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Keratins significantly contribute to cell stiffness
and impact invasive behavior
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Cell motility and cell shape adaptations are crucial during wound
healing, inflammation, and malignant progression. These processes
require the remodeling of the keratin cytoskeleton to facilitate cell-
cell and cell-matrix adhesion. However, the role of keratins for bio-
mechanical properties and invasion of epithelial cells is only partially
understood. In this study, we address this issue in murine keratino-
cytes lacking all keratins on genome engineering. In contrast to
predictions, keratin-free cells show about 60% higher cell deform-
ability even for small deformations. This response is compared with
the less pronounced softening effects for actin depolymerization
induced via latrunculin A. To relate these findings with functional
consequences, we use invasion and 3D growth assays. These experi-
ments reveal higher invasiveness of keratin-free cells. Reexpres-
sion of a small amount of the keratin pair K5/K14 in keratin-free
cells reverses the above phenotype for the invasion but does not
with respect to cell deformability. Our data show a unique role of
keratins as major players of cell stiffness, influencing invasion
with implications for epidermal homeostasis and pathogenesis. This
study supports the view that down-regulation of keratins observed
during epithelial-mesenchymal transition directly contributes to the
migratory and invasive behavior of tumor cells.

cell mechanics | intermediate filaments | optical stretcher |
Boyden chamber

Cell shape and tissue integrity largely depend on the cyto-
skeleton, which in mammals is composed of actin filaments,
microtubules (MTs), and intermediate filaments (IFs). Together,
they provide resilience against force, coordinate cell motility,
mediate intracellular movements, and are involved in cell sig-
naling (1, 2). Although mechanical resilience is of importance for
the integrity of whole tissues, it is reasonable that for processes
such as migration of cells out of dense tissues, single cells need to
be highly deformable. The role of actin filaments and MTs is
relatively well understood. However, the understanding of the
respective contribution of IFs, encoded by a gene family of >70
members in humans and mice, to cell deformability, migration,
and signaling is only beginning to emerge (2).

The IF cytoskeleton of epithelia is composed of keratins that
assemble from heterodimers of at least one type I and type II
keratin into long, apolar IFs. It is believed that the cell type— and
differentiation state—specific expression of keratin isotypes con-
tributes significantly to micromechanical properties of epithelial
tissues (2). Basal epidermal keratinocytes express the keratin
pair K5/K14, which are replaced by K1/K10 during skin differ-
entiation, whereas tissue regeneration is accompanied by tran-
sient K6/K16 up-regulation and repression of K1/K10 (3). The
occurrence of cell fragility diseases caused by keratin mutations,
followed by collapse of the keratin cytoskeleton, has suggested
a major contribution of keratins to cell and tissue integrity, al-
though the underlying pathomechanisms are not yet understood
(4). Furthermore, loss of keratin expression, together with down-
regulation of cell-cell and cell-matrix contacts, represents an
important feature of the epithelial-mesenchymal transition
(EMT) and is thought to contribute to the increased migratory
and invasive behavior of metastatic tumor cells. Their properties,
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which include active cell shape changes and increasing cell softness
in tumor cells, rely largely on cell deformability as cells have
to transmigrate their surrounding tissue (5-7).

For small deformations imposed on cells, cortical actin is
generally seen as the dominant contributor to cell stiffness (8-
10). Surprisingly, MTs are reported to have little or no significant
effect on cell stiffness in this regime (11, 12). Based on the visco-
elastic properties of IFs in vitro, it was suggested that they might
be important for cell integrity at large deformations (13). Sup-
porting this hypothesis, studies on vimentin-deficient cells revealed
that they were less stiff than WT cells at high stresses, whereas for
low stresses, there seemed to be no significant influence (14). Until
now, the contribution of keratins to cell stiffness has not been
fully examined.

