the cell in the middle, and apical constriction of the cell on the right (leading to tissue bending).
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to prevent loss of fluids from the body to the environment. Moreover,
the epidermis must withstand mechanical insults and repair wounds to
maintain the barrier function throughout life. To this end, the epidermis
is a dynamic tissue that turns over every 2–4 weeks [26,27]. The epi-
dermis also exhibits a robust network of keratin intermediate filaments
(predominantly Keratins 5 and 14 in the basal layer and keratins 1 and
10 in suprabasal layers) and adhesion structures that maintain its
structural and functional integrity [28–30].

Cell shape is another important factor that plays a crucial role in
epidermal architecture and allows it to function as a barrier. During
differentiation, keratinocytes undergo profound changes in cell shape.
Cells in the basal layer exhibit cuboidal or short columnar architecture,
whereas during differentiation they flatten. In addition to changes in
cell height, cell packing geometry also differs between layers. Cells of
the cornified layer are organized into columns in a honeycomb fashion.
Computer simulations demonstrated that this architecture can be
reached spontaneously, suggesting that the epidermis is a self-orga-
nizing system [31]. Below the cornified layer, cells of the granular layer
contain tight junctions which are essential to keep fluids inside the
body. These cells exhibit a flattened Kelvin's tetrakaidecahedron (f-
TKD) shape which is ideal for space filling, mechanical strength and
barrier function [32]. Defects in cell shape and epidermal architecture
negatively affect tissue function and can be detected in common dis-
eases such as psoriasis and cancer [33,34].

5. A link between cell shape, stemness, and mitotic potential

More than 40 years ago Howard Green and colleagues developed a
method to culture keratinocytes [35–38]. In this method keratinocytes
obtained from a human source are plated on feeder cells that support
their survival and growth [36]. The mature colonies of keratinocytes
obtained in this method have characteristics similar to the in vivo
epidermis including changes in cell shape during differentiation. Small
cells with growth potential are located at the basal layer while large and
flat cells with cornified envelop can be detected at the most apical
layers [38].

In 1985 Barrandon and Green showed that keratinocyte cell size is
tightly correlated with their ability to form colonies. The authors ex-
amined cells that were isolated directly from human skin and also
cultured keratinocytes. Their observations show that cells with a dia-
meter of 11 μm or less will continue to proliferate, cells larger than
12 μm are committed to differentiation, and cells that are larger than
20 μm cannot divide [39]. Based on growth potential Barrandon and
Green defined three types of keratinocyte colonies: i. Holoclones that
contain stem cells and have the highest proliferative capacity, ii.
Paraclones that contain transient amplifying cells and have the poorest
potential, and iii. meroclones (progenitor cells) with intermediate ca-
pacity [40].

Cell size, the organization of the actin cytoskeleton and cell mi-
gration, are vastly different between the three types of colonies. At the
perimeter of holoclones cells are small, whereas cells at the edge of
paraclones are large [40]. Cell migration, a process that involves con-
tinuous cell shape dynamics is essential to sustain the growth of human
keratinocyte colonies [41]. Moreover, a recent study demonstrated that
human keratinocyte stem cells’ migration can determine their stemness.
A unique α6 integrin-mediated rotational movement can identify co-
lonies with the highest growth potential already at the 2-cell colony
stage [42].

In line with the crucial role of cell shape in keratinocyte stem cell
growth, Nanba et al. demonstrated that the actin cytoskeleton is dif-
ferentially organized in peripheral cells of holoclones and paraclones
[43]. In holoclone cells, actin filaments are perpendicular to the plasma
membrane whereas in paraclones actin filaments are parallel to the
plasma membrane. This differential organization results in differential
cell and colony shape dynamics upon activation of epidermal growth
factor (EGF) signaling pathway. While holoclone colonies increase their

size upon treatment, paraclone colonies shrink. The activity of the small
GTPase Rac1 that plays a significant role in actin organization is es-
sential to support both holoclone-specific cytoskeletal organization and
their proliferative capacity. Rac1 inhibition in holoclones result in
paraclone-like actin organization and growth potential, further em-
phasize the link between cell shape and growth in human keratinocytes
[43]. In line with that, deletion of Rac1 depleted stem cell population
also in the mouse epidermis [44]. Moreover, Rac1 activity is upregu-
lated in keratinocytes of psoriasis patients, a disease that impacts on
both cell shape and cell proliferation [44,45].

