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Mathematical Modeling of the Impact of Actin and Keratin Filaments
on Keratinocyte Cell Spreading
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ABSTRACT Keratin intermediate filaments (IFs) form cross-linked arrays to fulfill their structural support function in epithelial
cells and tissues subjected to external stress. How the cross-linking of keratin IFs impacts the morphology and differentiation of
keratinocytes in the epidermis and related surface epithelia remains an open question. Experimental measurements have
established that keratinocyte spreading area is inversely correlated to the extent of keratin IF bundling in two-dimensional
culture. In an effort to quantitatively explain this relationship, we developed a mathematical model in which isotropic cell
spreading is considered as a first approximation. Relevant physical properties such as actin protrusion, adhesion events, and
the corresponding response of lamellum formation at the cell periphery are included in this model. Through optimization with
experimental data that relate time-dependent changes in keratinocyte surface area during spreading, our simulation results
confirm the notion that the organization and mechanical properties of cross-linked keratin filaments affect cell spreading; in addi-
tion, our results provide details of the kinetics of this effect. These in silico findings provide further support for the notion that
differentiation-related changes in the density and intracellular organization of keratin IFs affect tissue architecture in epidermis

and related stratified epithelia.

INTRODUCTION

Keratinocytes are the major cellular constituents in the
epidermis of skin, a surface tissue that provides an imperme-
able barrier and the first line of defense against potential
damage from environmental exposures. Epidermal tissue
integrity is essential to barrier function. It is maintained
via epidermal differentiation as part of normal homeostasis
and restored by wound healing after injury (1). Accordingly,
the mechanical properties of keratinocytes play a crucial
role in the skin’s barrier function and properties as a tissue.
Intermediate filaments (IFs) are formed by the protein
products of a large number of IF genes (>70) regulated in
a tissue-, differentiation-, and context-dependent fashion
(2,3). All major classes of IFs have been shown to provide
structural and mechanical support that is vitally important
to maintenance of cell and tissue integrity under stress.
This role was initially revealed for keratin IFs in epidermis
(4) and later extended to many additional types of tissue
(2,5,6). Further, in vitro studies of purified reconstituted
IFs showed that they must be cross-linked into a network
to generate the elasticity and mechanical properties (7,8)
necessary to sustain their mechanical support role in living
cells (9,10). This basic principle also applies to actin fila-
ments (11) and more generally to fibrous polymers (12).
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Epithelial cells express type I and type II IF genes whose
protein products copolymerize to form 10-nm-wide IFs in
their cytoplasm. Specific combinations of type I and II
keratin genes are expressed in a tissue-type-, differentia-
tion-, and context-specific fashion in such cells (13). In
addition to their biochemical composition, the intracellular
concentration and organization of keratin IFs varies rather
significantly depending on the cell type considered (2,4).
In skin and related surface tissues, keratin IFs are unusually
abundant ((14); also, J. S. Kim, C.-H. Lee, B. Y. Su, and P.
A. Coulombe, unpublished data) and, in part because of
their attachment at cell-matrix and cell-cell adhesion struc-
tures, exhibit a pancytoplasmic organization (15). On the
one hand, such attributes underlie the ability of keratin IFs
to perform a crucial role of mechanical support in the
epidermis and related surface epithelia (16,17). Recent
measurements confirmed that the keratin filament network
makes a dominant contribution to the micromechanical
(elastic) properties of human skin keratinocytes (18). On
the other hand, these characteristics should enable keratin
IFs to also act as key determinants of cell shape and tissue
architecture in such settings.

We have been studying the property of self-organization
of keratin filaments comprised of type II keratin 5 (K5)
and type I keratin 14 (K14) pairing, which occurs in the
progenitor basal layer of epidermis and related surface
epithelia (16,19,20). As part of this effort, we recently
uncovered the existence of an inverse relationship between
the surface area of keratinocytes in two-dimensional culture
ex vivo and the extent of keratin filament bundling in their
cytoplasm (20). This latter evidence implies that the organi-
zation and mechanical properties of keratin IFs affect
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keratinocyte morphology and epidermal architecture. Here
we report on a successful effort to devise a simple theoret-
ical model to investigate and substantiate this relationship.