To investigate the overall contribution of the keratin IF cy-
toskeleton to cell stiffness and invasive behavior, we generated
keratinocyte cell lines devoid of the entire keratin cytoskeleton,
together with a rescue cell line reexpressing the single keratin
pair K5/K14 (3, 15). Based on measurements in a microfluidic
optical stretcher analyzing the noncontact deformability of sta-
tistically relevant numbers of keratin-deficient, WT, and rescue
cells (16), we identify a major contribution of the keratin cyto-
skeleton to whole cell deformability, which we show is significantly
greater than that of actin for small deformations. Moreover, we
show using a Boyden chamber assay and 3D tissue culture that loss
of keratins enhances invasive behavior of keratinocytes, which can
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be significantly reduced by restoring only small amounts of
keratin K5/K14.

Results

Strongly Increased Softening in Keratin-Free Cells. To investigate
the contribution of keratins to epithelial cell mechanics, we
established a keratinocyte cell line lacking all type II keratins. In
accordance with the instability of type I keratins in the absence
of type II keratin partners, this resulted in cell lines completely
lacking keratin filaments, without compensatory up-regulation of
other IF proteins (15, 17). To verify the keratin dependence of
the resulting phenotypes, a rescue keratinocytes cell line reex-
pressing K5/K14 filaments stably was developed (named K5
cells), which expresses 13% of the keratin protein amount of
the WT (15). Thus, it is possible to investigate the overall bio-
mechanical contribution of the keratin cytoskeleton in living
epithelial cells. To probe whole cell mechanical properties, we use
an automated microfluidic optical stretcher (nOS), a two-beam
laser trap that deforms single suspended cells with optically in-
duced surface forces (Fig. 14) (16). On a stepwise increase of the

laser power (stretch), the cells start to deform and display creep
behavior J(f) followed by relaxation after a subsequent stepwise
decrease of the laser power. Addressing the variability of biological
samples, a minimum of 300 cells for each cell line was used for
analysis. As a measure of the mechanical properties, we analyzed
the median creep deformation J (f = 3 s) at the end of cell
stretching. Comparison of WT and KO cells revealed a drastic
increase of cell deformability of about 60 + 20% for the KO cells
(Fig. 1C). At the same time, deformation curves and J (t = 3 s)
for KO and K5 rescue cells are similar and lie within each other’s
confidence bounds (Fig. 1 B and C). Due to the low expression
level of keratin protein of 13% in K5 cells, the similar deformation
curves are to be expected, suggesting that epithelial cell stiffness
critically depends on the amount of keratin per cell.

The strong reliance on whole cell deformability on keratins
could easily be caused by changes in the architecture and/or
amount of other cytoskeletal components. To rule these out, we
used immunofluorescence and Western blots to characterize the
various cell lines for keratin, actin, and tubulin. Absence of ker-
atin filaments can clearly be seen in KO keratinocytes, whereas
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Fig. 1. Keratins are major determinants of cell stiffness. (A)
(Left) Schematic of the pOS setup showing a strongly deform-
ing KO cell treated with LatA. (Right) Laser pattern used for all
pOS measurements. (B and C) Data sets from optical stretcher
measurements of keratin-free and K5/K14 reexpressing cells
compared with WT cells. Characterized by creep deformation
curves J(t) (B) and J (t = 3 s) (C) (***P < 0.001). (D) Immuno-
fluorescence analysis using keratin and tubulin antibodies and
phalloidin staining (actin). (E) Keratin 5, tubulin, and actin ex-
pression detected by Western blotting of total protein lysates.
(Scale bar, 10 um.)
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KS5 cells again form long keratin filaments. Additionally, immu-
nofluorescence staining shows that actin and tubulin organization
appears very similar in WT, KO, and K5 keratinocytes (Fig. 1D).
Interestingly, F-actin distribution is not notably influenced by the
keratin status under the culture conditions used here, and all cell
lines displayed cortical cytoplasmic stress fibers in a similar ar-
rangement. The actin and tubulin expression levels are equal in
the cells as well (Fig. 1E). In addition, immunostaining for sus-
pended cells was done to confirm a similar cytoskeletal structure
of actin and microtubules in WT, KO, and K35 cells for conditions
like in the pOS (Fig. S1).