6. A link between cell shape and terminal differentiation

Fiona Watt and colleagues took a different approach to study the
link between cell shape and fate. They plated a homogenous population
of human keratinocyte stem cells/progenitors on adhesive islands of
different sizes. This approach restricted cell contact area, and demon-
strated that when the adhesive island is restricted cell proliferation
decreases and the expression of involucrin, a marker of keratinocyte
terminal differentiation, is upregulated [46,47]. More than 20 years
later Connelly et al. took a similar experimental approach to study the
mechanism that links keratinocyte shape and differentiation [48]. Si-
milar to the original observations by Watt et al. human keratinocytes
differentiated on small adhesive islands (20 μm diameter), in which
keratinocytes remained rounded. In contrast, when the cells were able
to spread (islands of 50 μm diameter) differentiation was less efficient.
Connelly et al. demonstrated that cell size restriction alters the orga-
nization of the actin cytoskeleton. Specifically, F/G actin ratio is higher
when cells are rounded than when the cells are spread. These changes
activate the G-actin sensitive protein MAL that shuttles into the nucleus,
binds and activates the transcription factor SRF whose target genes FOS
and JUNB support keratinocytes differentiation [48]. Knockout of Srf in
the mouse epidermis altered keratinocyte cell shape and negatively
affected cell differentiation [49]. However, the complex phenotype, and
particularly the severe inflammation in Srf conditional (c)KO epidermis
make it a problematic model to understand the link between cell shape
and cell fate in vivo [34,49].

Recently Totaro et al. who used a similar experimental setup, de-
monstrate that YAP/TAZ localization is sensitive to the shape of human
keratinocyte stem cell [50]. In Large adhesive islands, YAP/TAZ loca-
lizes in the nuclei, whereas in small adhesive islands YAP/TAZ is de-
tected predominantly in the cytoplasm. The authors show that in ad-
dition to cell shape YAP/TAZ is sensitive to a range of conditions that
affect mechanical signals including substrate rigidity, cell density, and
organization of the actin cytoskeleton, suggesting that a “high” me-
chanical forces regime is a positive regulator of YAP/TAZ activity. In-
terestingly, the authors found that YAP/TAZ controls keratinocytes cell
fate by suppressing notch signaling. Notch signaling is a potent inducer
of epidermal differentiation, and in vivo it is active in suprabasal layers
[51]. The delta-like notch ligands DLL1, DLL3, and JAG2, are direct
targets of YAP/TAZ, and their expression prevents keratinocyte differ-
entiation. In vivo, overexpression of dominant active YAP induced ex-
pansion of the basal layer in which undifferentiated keratinocytes can
be detected and decreased the expression of the Notch target HES1 and
keratinocytes differentiation [50,52]. On the other hand, YAP/TAZ loss
of function reduced the expression of DLL1 and induced premature
differentiation.

Together, these results demonstrate that cell shape regulates the
activity of pivotal transcription factors in stem cell/progenitor human
keratinocytes: Srf and YAP/TAZ. These transcription factors control
keratinocyte cell fate in vitro and in vivo.

7. Cell shape, cortical tension, and delamination

Epidermal stratification relays on two distinct mechanisms: cell
delamination [53] and spindle orientation [54]. During the first stage of
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epidermal stratification (E14.5-E15.5) delamination is the predominant
mechanism and later on spindle orientation and asymmetric cell divi-
sion becomes the predominant mechanism [55].

It is well known that keratinocyte undergoes striking cell shape
changes as they move between the epidermal layers towards the surface
of the body. However, recent studies documented significant cell shape
changes also within the basal layer. These cell shape changes play a role
in cell delamination and spindle orientation and affect gene expression
and lineage commitment, as described below.