MODEL
Background information

The mechanism of cell spreading is inherently complex, as
suggested in recent studies on the spreading of mouse
embryonic fibroblasts (21,22). At a very early stage after
their attachment to the substratum, the spreading of cells
in a two-dimensional culture setting follows a universal
law (23). The timescale of this initial stage is very short
(<15 min), although its magnitude varies depending on
various elements, including cell type. Experimental evi-
dence shows that the microtubule-organizing center gener-
ally does not have a significant impact on cell spreading
(23). Protrusion events originating from cycles of actin
polymerization and depolymerization and branching in the
cortical area of the cell are considered a key factor at this
stage (24). Experimental studies of cell spreading further
show that cell contact area initially increases monotonically
at a rate that depends on the concentration of relevant
ligands in the substratum (21,22,24-28).

After this early stage, cells eventually become flattened
and display a well-developed cytoskeleton, including an
elaborate actomyosin system and a well-spread network of
IFs. These elements are predominant in the lamellum, i.e.,
the subcellular area that extends from the edge of the
nucleus to the lamellipodium at the distal edge of the
cell (Fig. 1 B). At this stage, the cell exhibits two distinct
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actin filament networks: a relatively narrow one featuring
a branched architecture and undergoing classical tread-
milling that drives spreading in the distally located lamel-
lipodium zone, and another, broader one organized as
stress fibers and co-existing with IFs in the lamellum
zone extending from the lamellipodium to the nucleus
(Fig. 1 B) (25,29).

After the initial stage, the mechanisms underlying
spreading are believed to be the same as those driving cell
motility (22). Actin treadmilling at the leading edge drives
lamellipodial protrusion and, as a result, lamellum expan-
sion (29,30). The retrograde flow velocity of actin is also
known to be important for lamellipodial protrusion (31).
Another key regulator of spreading and motility is adhesion
to the extracellular matrix (32). Small and nascent focal
adhesions (FAs) near the leading boundary of the spreading
or moving cell generate strong propulsive forces, whereas
larger and mature adhesion sites located inside the cell,
behind the leading edge, exert weaker forces (33). Assembly
and stabilization of nascent FAs in the lamellipodium occurs
in an actin-dependent but myosin-II-independent fashion,
whereas their subsequent maturation is regulated by
opposing influences from «-actinin-mediated actin cross-
linking and myosin II activity (34). The lamellipodium
thus behaves like a caterpillar, given polymerization-driven
forward movement at the leading edge and net disassembly
at the rear boundary. At this latter end, a subset of FAs disas-
sembles, whereas others undergo maturation with the help
of a-actinin and myosin II. Myosin II activity is known to
be inversely proportional to cell spreading, possibly due to
the increasing mechanical or viscoelastic properties of the
cytoplasmic network (26).
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Description of the model

Given our measurements on Kkeratinocytes in two-dimen-
sional culture (Figs. 2 and 3 A), in this study, we divide
the spreading of nondividing cells into two discrete stages,
1 and 2 (Fig. 1 A). Stage 1, the initial stage, occurs at
a constant protrusion speed,v),. We have

r(f) ~vg t, (1)

conveying that lamellipodial protrusion is the most influen-
tial determinant of cell spreading during stage 1.

Our modeling effort primarily focuses on stage 2
(Fig. 1 A), when the spreading cell has flattened, the actin
and keratin networks are cross-linked and established, and
the shape and mechanical properties of the nucleus are set
(see below). As a first approximation for modeling stage 2,
we assume a cylindrically symmetric shape for the cell (with
a circular plate shape in top view), resulting in isotropic cell
spreading. Mathematically, we can afford to consider only
the cross-sectional area of the cell. Our model ignores defor-
mation of the nucleus, in part because it has been shown to
be much stiffer than the cytoplasm (35,36). Further, from

Keratin (K14)

FIGURE 2 Micrographs of spreading mouse skin keratinocytes at
different time points during cell spreading (scale bar, 20 um). We system-
atically eliminated outlier data by retaining all measurements falling within
the 95% confidence interval for each time point. This time course reveals
the development and maturation of the cytoskeletal network with time.
After t = 36 h, the cytoskeletal network appears to be fully developed.
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stage 2 onward, spreading continues to be driven primarily
by events occurring in the lamellipodium (distal edge) and
their dynamic interplay with the cytoskeleton and adhesion
events in the lamellum (main cytoplasmic space). We note
that experimental measurements show that the nucleus
does not deform much during this second stage of cell
spreading (see below).