Influence of F-Actin in Cell Stiffness. For small deformations, the
cortical layer of the semiflexible polymer actin is often denoted
as a major contributor to the mechanical properties of cells (8-
10), whereas the reverse is proposed for keratin influence (9).
Additionally, numerous studies proposed close interactions be-
tween actin and keratin cytoskeletons in many cells (18, 19). To
dissect the relative contribution of actin and keratin cytoskele-
tons to cell deformability, WT and KO keratinocytes were treated
with the F-actin depolymerizing drug latrunculin A (LatA; 0.25
pM) for 8 h before and during measurements. This treatment
significantly altered the F-actin cytoskeleton, whereas overall
organization of keratin filaments and the microtubule network
remained largely unaffected (Fig. 2C). As expected, actin
stress fibers were depolymerized, and most filamentous actin
disappeared in all cell lines (Fig. 2B). Deformation of LatA-
treated keratinocytes measured with the pOS revealed a signifi-
cant increase of deformability in all cell types. For WT+LatA
compared with WT cells, an increase of about 10 + 10% was

found, whereas both KO+LatA and K5+LatA cells showed an
increase of about 20 + 10% in comparison with their controls
(Fig. 24). Most importantly, the differences between WT+LatA
and KO+LatA cells were still remarkable, with about 80 + 20%
higher relative deformation for the latter, independent of the
depolymerization of the actin cytoskeleton. Regarding the
curve shape of J(¢) of all LatA-treated cells, a qualitative change
compared with controls was seen. This difference is most obvious
on normalizing the deformation curves to the maximal defor-
mation at J (t = 3 s) (Fig. 2B). All cell types treated with LatA
showed the same curve shape, indicating the same underlying
biomechanical behavior. Although this is true for LatA-treated
cells, the creep curves of untreated controls display different
curve shapes for WT compared with KO and K5 cells (Fig. 2B).

Deformability Increases Invasion and Enhances 3D Growth in a Colony
Assay. In relation to the drastic impact of keratins seen for small
deformations, we asked whether increased deformability of
keratin-deficient keratinocytes affected their invasive behavior.
During invasion, cells are exposed to a variety of mechanical cues
such as shear stress and deformation, requiring adaptations of cell
shape and adhesion mediated by the cytoskeleton (5). To test this,
keratinocyte invasion was examined in a Boyden chamber assay in
which cells have to squeeze through pores, forcing drastic de-
formation (6). Interestingly, the number of invading cells was
60 + 7% higher among keratin-free cells compared with control
cells (Fig. 34; Movies S1, S2, and S3). To exclude proliferation
effects in the invasion, proliferation was determined and showed
no difference between all cell types (Fig. 3B). To visualize kera-
tinocytes successfully invading the pores following the invasion
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Fig. 2. LatA treatment enhances cell softness. (A) pOS
data of WT, KO, and K5 cells in comparison with LatA-
treated cells and respective cell counts (***P < 0.001;
**P < 0.01; *P < 0.05). (B) Normalized creep curves of
LatA treated and untreated cells (/nset). (C) LatA-treated
cells immunostained for cytoskeletal proteins keratin 5,
a-tubulin, and actin (phallodin). (Scale bar, 10 pm.)
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Fig. 3. Loss of keratins promotes invasion. (A) Quantification of transwell
invasion experiments. The mean number of invaded cells per transwell
membrane is presented. (B) Proliferation assay of keratinocytes following
Ki67 staining. Error bars represent SD of three independent experiments. (C)
Immunofluorescence analysis of cells having completed invasion at the
bottom of the transwell membrane stained for vinculin at day 4 and day 7
(***P < 0.001 **P < 0.01). (Scale bar, 10 um.)

process, the focal adhesion-associated protein vinculin was
stained (Fig. 3C). After invasion, WT and K5 keratinocytes were
smaller and less spread compared out of the pores with keratin-
free cells, suggesting a faster invasion of KO cells even at day 7.
Moreover, during the invasion process, living keratin-deficient KO
cells frequently ruptured, leaving remnants behind them (Fig. 3C,
arrows). In contrast, WT and K5 cells remained intact throughout
the invasion process. Furthermore, the growth of keratinocytes in
a 3D environment depending on the stress field imposed by the
surrounding matrix was investigated. Single cells were embedded
in an extracellular matrix and allowed to form colonies. In com-
parison with WT and K5 cells, keratin-free keratinocytes formed
much larger colonies (Fig. 44). Whereas colonies consisting of WT
and K5 cells displayed regular shapes and well-organized cells,
colonies from keratin-free keratinocytes grew on top of each other
in a disorganized fashion (Fig. 4B). In addition, KO keratinocytes
showed areas where cells move out of the colonies, whereas
WT and K5 colonies stay compact (Fig. 4 B and C, arrows).
Together with the findings from the Boyden chamber assay,
this suggests that loss of the keratin cytoskeleton promotes ac-
quisition of an invasive EMT-like state in murine keratinocytes.