Early studies in human cultured keratinocytes demonstrated that
epidermal delamination is associated with a decrease in basal cell ad-
hesion to the basement membrane [53]. Recent studies confirmed this
observation and highlighted key roles for cell shape in this process [56].
Using live cell imaging of E15.5 epidermis, Miroshnikova et al. found
that the basal layer of the epidermis resembles a jammed solid-like state
since cell motility, flow and neighbor exchange do not take place. Some
cells in the basal layer were detected slightly above the plain of the
basal layer suggesting that they are undergoing delamination. Inter-
estingly, these cells were detected next to dividing cells. The authors
suggest that cell division in the crowded basal layer generates com-
pressive forces that alter the shape of neighboring cells. This cell shape
change decreases cortical tension and increase cell-cell adhesion while
decreasing its adhesion to the basement membrane and therefore pro-
motes delamination [56] (Fig. 2).

Consistent with a key role for cell shape and cortical tension in
epidermal delamination, the laboratory of Kathleen Green showed that
the desmosomal cadherin, desmoglein 1 (Dsg1), is essential for epi-
dermal stratification [57]. Dsg1 can be first detected in the epidermis as
cells start to stratify where it regulates suprabasal cell shape and epi-
dermal morphology [58]. Nekrasova et al. identified two Dsg1 binding
proteins: Tctex-1, a light chain of the dynein, and cortactin, an actin-
binding protein that promotes Arp2/3 mediated actin polymerization at
adherens junctions. Tctex-1 is essential for the localization of Dsg1-
containing desmosomes to specific cell-cell domains where it regulates
cortactin- Arp2/3 dependent remodeling of the cortical cytoskeleton.
This remodeling in turn will decrease cortical tension and enhance
delamination [57] (Fig. 2).

8. Cell shape, spindle orientation, and symmetric vs. asymmetric
divisions

Cell division requires extensive cellular remodeling. These changes
involve nuclear envelope breakdown, chromatin reorganization, redis-
tribution of organelles and key proteins, remodeling of cell adhesions
and the cytoskeleton and cell shape change. Indeed, most of the cells
round-up as they enter mitosis. Failure in mitotic rounding can give rise
to defects in spindle structure or spindle orientation [59–61].

As of E15.5 spindle orientation becomes the predominant me-
chanism for epidermal stratification [55]. When spindle orientation is
parallel to the basement membrane, the two daughter cells will stay in
the basal layer. However, perpendicular spindle orientation results in
asymmetric cell division in which one of the daughter cells will stay in
the basal layer, and the other daughter cell will move up into the su-
prabasal layer [62,63].

Spindle orientation and asymmetric cell division is essential for the
development of epidermal barrier function [63]. In the developing hair
follicle asymmetric cell division gives rise to WntHi and Wntlo daughter
cells. Wntlo suprabasal cells will become hair follicle stem cell while the
WntHi basal cell will become progenitor cell [64]. In skin cancer stem
cells, vascular endothelial growth factor (VEGF) overexpression en-
hances tumor growth by promoting symmetric cell divisions of cancer
stem cells and therefore increasing their number [65].

Intrinsic and extrinsic factors tightly control spindle orientation,
including cell and tissue polarity, Wnt signaling, extracellular matrix
(ECM), mechanical forces and cell shape [66]. In the developing mouse
epidermis defect in mitotic cell shape and spindle orientation were
reported when SRF [49] or WDR1 [67] were deleted. Both SRF and
WDR1 are regulators of the actin cytoskeleton. SRF is a transcription
factor that regulates the expression of many actin-related genes in-
cluding β and γ-actin, the two fundamental building blocks of the actin
cytoskeleton in keratinocytes. WDR1 enhances the actin-severing ac-
tivity of cofilin and destrin. Interestingly, in the two mutants, apico-
basal polarity and basement membrane organization were normal.
However, the localization of LGN and NuMA that interact with apical
polarity complex and align the spindle were abnormal. The mechanistic
link between cell shape and spindle orientation in the developing epi-
dermis is not clear. However, in SRF loss of function, the defects in
activation of ERM (Ezrin, Radixin, and Moesin) proteins and recruit-
ment of myosin II into the mitotic cortex may suggest a defect in the

Fig. 2. Cell shape affects cell fate in the developing epidermis. The epidermis is a stratified tissue in which cells that leave the basal layer and move towards the
surface of the body develop into thin and flat squamous cells. (A) As basal layer cells enter mitosis they change their shape from cuboidal/short columnar to spherical
(orange cell). This cell shape change exerts compressive forces that squeeze neighboring cell (yellow cell). (B) Mitotic rounding is essential for spindle orientation that
determine the position, and therefore the fate, of the daughter cells (orange cells). Defects in mitotic cell shape result in random spindle orientation. Compression
forces decrease cortical tension and adhesion to the basement membrane while increasing cell-cell adhesion therefore promoting delamination (yellow cell).
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mechanical properties of the cortex [68] (Fig. 2). In line with that,
deletion of T-plastin (encoded by Pls3), a regulator of cortical acto-
myosin [69], in the developing epidermis leads to defect in both the
cortical cytoskeleton and spindle orientation [70].