The resulting simplified model is conveyed in Fig. 1 B.
Given that variations in height should be smaller compared
to other geometrical dimensions during stage 2 (also see
the Supporting Material from Krzyszczyk and Wolgemuth
(31)), here we treat this quantity as constant, 4, = 200 nm.
This value corresponds to the thickness of the lamellipo-
dium (30,37). With this, the phenomenon being modeled
can be formulated using a one-dimensional partial differen-
tial equation. The geometry of the relevant portion of the
cell can be described using cylindrical coordinate systems
in the continuum mechanics formulation. r denotes the
coordinates inside the cell body, and ry and r, denote the
coordinates of the nucleus and boundary, respectively
(Fig. 1 B). r¢ is assumed to be constant in our model.

We further assume that the network is uniformly and
symmetrically distributed. We treat the actin and keratin
networks (cross-linked or not) as a continuum of visco-
elastic material. Important factors to consider include the
mechanical properties of cross-linked F-actin and keratin
IF networks, forces emanating from adhesion sites, and
protrusion events along the edge of the cell outer membrane.
The elastic property of each cytoskeletal network is
described by two different sets of mechanical properties,
Y; and v, respectively denoting the Young’s modulus and
Poisson’s ratio. The viscosity of each network is described
by the relaxation modulus, ;. As outlined in the Supporting
Material, we rely on published data describing the mechan-
ical attributes of keratin filament assemblies (8) and skin
keratinocytes (18).

Generally speaking, cytoskeletal networks may undergo
large deformations as a cell spreads. In that case, finite
deformation continuum modeling might be more appro-
priate. Therefore, we use the compressible finite linear
viscoelastic constitutive relation in this study. A detailed
explanation is given in Kim and Sun (38). In general, the
viscous part of the stress is linear with respect to strain
velocity and may include memory effects. For motion
over a relatively long timescale, which applies here, such
memory effects may be neglected. The time constant
specific to the viscoelastic properties of the cytoskeleton is
~15(9,39). Hence, we use the constitutive relationship (38)

o(x,1) = (Ao Indet A — puy) 1+ uyAA”

My gt -TAT @
+2(AF +F7TAY),

where F and A denote the so-called deformation gradient
tensors for total and elastic deformation, respectively.
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FIGURE 3 Measurement data and simulation

results for wild-type mouse skin keratinocytes.
(A) Measurements of spreading area of cells and
nuclei. Error bars represent the standard deviation.
(B) Simulation results with optimized parameters:
v§ =0.0072 pm/min and vy = 1.85 x 107 um.
(C) Stress distribution developed in the cytoskel-
etal network. (D) Frictional stress due to mature
adhesion sites. (E) Cell spreading area with
varying degrees of filament bundling in the keratin
IF network. (F) Our simulation shows an inverse
correlation between the degree of filament
bundling in the keratin IF network and cell surface
area, which confirms and extends the result re-
ported by Lee and Coulombe (20).
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Here, we denote Lamé constants as Ay and y,, which are
directly related to Young’s modulus and Poisson’s ratio.
u; is the relaxation component of the viscoelastic moduli.

Actin polymerizes at the leading edge of the lamellipo-
dium, causing protrusion, and depolymerizes at its rear
boundary. Distal events are treated simply via a protrusion
speed, v, and it is assumed that the lamellipodial width
(Fig. 1 B) stays constant during cell spreading. In other
words, the lamellipodium behaves like a particle. It ensues
that protrusion speed corresponds to the speed of a particle
located at r = rp,, implying that we set r, = r. in Fig. 1 B.
Further inside the cell, the lamellar cytoskeleton (Fig. 1 B,
green domain) undergoes growth and maturation during
cell spreading. In this case, we utilize the concept of growth
as described in Kim and Sun (38), with the deformation
gradient tensor G.

The actin and keratin networks are treated as separate but
interdependent entities in our model. When appropriate,
quantities of interest are dressed with a tilde to denote

Cell area [ x 103 pmz]

keratin networks. For example, Yy and f/f denote the
Young’s moduli of actin and keratin networks, respectively.
We posit that the keratin network is attached at or near
mature adhesion sites near the rear boundary of the lamelli-
podium (40). In Kolsch et al. (41), keratin IFs were seen to
behave like a ruptured spider network upon disruption of
actin, pointing to the existence of interconnections between
them (see Fig. 1 B, inset, and Green et al. (42)). We infer that
the cross-linking between the actin and keratin networks is
of a rigid nature compared to their other elastic features.
Mathematically, therefore, the F-actin and keratin IF
networks share the same displacement fields in the lamellar
cytoplasm. In other words,

u(r) = u(r). 3)
In this case, total stress in the cytoskeletal network is
computed as

¢ =o+o. )

Biophysical Journal 103(9) 1828-1838
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Therefore, the equation of motion is

do’. 1
o T (a7, — ) = sevr (5)

The actual form of this equation depends on the treatment of
cytoskeletal networks. The most general consideration is
that both the F-actin and keratin IF networks undergo
growth (applied from this point forward). We employ the
finite-element method to solve the equation of motion (see
schematic in Fig. 1 C). Detailed formalism with boundary
conditions can be found in the Supporting Material.