Discussion

Although actin and microtubules are considered to be most
important for biomechanical properties of cells, IF proteins were
ignored for a long time in this field, owing to their insolubility in
buffers of physiological strength and their redundancy (14, 20,
21). The elastic properties of IFs are illustrated by the fact that
they can stretch three times their initial length before yielding,
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which are conditions where F-actin would already be irreversibly
disrupted (22, 23). Previously, for the IF vimentin, it was shown
by transfection of different desmin variants in fibroblasts that the
rearrangements of IF can change the nanomechanical properties
of these cells (24).

Our raw data represented through the deformation curves
convincingly show that keratins significantly contribute to the
mechanical properties of keratinocytes. A simple effective
spring and dashpot model with three parallel independent
springs representing the elastic contributions of keratin, actin,
and other filaments was used and combined with a joint viscous
background determined by the fluid cytoplasm (Fig. S2). This
model allows us to estimate that the contribution of keratins to
the elastic strength with respect to actin and other filaments can
be described by the ratio 0.42:0.04:0.54, respectively, which
shows that keratin is a significant player in the stability in cells
(Table S1; Fig. S2). More accepted models, such as a glassy cell
model that result in scaling laws represented here by a modified
power law model described previously by Maloney et al. (25),
also capture the significant contribution of keratins (Table S1).

Looking at the much lower bending stiffness of keratin com-
pared with actin filaments, classical physical models would pre-
dict no major contribution of keratins in small deformation
experiments. Using keratinocytes that express their normal set of
keratins (WT), lack all keratins (KO), or contain one keratin pair
K5/K14 (KS), we used a pOS to analyze the noncontact deform-
ability of these cells. The data presented in this work show
a drastic increase in creep deformationJ (t = 3 s) of ~60% for the
KO cells compared with WT cells, even for small deformations.
Furthermore, WT and KO cells treated with the actin depoly-
merizing agent LatA show significant softening of ~10% and
~20%, respectively, which is much less compared with the effect of
keratin IFs. In the absence of actin induced by LatA treatment,
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Fig. 4. Increased formation of colonies in keratin-free cells. (A) Formation
of colonies surrounded by Matrigel. (B) Phase contrast images of cells
growing in a 3D environment. (C) Colony assay stained using DAPI (***P <
0.001). (Scale bar, 100 um.)
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cells show deformation curves with joint characteristics that are
most likely dominated by the biomechanical features of the ker-
atin cytoskeleton (Fig. 2B).

Regarding interconnection via linker protein connections be-
tween the actin and keratin filament networks, a group of pro-
teins interacting with IFs called plakins and armadillo proteins
are candidates for linkage (26-28), in particular, plectin isoforms
(29-31). We can use our data to hypothesize about the strength of
the coupling between actin and keratin. When disrupting the actin
filaments with LatA, we see nearly the same relative effect be-
tween LatA-treated and -untreated WT and KO cells. Addition-
ally, the relative effect of the keratin KO is similar comparing WT
to KO with WT+LatA to KO+LatA. Taken these two findings,
the coupling, e.g., via plectin cross-links, between actin and
keratin filaments is quite weak for the cells presented in this
study. Thus, the keratin and actin cytoskeleton mostly con-
tribute independently to the cell elastic strength, which in part
explains why the simple effective model of three independent
springs for keratins, actin, and remaining filaments describes
our data so well (Fig. S3; Table S1).