9. Cell stretching and lineage commitment

At the surface of our body, the epidermis has to withstand me-
chanical insults and maintain its barrier function. While the notion that
the skin is a mechano-sensitive organ is well established, the molecular
mechanisms that link cell stretching to cell fate decisions are poorly
understood. In a recent study, the Wickstrom lab demonstrated that
when keratinocytes are stretched their terminal differentiation program
is inhibited [18]. Upon stretching, global repression in mRNA synthesis
takes place, and the transcription of nearly 4000 genes is down-regu-
lated. These genes are targets of the PRC2 pathway and carry
H3K27me3 histone methylation.

The mechanotransduction pathway that mediates the aforemen-
tioned cell shape-cell fate coupling involves remodeling of the actin
cytoskeleton and redistribution of emerin (Emd) and myosin II. Upon
stretching, Emd is enriched at the outer nuclear membrane where it
plays a role in the assembly of an F-actin/Myosin II rich perinuclear
structure. This process increases actin polymerization in the cytoplasm
and decreases the globular (G-) actin pool in the nucleus, which then
impacts on global transcriptional activity that is directly coupled to
H3K27me3-mediated silencing of lineage-specific genes.

In line with the involvement of Myosin II in stretch-induced re-
pression of keratinocyte differentiation, Myh9 (encodes for Myosin IIa
heavy chain) loss of function results in pre-mature differentiation
during mouse epidermal development [18].

10. Concluding remarks

The skin epidermis is a tissue that exhibits a strong link between cell
shape and cell fate. Early studies in cultured human keratinocytes de-
monstrated this behavior and recent studies continue to unravel the
mechanisms that underlie this phenomenon in vitro and in vivo. Cell
shape is involved in the two main mechanisms that allow the epidermis
to stratify during development: delamination and spindle orientation.
However, on top of “passive” regulation that involve the positioning of
cells in proliferative or postmitotic environments (basal layer or spinous
layer, respectively) cell shape is also linked to activation of key tran-
scriptional factors (e.g. Srf, YAP/TAZ) and to a chromatin remodeling
that control the expression of thousands of genes and determine lineage
commitment.

Most (if not all) our knowledge about the role of cell shape in epi-
dermal cell fate is limited to the interfollicular epidermis lineage, which
is relatively simple. In contrast, the hair follicle is a more complex
epidermal structure in which cells with different shapes, functions, and
fates can be detected. One of the most interesting cell populations in the
hair follicle is the hair follicle multi-potent stem cells that can be de-
tected at the bulge. When compared to epidermal stem cells/progeni-
tors, hair follicle stem cells exhibit a distinct cell shape [71]. In vivo
studies demonstrated that a defect in hair follicle stem cell shape is
correlated with their malfunction [72]. Additional work is required to
determine if the mechanisms described in this review function also in
other types of epidermal cells, and how these or alternative mechanisms
can regulate cell fate decision in epidermal multipotent stem cells.

Acknowledgments

C.L. is supported by a grant from the I-CORE Gene Regulation in
Complex Human Disease, Center number 41/11, and the Israel Science
Foundation grant number 1113/15. R.Z.B is supported by the Israel
Science Foundation grant number 1293/17.

We thank the Communications Core of the Mechanobiology

Institute Singapore for figure illustrations.

References

[1] D. Gilmour, M. Rembold, M. Leptin, From morphogen to morphogenesis and back,
Nature 541 (2017) 311–320.

[2] S.A. Wickstrom, C.M. Niessen, Cell adhesion and mechanics as drivers of tissue
organization and differentiation: local cues for large scale organization, Curr. Opin.
Cell Biol. 54 (2018) 89–97.