Lamellipodial protrusion and growth in the
cytoskeletal network

In our model, the F-actin and keratin IF networks adhere to
the same growth law based on the aforementioned informa-
tion. As the lamellipodium rolls outward at the leading
edge, some of the nascent FAs are destined to form mature
adhesion sites. Given a weak coupling of the lamellipodium
and lamellum in the materialistic sense (29), we assume
that stress in the cytoskeleton represents a key influence
on lamellipodial protrusion speed. To be more specific,
cytoskeletal stress in the lamellum is assumed to trigger
biochemical signaling pathways that impact the rate of poly-
merization/depolymerization of actin filaments in the lamel-
lipodium. The latter is consistent with the notion that
mechanical stress can be transduced into biochemical
signals through cytoskeletal deformation (43). With this
information, we propose that protrusion speed in the lamel-
lipodium is a function of forces acting at its boundary with
the lamellum. Mathematically it can be written at the kth
time step as (38)

1

— v{)’ e~ O bsti=1) 2m ryphy ke T (6)
This mimics the force-protrusion velocity of the lamellipo-
dium as reported in Mogilner and Oster (44). v}, the constant
protrusion speed of the lamellipodium (cf. above), is known
from considering stage 1. v is a constant that represents, in
units of um, the characteristic dimension related to the work
achieved by force. a’, (rp, tx—1) 27 rphy, represents the force
acting on the surface at r = ry,.

Next, let us discuss the growth law applying to the cyto-
skeleton. The lamellipodium and lamellum feature distinct
F-actin networks that are continuously linked, albeit weakly
in the materialistic sense, and that differ in kinematics (G-
actin inward flow), kinetics (turnover or net assembly of
F-actin), and material properties (29). Yet we assume that
both lamellipodial protrusion and lamellum expansion are
mainly governed by net F-actin assembly. We propose the
following model for the growth of the cytoskeletal network:

Mg(r7zi) =« u(rati - T) 5(}" - rb)a (7)
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where u, denotes displacement due to the cytoskeletal
growth, which defines G (cf. previous section). Here, 7
denotes the time lag between lamellum formation and la-
mellipodial protrusion, and « is a proportional coefficient.
The origin of « can first be inferred from the fact that
kinetics in the lamellipodium and lamellum are different,
as conveyed in Ponti et al. (29). Two spatial maxima of
net F-actin assembly rate are considered. One maximum
occurs in the lamellipodium per se and is related to the
protrusion speed, whereas the other coincides with the outer
boundary of the lamellum. « reflects the difference in
magnitude between these maxima, and is assumed to be
0.3 (29). The specific location of the second local maximum
is conveyed by the term 6(r — r;) in the above equation. Our
model assumes, it is important to note, that growth of the la-
mellum in response to lamellipodial protrusions occurs near
its distal boundary. Further, the sinusoidal pattern exhibited
by the net assembly rate of F-actin in the lamellipodial area
in Ponti et al. (29) verifies our assumption that it moves like
a rolling caterpillar. The mathematical rationale for Eq. 7
can be found in the Supporting Material.

Actomyosin activity can pull actin filaments and affect
cell spreading by contributing to the development of higher
stress. Such myosin-related stress was assumed to be
10? — 10° Pa in a previous modeling effort (45). This acto-
myosin effect could be included in our modeling effort.
However, since we lack detailed information about both
the temporal and spatial distribution of this active stress
in the epidermal keratinocytes being studied, and given
that the magnitude of this active stress is likely smaller
than other elastic properties of the network, we opted here
to ignore this active effect. Also, our experimental results
(see Fig. S1 and Fig. S2) show that stress related to myosin
activity does not seem to significantly affect the spreading of
keratinocytes.