A previous study on immortalized patient cells containing a
genetic keratin mutation (K14 R125P) compared with immor-
talized normal keratinocytes already raised the expectation that
a total loss of keratins could have an influence on cell stiffness
(12). In contrast, we directly compare the contribution of kera-
tins in epithelial cell mechanics in keratinocytes expressing or
lacking distinct sets of keratins. Additionally, because of the
automated pOS, we have access to a statistical amount of
single cell experiments that were shielded from the influence
of additional parameters like adhesion to an artificial 2D matrix.
For rescue cells (K5) with ~13% the amount of keratin found in
WT cells, we recorded the same deformation behavior as for KO
cells; however, the invasive phenotype was nearly restored, re-
sembling that of WT cells. Furthermore, our data also show that
migration and adhesion properties were rescued in K5 cells (15).

In addition, we found an increased number of invading kera-
tin-deficient cells and enhanced 3D growth in a colony assay,
which was partially rescued by reexpression of KS. However, KO
cells were ruptured during the invasion process, indicating me-
chanical instability of single cells in the absence of keratins. Our
findings provide the basis for understanding pathomechanisms of
the blistering skin disease epidermolysis bullosa simplex (EBS),
caused by missense mutations in K5 or K14. In severe EBS,
keratin missense mutations enforce collapse of an intact cyto-
skeleton into cytoplasmic aggregates, assumed to lead to a fragile
epidermis (3, 32). In EBS, mechanical stress exposure leads to
a ruptured epidermis with skin blisters, underlining the crucial
role of keratin filaments in the mechanical stability of the skin
(33-35). Our data strongly support the need to express a suffi-
ciently high level of intact keratins to restore the biomechanical
properties of keratinocytes and epidermis. Furthermore, loss of
the keratin cytoskeleton reduced cell stiffness and therefore the
enhanced cell deformability needed to squeeze through porous
membranes used in an invasion assay. This approach is remi-
niscent of invasive cells at the tumor front (36). In this setting,
altered expression is believed to contribute to the increased
softness of tumorigenic cells and their state of malignancy (37,
38). On the other hand, increased softness might render tumor
cells more susceptible to shear forces, selecting against cells that
are too soft. In many cancers, cell shape changes are indicators
of neoplastic transformation. Here, we show that the loss of
keratin intermediate filament cytoskeleton, like in pathological
processes, drastically affects invasion and 3D growth. In line, the
keratin expression pattern is altered in tumorigenesis and can be
used as prognostic marker, which can be related to bio-
mechanical changes in this context (38). Also, in wounding, the
keratin isotypes are switched to K6/K16 expression, suggesting
keratins change migratory and biomechanical properties of

Seltmann et al.

such cells (39-41). Our results are in line with data showing that
reorganization of keratin filaments leads to biomechanical
changes and enhanced invasion (42). The notion that expression
of 13% of total keratins in K5 cells did not significantly affect cell
stiffness in pOS measurements but diminished invasion in a 3D
assay most likely reflects exposure time to the mechanical force,
which is very different between the two assays. Furthermore, the
length of time allows induction of proinvasive signaling pathways
in keratin-deficient keratinocytes (43).

In summary, we show using the optical stretcher, that the keratin
cytoskeleton is a major contributor to cell stiffness and decreases
cell invasiveness. Based on the findings reported here and else-
where (7), we suggest that, by providing cell stiffness and
maintaining desmosome-dependent intercellular adhesion, keratins
assist in the maintenance of the epithelial phenotype and protect
epithelial cells against acquisition of a metastatic phenotype.

Materials and Methods

Cell Culture and Drug Treatment. Isolation and culture of mouse keratinocytes
of various genotypes were described previously (15, 17). Briefly, cells were
grown in chelex-treated FAD medium (DMEM/Ham’s F12, 3.5:1.1) supple-
mented with 10% (vol/vol) FCS Gold (PAA, chelex-treated), 0.18 mM ade-
nine, 0.5 pg/mL hydrocortisone, 5 pg/mL insulin, 100 pM cholera toxin (all
Sigma), 10 ng/mL EGF, 100 U/mL sodium pyruvate, 100 pg/mL penicillin/
streptomycin, and 2 mM Glutamax (all Invitrogen), 5% CO, at 32 °C. Cells
were cultured on collagen | (Invitrogen)-coated cell culture dishes. Cells were
treated for 8 h with 0.25 pM LatA (Sigma Aldrich).