[3] Y. Bernadskaya, L. Christiaen, Transcriptional control of developmental cell beha-
viors, Annu. Rev. Cell Dev. Biol. 32 (2016) 77–101.

[4] R. Zaidel-Bar, G. Zhenhuan, C. Luxenburg, The contractome a systems view of ac-
tomyosin contractility in non-muscle cells, J. Cell Sci. 128 (2015) 2209–2217.

[5] K.E. Kasza, A.C. Rowat, J. Liu, T.E. Angelini, C.P. Brangwynne, G.H. Koenderink,
D.A. Weitz, The cell as a material, Curr. Opin. Cell Biol. 19 (2007) 101–107.

[6] J.F. Joanny, J. Prost, Active gels as a description of the actin-myosin cytoskeleton,
HFSP J. 3 (2009) 94–104.

[7] D. Mizuno, C. Tardin, C.F. Schmidt, F.C. Mackintosh, Nonequilibrium mechanics of
active cytoskeletal networks, Science 315 (2007) 370–373.

[8] P. Chugh, A.G. Clark, M.B. Smith, D.A.D. Cassani, K. Dierkes, A. Ragab, P.P. Roux,
G. Charras, G. Salbreux, E.K. Paluch, Actin cortex architecture regulates cell surface
tension, Nat. Cell Biol. 19 (2017) 689–697.

[9] K.J. Chalut, E.K. Paluch, The actin cortex: a bridge between cell shape and function,
Dev. Cell 38 (2016) 571–573.

[10] M. Hatzfeld, R. Keil, T.M. Magin, Desmosomes and intermediate filaments: their
consequences for tissue mechanics, Cold Spring Harb Perspect Biol 9 (2017).

[11] M.K.L. Han, J. de Rooij, Converging and unique mechanisms of mechan-
otransduction at adhesion sites, Trends Cell Biol. 26 (2016) 612–623.

[12] V. Brodu, J. Casanova, The RhoGAP crossveinless-c links trachealess and EGFR
signaling to cell shape remodeling in Drosophila tracheal invagination, Genes Dev.
20 (2006) 1817–1828.

[13] M.D. White, J.F. Angiolini, Y.D. Alvarez, G. Kaur, Z.W. Zhao, E. Mocskos, L. Bruno,
S. Bissiere, V. Levi, N. Plachta, Long-lived binding of Sox2 to DNA predicts cell fate
in the four-cell mouse embryo, Cell 165 (2016) 75–87.

[14] C.R. Samarage, M.D. White, Y.D. Alvarez, J.C. Fierro-Gonzalez, Y. Henon,
E.C. Jesudason, S. Bissiere, A. Fouras, N. Plachta, Cortical tension allocates the first
inner cells of the mammalian embryo, Dev. Cell 34 (2015) 435–447.

[15] J. Seo, J. Kim, Regulation of Hippo signaling by actin remodeling, BMB Rep 51
(2018) 151–156.

[16] R.J. Marjoram, E.C. Lessey, K. Burridge, Regulation of RhoA activity by adhesion
molecules and mechanotransduction, Curr. Mol. Med. 14 (2014) 199–208.

[17] M. Finch-Edmondson, M. Sudol, Framework to function: mechanosensitive reg-
ulators of gene transcription, Cell. Mol. Biol. Lett. 21 (2016) 28.

[18] H.Q. Le, S. Ghatak, C.Y. Yeung, F. Tellkamp, C. Gunschmann, C. Dieterich,
A. Yeroslaviz, B. Habermann, A. Pombo, C.M. Niessen, S.A. Wickstrom, Mechanical
regulation of transcription controls Polycomb-mediated gene silencing during
lineage commitment, Nat. Cell Biol. 18 (2016) 864–875.

[19] P. Ray, S.C. Chapman, Cytoskeletal reorganization drives mesenchymal condensa-
tion and regulates downstream molecular signaling, PLoS One 10 (2015) e0134702.

[20] Y.K. Wang, X. Yu, D.M. Cohen, M.A. Wozniak, M.T. Yang, L. Gao, J. Eyckmans,
C.S. Chen, Bone morphogenetic protein-2-induced signaling and osteogenesis is
regulated by cell shape, RhoA/ROCK, and cytoskeletal tension, Stem Cell. Dev. 21
(2012) 1176–1186.