The cell radius does not increase in a continuous, mono-
tonic fashion during spreading (25). Instead, it shows a tran-
sient and stochastic behavior, denoted as stochastic transient
extension periods (STEPs). The duration of these periods
was estimated to be 25 s or so for a half-cycle, either in
the anisotropic or late isotropic cell-spreading mode. This
phenomenon is likely related to the balance resulting from
actin polymerization and retraction (25). Retraction is
thought to stem from the activity of myosin and «-actinin
and is related to the formation of mature focal adhesions
in the lamellum (29,46). Consequently, one might expect
that the boundary between the lamellipodium and the lamel-
lum moves with a time lag relative to the lamellipodial
protrusion (see Ponti et al. (29)). In our model, we incorpo-
rate full-cycle STEPs as the time lag, i.e., 7 = 1 min, to
reflect the effect of retraction and recovery of the movement
of the lamellum-lamellipodium boundary on the lamellum
formation in response to the lamellipodial protrusion.

The material parameters used in our simulations are listed
in Table 1 (see the Supporting Material for a detailed
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TABLE 1 Parameters of the cytoskeletal network for the
continuum mechanical model

Description Value
Young’s modulus for F-actin network, Y (kPa) 20
Young’s modulus for cross-linked keratin IF network, Yf (kPa) 117
Young’s modulus for disperse keratin IF network, Y, (kPa) 8.66
Poisson’s ratio 0.49
Viscous modulus, w; and fi; (Pa-min) 1.67
Friction coefficient due to mature adhesion, ¢, (pN-min/,um“) 5 x 10*

explanation of how these parameters were obtained, and
how we estimated the Young’s modulus for partially
cross-linked keratin networks).

EXPERIMENTAL METHODS

Newborn mouse skin keratinocytes were isolated and grown at 37°C in
primary culture on collagen-IV-coated coverslips as described previously
(20,47). At select intervals after the initial attachment, cells were fixed
with buffered 3.3% paraformaldehyde and processed for indirect immuno-
fluorescence. The keratin network was imaged using a rabbit polyclonal
anti-K14 antibody (Covance, Princeton, NJ) followed by Alexa Fluor
488-conjugated goat antirabbit IgG (Invitrogen, Carlsbad, CA). The cyto-
plasmic space was visualized using Alexa Fluor 594-C5-maleimide
(Invitrogen) after treatment with Bond-Breaker-TCEP (Thermo Scientific,
Waltham, MA) which makes cysteine residues in the cytoplasmic proteins
stay available for fluorescence labeling, and the nucleus was stained with
DAPI dye (Invitrogen).

For the myosin II inhibition studies, keratinocytes were grown and pro-
cessed exactly as described above, except that they were exposed to 10 uM
blebbistatin (or the same volume of dimethylsulfoxide vehicle as control) at
every 12-h time point. For each treatment, a 10 mM stock solution of
blebbistatin was diluted freshly at a 1:1000 ratio with mKER medium
immediately before addition to cell cultures.

Human dermal fibroblast HDFn were purchased from Life Technologies
(Grand Island, NY) and grown in M106 medium supplemented with 5%
fetal bovine serum. Cells were seeded on collagen-coated coverslips and
placed in a 37°C incubator for 30 min before incubation with or without
10 uM blebbistatin for an additional 30 min. At the end of the treatment
time period, cells were fixed and stained with Alexa Fluor 594-C5-malei-
mide, and the cytoplasmic area was analyzed according to the procedure
described for keratinocytes.

Cells were imaged using a fluorescent microscope (Axio Observer Z1
microscope with AxioCam MRm; Carl Zeiss, Oberkochen, Germany) fitted
with a 40x, 1.3 NA EC Plan-NeoFluar Oil DIC M27 objective lens. Micro-
scope operation and image acquisition were done using the AxioCam
software (Carl Zeiss). To measure the surface area of entire cells and nuclei,
recorded micrographs were processed using ImageJ software to yield 8-bit
binary images. Relevant areas were computed by counting the number of
pixels in the processed images using the Analyze Particles command.

RESULTS
Cell-spreading measurements

We measured the surface area of the entire cell and of its
nucleus, as wild-type newborn (P2) mouse keratinocytes
undergo spreading after they are seeded for primary culture
(Figs. 2 and 3 A). We systematically eliminated outlier data
by retaining all measurements falling within the 95% confi-
dence interval for each time point considered. We calculated
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the radius of the nucleus at equilibrium to be 7y = 7.9 um by
interpolation using an a (1 — e ) type of function.