Antibodies. Antibodies used were mouse anti-vinculin (Sigma Aldrich), mouse
anti—a-tubulin (Sigma Aldrich), and guinea pig anti-keratin 5 (44). Secondary
antibodies conjugated to fluorochromes and PromoFluor-488-conjugated
phalloidin were purchased from Dianova and Promokine.

Immunofluorescence Analysis. Staining conditions and image processing were
described previously (7). Briefly, cells were fixed for 10 min in 4% formalin/
PBS and incubated with primary antibodies for 1 h. All antibodies were di-
luted in TBS containing 1% BSA. Afterward, cells were incubated with the
secondary antibody for 30 min and mounted with mounting medium (Dia-
nova). Images were acquired using an Axiolmager Z2 equipped with Zeiss
Plan-Apochromat 63x/1.46 oil and Zeiss LSM 780 confocal microscope with
40x/1.3 NA or 63x/1.46 NA. Image analysis and processing were performed
using the AxioVision 4.8 and Zen Software 2010 (Zeiss).

Invasion and Colony Assay. Invasion chambers for the transwell assay were
prepared by coating 12-well inserts (Millipore) with growth factor-reduced
Matrigel (BD Biosciences). Invasion assay plates were incubated for 4-7 d.
Following incubation, the noninvading cells were removed by scrubbing the
upper surface of the insert. The cells on the lower surface of the insert were
fixed and stained with DAPI and vinculin, and each transwell membrane was
mounted on a microscopic slide for visualization and analysis. For colony
assays, keratinocytes were dissociated in a single cell solution and mixed 1:1
with matrigel (BD Biosciences). Per well, 3,000 cells were seeded and in-
cubated for 30 min at 37 °C. Colonies were fixed and stained 14 d after
seeding. Medium was changed every 4 d.

Proliferation Assay. To determine the proliferation of keratinocytes, cells
were stained with Ki-67 as described above. Approximately, 300 cells were
counted and scored for Ki-67 positivity per cell type.

Optical Stretcher Measurements. Before measurement, cells cultured at 32 °C
and 5% CO, were detached using 0.025% Trypsin/EDTA (PAA) and resus-
pended in culture medium. The cell suspension was then mounted into
a fully automated pOS setup where each cell deformation experiment is
recorded using video microscopy, based on the setup described by Lincoln
et al. (45). Each single suspended cell is delivered via a microfluidic system to
the measurement region and trapped between two divergent laser beams
followed by a creep experiment: After 1 s of trapping, the laser power is
increased in a step-like manner for 2 s (stretch), followed by 2 s of additional
trapping (relaxation) (Fig. 1A). At the end of each single cell experiment,
a new cell is automatically transported to the measurement region. The
applied laser pattern for each single cell was the same throughout the whole
study (Fig. 1A). Experiments were performed at a constant 23 °C stage
temperature, which was adjusted via an environmental controller for the
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microscope stage. For each cell type (WT, KO, and K5), the corresponding
measurement with LatA-treated cells was carried out with the same batch of
cells on the same day. Before LatA treatment, different concentrations were
tested, where the most effective concentration (0.25 pM) was taken where
cells were still viable and relaxed back to normal after removal of LatA (46).

Deformation Data Analysis. The relative deformation data are derived via an
automated subpixel edge detection algorithm implemented in Matlab
(MathWorks). The algorithm corrects for small angle rotations of the cell in
the trap using feature tracking.

All remaining cells are evaluated with respect to their creep deformation
J(t)=¢(t)/o0, where &(t)=[d(t)—d(0)]/d(0) is the relative deformation of
a cell along the laser axis, and o is the optically induced stress, which linearly
depends on the applied laser power Pgetch (Fig. 1A) (9, 47).

As a consequence of the non-Gaussian distribution of our optical de-
formation values for a cell population, the appropriate value for presentation
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is the median. With the form of the distributions for cell mechanical prop-
erties still under debate in the community, bootstrapping is used to estimate
the 95%, 99%, and 99.9% Cls for all of the median deformation values
presented in this work. Additionally, various distributions were tested but
found to give poor results in fitting the distributions of the LatA-treated
cells (including lognormal distribution; Fig. S3).
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