[21] R. McBeath, D.M. Pirone, C.M. Nelson, K. Bhadriraju, C.S. Chen, Cell shape, cy-
toskeletal tension, and RhoA regulate stem cell lineage commitment, Dev. Cell 6
(2004) 483–495.

[22] E. Bellas, C.S. Chen, Forms, forces, and stem cell fate, Curr. Opin. Cell Biol. 31
(2014) 92–97.

[23] X. Lin, Y. Shi, Y. Cao, W. Liu, Recent progress in stem cell differentiation directed by
material and mechanical cues, Biomed. Mater. 11 (2016) 014109.

[24] E. Fuchs, Scratching the surface of skin development, Nature 445 (2007) 834–842.
[25] A. Roshan, P.H. Jones, Act your age: tuning cell behavior to tissue requirements in

interfollicular epidermis, Semin. Cell Dev. Biol. 23 (2012) 884–889.
[26] C. Blanpain, V. Horsley, E. Fuchs, Epithelial stem cells: turning over new leaves, Cell

128 (2007) 445–458.
[27] A.M. Tadeu, V. Horsley, Epithelial stem cells in adult skin, Curr. Top. Dev. Biol. 107

(2014) 109–131.
[28] K.D. Sumigray, T. Lechler, Cell adhesion in epidermal development and barrier

formation, Curr. Top. Dev. Biol. 112 (2015) 383–414.
[29] F. Tellkamp, S. Vorhagen, C.M. Niessen, Epidermal polarity genes in health and

disease, Cold Spring Harb Perspect Med 4 (2014) a015255.
[30] C.L. Simpson, D.M. Patel, K.J. Green, Deconstructing the skin: cytoarchitectural

determinants of epidermal morphogenesis, Nat. Rev. Mol. Cell Biol. 12 (2011)
565–580.

[31] H. Honda, M. Tanemura, S. Imayama, Spontaneous architectural organization of
mammalian epidermis from random cell packing, J. Investig. Dermatol. 106 (1996)
312–315.

[32] M. Yokouchi, T. Atsugi, M.V. Logtestijn, R.J. Tanaka, M. Kajimura, M. Suematsu,
M. Furuse, M. Amagai, A. Kubo, Epidermal cell turnover across tight junctions
based on Kelvin's tetrakaidecahedron cell shape, Elife 5 (2016).

[33] R. van der Kammen, J.Y. Song, I. de Rink, H. Janssen, S. Madonna, C. Scarponi,
C. Albanesi, W. Brugman, M. Innocenti, Knockout of the Arp2/3 complex in epi-
dermis causes a psoriasis-like disease hallmarked by hyperactivation of transcrip-
tion factor Nrf2, Development 144 (2017) 4588–4603.

[34] H. Koegel, L. von Tobel, M. Schafer, S. Alberti, E. Kremmer, C. Mauch, D. Hohl,

C. Luxenburg and R. Zaidel-Bar ([SHULPHQWDO�&HOO�5HVHDUFK���������������²���

���



X.J. Wang, H.D. Beer, W. Bloch, A. Nordheim, S. Werner, Loss of serum response
factor in keratinocytes results in hyperproliferative skin disease in mice, J. Clin.
Investig. 119 (2009) 899–910.

[35] M.A. Karasek, M.E. Charlton, Growth of postembryonic skin epithelial cells on
collagen gels, J. Investig. Dermatol. 56 (1971) 205–210.

[36] J.G. Rheinwald, H. Green, Serial cultivation of strains of human epidermal kerati-
nocytes: the formation of keratinizing colonies from single cells, Cell 6 (1975)
331–343.

[37] J.G. Rheinwald, H. Green, Epidermal growth factor and the multiplication of cul-
tured human epidermal keratinocytes, Nature 265 (1977) 421–424.

[38] T.T. Sun, H. Green, Differentiation of the epidermal keratinocyte in cell culture:
formation of the cornified envelope, Cell 9 (1976) 511–521.

[39] Y. Barrandon, H. Green, Cell size as a determinant of the clone-forming ability of
human keratinocytes, Proc. Natl. Acad. Sci. U. S. A. 82 (1985) 5390–5394.