Our purpose and strategy require that we establish the
timing of the transition between stages 1 and 2 as they apply
to newborn mouse skin keratinocytes. This information can
be inferred from the observed spreading kinetics of these
cells in ex vivo culture (Figs. 2 and 3 A). An inflection point
occurs at = 36 h (Fig. 3 A) and is here taken to reflect this
transition. Further, morphological analyses show that cyto-
skeletal networks are not yet fully developed at r = 24 h,
but have reached a stable configuration by ¢+ = 36 h
(Fig. 2), lending support to the inference made from the
quantitative measurements (Fig. 3 A). Beyond ¢+ = 36 h,
therefore, the mechanism of cell spreading can be assumed
to be largely the same as that prevailing during cell migra-
tion (see Introduction).

Simulation results with wild-type keratinocytes

As mentioned in the previous section, the model for stage 1
is written as

ry = vh(t —6) + Apeas[t = 6], 8)

in units of hours for time ¢. Equation 10 and the continuum
model for stage 2 outlined above were combined and inte-
grated with the experimental measurements of cell area
reported in Fig. 3 A.

Optimization was performed using the fminsearch func-
tion in Matlab (The MathWorks, Natick, MA), giving rise
to v§ = 0.0072 um/min and vy = 1.85 x 107! um, along
with the simulation reported in Fig. 3 B. These parameters
are considered intrinsic to wild-type skin keratinocytes.

Next, stress developed in the cytoskeletal network, as
well as friction stress due to mature adhesion sites, were
incorporated, as shown in Fig. 3, C and D, respectively. In
Fig. 3 C, a,, and gy refer to the radial and circumferential
components of cytoskeletal stress. These two types of stress
increase with time, as expected. The existence of residual
stress in the cytoskeletal network can be inferred from the
experimental observation that a cell retracts when its adhe-
sion to the substrate is reduced (25).

There have been experimental studies on the traction
forces exerted on the substrate by migrating or spreading
cells (27,48). When cells spread, mechanical stresses or
forces are transferred onto the substrate through adhesion-
related friction. In our model, friction stress due to adhesion
is the quantity corresponding to the measured traction stress.
As expected from the time-dependent decrease in cell
spreading rate, stress due to friction decreases with time,
since friction is proportional to the velocity of the cytoskel-
etal network. The resulting distribution of friction-related
stress (Fig. 3 D) agrees well with traction measurement
results obtained on fibroblasts (i.e., larger near the boundary
and smaller inside the cell) (27,48). However, the actual

Biophysical Journal 103(9) 1828-1838
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magnitude of the friction stress might differ for skin
keratinocytes and is affected by substrate stiffness, ligand
density, and adhesion molecules at the cell surface. We
also note that our assumption of constant friction coefficient
may not be accurate: in reality, the friction coefficient
originating from mature adhesion-site formation is not
necessarily constant. Note that u, does not affect cell
spreading, essentially because we do not consider memory
effects (see Eq. 2).

Prediction on the impact of keratin network
on cell spreading area

Next, simulations of keratinocyte spreading were conducted
in the absence and presence of a keratin filament network,
and with different degrees of cross-linking. The Young’s
modulus originating from keratin filaments was adjusted
to convey these various circumstances. In Fig. 3 E, cross-
linked and dispersed keratin networks represent circum-
stances in which wild-type keratin filaments are fully
bundled and unbundled (disperse), respectively. On the
other hand, half cross-linked represents the case where the
extent of keratin IF bundling is lessened owing to any
number of physiological circumstances (20). At a practical
level, we simply varied the concentration of keratin, as dis-
cussed in the Supporting Material, to examine the impact
of varying degrees of keratin IF bundling. The outcome of
our simulation points to an inverse correlation between
the occurrence of keratin filament bundling (Fig. 3 F and
Movie S1), the degree to which is occurs, and the temporal
evolution of the keratinocyte surface area (Fig. 3, A and B).
These simulation results closely match the experimental
data previously reported (compare Fig. 3 B with Fig. 4 o
in Lee and Coulombe (20)). Various elements make it inap-
propriate to directly compare and relate the simulation and
experimental data sets.

Altogether, the outcome of these simulations confirms
and extends the notion that keratin IFs represent a mechani-
cally important element in the cytoskeleton that is poised to
impact cell morphology during cell spreading. This is likely
to apply as well to keratinocyte migration, and to terminal
differentiation in epidermis and related epithelia in situ.

Effect of friction on cell spreading

Adhesion events are among the key factors known to affect
cell spreading and migration. In our model, the effect
of adhesion events is incorporated as friction, as has
been done in previous modeling efforts focused on cell
migration (45,49). We next varied the friction coefficient
in our model to gauge the impact of adhesion-related forces
on cell spreading (Fig. 4). Two cases were compared,
¢ =5x10° pN-min/um* (Fig. 4, A, C, and E) and
¢ = 2.5 x 108 pN-min/um® (Fig. 4, B, D, and F). There
has been no explicit effort to assess the relation between
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the friction coefficient and the corresponding stress, and
we selected these values so as to vary frictional stress by
a 50-fold factor (see Fig. 4, E and F). First, let us look at
the former case. The corresponding spreading area
remains very similar to that reported in Fig. 3 B (with
¢ =5 x10* pN-min/um®*). However, a small change
occurs in stress distribution within the cytoskeletal network
(Fig. 4 C), as follows: stress in the region close to the
nucleus decreases, whereas stress in the boundary region
increases compared to Fig. 3 C. The spatial distribution of
stress due to friction does not change appreciably, except
for its order of magnitude, which now seems closer to previ-
ously reported measurements (27,49). This result suggests
that, once mature, adhesion sites do not make a significant
contribution to cell spreading. Instead, factors related to
protrusion should be crucial, as is likely the case in general
cell dynamics. When the friction coefficient is increased to
. =25x%x10% pN~min/,um4, however, there is a marked
difference in spreading area (Fig. 4 B). Further, the stress
developed in the cytoskeletal network is significantly altered
(Fig. 4 D). Relative to the situations modeled to this point,
there is a higher stress distribution at boundary regions,
generating a negative impact on protrusion speed (cf. Eq.
6) and cell surface area at equilibrium. Under this circum-
stance, higher friction near the boundary is developed at
an earlier time point (Fig. 4 F, t = 41 hvs. t = 56 h) in cells
undergoing spreading, unlike the previous cases, where
friction development increases monotonically from the peri-
nuclear region. The outcome of these simulations implies
that cells do not spread or move much when exhibiting
very large and stable mature adhesion sites (as conveyed
by experimental findings involving FAK-null fibroblasts
(50)), and help establish the validity of our modeling and
its assumptions.

DISCUSSION AND CONCLUSION

In surface epithelia, keratin filaments occur at a very high
density and form a cross-linked or bundled cytoplasmic
network that provides mechanical resilience against external
stresses. An open issue of significant interest is whether, and
how, the cross-linking or bundling of keratin IFs affects cell
morphology. Following up on the observation that the
degree of keratin IF bundling negatively impacts keratino-
cyte cell spreading area in the two-dimensional cell culture
setting (20), we developed a mathematical model in which
actin and keratin networks in the cytoplasm are treated as
a continuum to assess the impact of keratin filament cross-
linking on keratinocyte cell spreading.

The mathematical model divides the cell spreading
process into two stages. In stage 1, our model recognizes
that protrusion events in the lamellipodium dominate the
initial phase of cell spreading. In stage 2, corresponding to
the primary focus of our study, the interplay between lamel-
lipodial protrusion at the distal edge, the cytoskeletal
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network that has formed in the lamellum (i.e., the main cyto-
plasmic space), and adhesion events is described in
a continuum mechanical fashion. We proposed simple math-
ematical laws for lamellipodial protrusion and cytoskeletal
growth at this second stage. The law for lamellipodial
protrusion mimics the well-known Bell’s equation (51),
where actin assembly rate in the lamellipodium is influ-
enced by a force signal originating from the cytoskeletal
network in the lamellum. The growth law for the lamellar
cytoskeleton incorporates phenomenological descriptions
of cell spreading and migration. Two key parameters in
our model were inferred from the observed spreading
kinetics of newly attached keratinocytes in primary culture.
The outcome of our modeling efforts confirms that cross-
linking of keratin IFs affects cell surface area. The impact
of this cross-linking can be abstracted through the concept
of active force transmission within the cytoskeletal network.
We propose that as they undergo bundling and/or cross-link-
ing, keratin filaments develop additional tensile stress in the
cytoskeleton, which in turn affects protrusion of the lamel-

Radial coordinates [um]

lipodia. It is important to note that the model we developed
verifies the inverse correlation between cell contact area and
the extent of bundling and/or cross-linking of keratin IFs in
the cytoskeleton (20). Moreover, our model predicts that
cell-protrusion formation should be stimulated in a direction
opposite that of the keratin network, and should thereby
promote polarized cell migration, as observed in Weber
et al. (52).

The determinants of spreading, and the impact of the IF
network, likely differ depending on the specific circum-
stances of the cell and, just as important, cell type. The
spreading of fibroblasts in culture has been studied
(21,22,26) and modeled (45) by others, and there are several
differences between those studies and our effort. Vimentin is
the main IF protein expressed in fibroblasts, where it plays
several important roles, including having an impact on
cell shape and cell motility during the epithelial-to-mesen-
chymal transition (53). Of note, the vimentin IF network
is localized mostly in the nonmoving part of the cytoplasm
in motile fibroblasts (54). Further, fibroblasts increase their
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spread area rather rapidly upon myosin inhibition (26),
a finding that we have confirmed, whereas keratinocytes
respond much more slowly, and in fact contract, in response
to the same treatment (Fig. S1). Blebbistatin-treated kerati-
nocytes show increased keratin bundling, consistent with
our experimental (20) and modeling (this study) findings
that the extent of keratin IF bundling impacts cell spreading
area. These observations call for circumspection in relating
our findings to other types of cells, and other types of IF
systems.

The model we introduce here also highlights the cooper-
ation between the keratin IF and F-actin networks to regu-
late cell spreading and, by extension, cell surface area. An
assumption made to attain this finding is the occurrence of
rigid linkages between keratin IFs and F-actin, a well-estab-
lished determinant of cell morphology (55). There is exper-
imental evidence that keratin IFs interact and undergo cross
talk with the F-actin network (41,42,56), though the phys-
ical attributes of the interconnection remain poorly under-
stood. Loss of select keratins, e.g., K6, significantly affect
F-actin organization in mouse skin keratinocyte cultures
(57). Also, our data highlight the possibility of cross talk
between actomyosin and keratin IF networks (see
Fig. S2). A possible linking mechanism between the keratin
and F-actin networks involves plectin (58,59). Plectin
occurs in multiple isoforms, has side arms that can bind
MTs, F-actin, and IFs (60), and has already been shown to
significantly affect cytoskeletal organization (61). In two-
dimensional culture, plectin-null newborn mouse skin kera-
tinocytes exhibit increased F-actin stress fibers along with
increased keratin IF bundling (62). Of further interest, loss
of either K6 (63), plectin (62), or plakoglobin, an IF-inter-
acting adhesion plaque molecule (64), result in increased
Src activity in mouse skin keratinocytes, conveying that
cytoskeletal elements are also integrated via powerful
signaling pathways. A distinct, and complementary, mecha-
nism to mediate such cytoskeletal interconnections would
be the occurrence of direct physical contact between
them. Specifically, keratin IFs could be trapped in the
branches of the F-actin network (42).

Keratinocyte size in two-dimensional culture strongly
correlates with their clonogenic and proliferation potential,
and with differentiation (65-68), all of which are funda-
mental attributes of epidermis and related epithelia in vivo.
A broader issue, therefore, is whether keratin IF organiza-
tion is a driver or a consequence of the striking changes
that occur in cell shape, size, and orientation as keratino-
cytes undergo terminal differentiation in epidermis and
other stratified epithelia. Keratinocytes are columnar and
oriented perpendicular to the epidermal axis in the basal
layer, become roughly polygonal in the early spinous (early
differentiating) layer, and then flatten and reorient parallel to
the epidermal axis in the late spinous and granular (late
differentiating) layers. The latter process features a progres-
sive increase in the concentration of keratin filaments (14),
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and in the degree of their bundling, along with striking
changes in the density and distribution of desmosome cell-
cell contacts, to which they attach. One can readily
conceive, therefore, that increases in filament density and
bundling can, in a desmosome (and maybe in F-actin)
attachment-dependent fashion, promote cell flattening
during differentiation. The model we introduce here pro-
vides a framework upon which to investigate this intriguing
possibility and its consequences for epidermis homeostasis.
In the course of devising this model, we became aware of
the paucity of quantitative data about several fundamental
attributes of a tissue like the epidermis. To single out one
example, there is very little known about the density
and distribution of cell-cell adhesions, whether actin-linked
or keratin-linked, in the three-dimensional context of
epidermis. The advent of sophisticated microscopy tech-
niques to map, with sufficient resolution, the localization
of molecules in the three-dimensional framework of tissues
represents a key advance that will make it possible to secure
the missing information to better understand the genesis and
maintenance of tissue architecture, as well as its functional
ramifications.

SUPPORTING MATERIAL

Supporting Methods, three figures, one movie, and additional references
are available at http://www.biophysj.org/biophysj/supplemental/S0006-
3495(12)01030-2.
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