[40] Y. Barrandon, H. Green, Three clonal types of keratinocyte with different capacities
for multiplication, Proc. Natl. Acad. Sci. U. S. A. 84 (1987) 2302–2306.

[41] Y. Barrandon, H. Green, Cell migration is essential for sustained growth of kerati-
nocyte colonies: the roles of transforming growth factor-alpha and epidermal
growth factor, Cell 50 (1987) 1131–1137.

[42] D. Nanba, F. Toki, S. Tate, M. Imai, N. Matsushita, K. Shiraishi, K. Sayama, H. Toki,
S. Higashiyama, Y. Barrandon, Cell motion predicts human epidermal stemness, J.
Cell Biol. 209 (2015) 305–315.

[43] D. Nanba, F. Toki, N. Matsushita, S. Matsushita, S. Higashiyama, Y. Barrandon,
Actin filament dynamics impacts keratinocyte stem cell maintenance, EMBO Mol.
Med. 5 (2013) 640–653.

[44] S.A. Benitah, M. Frye, M. Glogauer, F.M. Watt, Stem cell depletion through epi-
dermal deletion of Rac1, Science 309 (2005) 933–935.

[45] M.C. Winge, B. Ohyama, C.N. Dey, L.M. Boxer, W. Li, N. Ehsani-Chimeh,
A.K. Truong, D. Wu, A.W. Armstrong, T. Makino, M. Davidson, D. Starcevic,
A. Kislat, N.T. Nguyen, T. Hashimoto, B. Homey, P.A. Khavari, M. Bradley,
E.A. Waterman, M.P. Marinkovich, RAC1 activation drives pathologic interactions
between the epidermis and immune cells, J. Clin. Investig. 126 (2016) 2661–2677.

[46] F.M. Watt, P.W. Jordan, C.H. O'Neill, Cell shape controls terminal differentiation of
human epidermal keratinocytes, Proc. Natl. Acad. Sci. U. S. A. 85 (1988)
5576–5580.

[47] F.M. Watt, Influence of cell shape and adhesiveness on stratification and terminal
differentiation of human keratinocytes in culture, J. Cell Sci. Suppl. 8 (1987)
313–326.

[48] J.T. Connelly, J.E. Gautrot, B. Trappmann, D.W. Tan, G. Donati, W.T. Huck,
F.M. Watt, Actin and serum response factor transduce physical cues from the mi-
croenvironment to regulate epidermal stem cell fate decisions, Nat. Cell Biol. 12
(2010) 711–718.

[49] C. Luxenburg, H.A. Pasolli, S.E. Williams, E. Fuchs, Developmental roles for Srf,
cortical cytoskeleton and cell shape in epidermal spindle orientation, Nat. Cell Biol.
13 (2011) 203–214.

[50] A. Totaro, M. Castellan, G. Battilana, F. Zanconato, L. Azzolin, S. Giulitti,
M. Cordenonsi, S. Piccolo, YAP/TAZ link cell mechanics to Notch signalling to
control epidermal stem cell fate, Nat. Commun. 8 (2017) 15206.

[51] C. Blanpain, W.E. Lowry, H.A. Pasolli, E. Fuchs, Canonical notch signaling functions
as a commitment switch in the epidermal lineage, Genes Dev. 20 (2006)
3022–3035.

[52] H. Zhang, H.A. Pasolli, E. Fuchs, Yes-associated protein (YAP) transcriptional
coactivator functions in balancing growth and differentiation in skin, Proc. Natl.
Acad. Sci. U. S. A. 108 (2011) 2270–2275.

[53] F.M. Watt, H. Green, Stratification and terminal differentiation of cultured epi-
dermal cells, Nature 295 (1982) 434–436.

[54] I.H. Smart, Variation in the plane of cell cleavage during the process of stratification
in the mouse epidermis, Br. J. Dermatol. 82 (1970) 276–282.

[55] S.E. Williams, L.A. Ratliff, M.P. Postiglione, J.A. Knoblich, E. Fuchs, Par3-mInsc and
Galphai3 cooperate to promote oriented epidermal cell divisions through LGN, Nat.
Cell Biol. 16 (2014) 758–769.

[56] Y.A. Miroshnikova, H.Q. Le, D. Schneider, T. Thalheim, M. Rubsam, N. Bremicker,
J. Polleux, N. Kamprad, M. Tarantola, I. Wang, M. Balland, C.M. Niessen, J. Galle,
S.A. Wickstrom, Adhesion forces and cortical tension couple cell proliferation and
differentiation to drive epidermal stratification, Nat. Cell Biol. 20 (2018) 69–80.

[57] O. Nekrasova, R.M. Harmon, J.A. Broussard, J.L. Koetsier, L.M. Godsel, G.N. Fitz,
M.L. Gardel, K.J. Green, Desmosomal cadherin association with Tctex-1 and cor-
tactin-Arp2/3 drives perijunctional actin polymerization to promote keratinocyte
delamination, Nat. Commun. 9 (2018) 1053.

[58] S. Getsios, C.L. Simpson, S. Kojima, R. Harmon, L.J. Sheu, R.L. Dusek, M. Cornwell,
K.J. Green, Desmoglein 1-dependent suppression of EGFR signaling promotes epi-
dermal differentiation and morphogenesis, J. Cell Biol. 185 (2009) 1243–1258.

[59] P. Kunda, B. Baum, The actin cytoskeleton in spindle assembly and positioning,
Trends Cell Biol. 19 (2009) 174–179.

[60] O.M. Lancaster, B. Baum, Shaping up to divide: coordinating actin and microtubule
cytoskeletal remodelling during mitosis, Semin. Cell Dev. Biol. 34 (2014) 109–115.

[61] L. Champion, M.I. Linder, U. Kutay, Cellular reorganization during mitotic entry,
Trends Cell Biol. 27 (2017) 26–41.

[62] T. Lechler, E. Fuchs, Asymmetric cell divisions promote stratification and differ-
entiation of mammalian skin, Nature 437 (2005) 275–280.

[63] S.E. Williams, S. Beronja, H.A. Pasolli, E. Fuchs, Asymmetric cell divisions promote
Notch-dependent epidermal differentiation, Nature 470 (2011) 353–358.

[64] T. Ouspenskaia, I. Matos, A.F. Mertz, V.F. Fiore, E. Fuchs, WNT-SHH antagonism
specifies and expands stem cells prior to niche formation, Cell 164 (2016) 156–169.

[65] B. Beck, G. Driessens, S. Goossens, K.K. Youssef, A. Kuchnio, A. Caauwe,
P.A. Sotiropoulou, S. Loges, G. Lapouge, A. Candi, G. Mascre, B. Drogat,
S. Dekoninck, J.J. Haigh, P. Carmeliet, C. Blanpain, A vascular niche and a VEGF-
Nrp1 loop regulate the initiation and stemness of skin tumours, Nature 478 (2011)
399–403.

[66] S.E. Williams, E. Fuchs, Oriented divisions, fate decisions, Curr. Opin. Cell Biol. 25
(2013) 749–758.

[67] C. Luxenburg, E. Heller, H.A. Pasolli, S. Chai, M. Nikolova, N. Stokes, E. Fuchs,
Wdr1-mediated cell shape dynamics and cortical tension are essential for epidermal
planar cell polarity, Nat. Cell Biol. 17 (2015) 592–604.

[68] P. Kunda, A.E. Pelling, T. Liu, B. Baum, Moesin controls cortical rigidity, cell
rounding, and spindle morphogenesis during mitosis, Curr. Biol. 18 (2008) 91–101.

[69] W.Y. Ding, H.T. Ong, Y. Hara, J. Wongsantichon, Y. Toyama, R.C. Robinson,
F. Nedelec, R. Zaidel-Bar, Plastin increases cortical connectivity to facilitate robust
polarization and timely cytokinesis, J. Cell Biol. 216 (2017) 1371–1386.

[70] E. Dor-On, S. Raviv, Y. Cohen, O. Adir, K. Padmanabhan, C. Luxenburg, T-plastin is
essential for basement membrane assembly and epidermal morphogenesis, Sci.
Signal. 10 (2017).

C. Luxenburg and R. Zaidel-Bar ([SHULPHQWDO�&HOO�5HVHDUFK���������������²���

���


