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A B S T R A C T

Keratin intermediate filaments are hallmark features of epithelial tissue differentiation forming complex cyto
plasmic networks that are connected to subplasmalemmal cortical keratin filaments and anchored at desmosomal 
junctions. The mechanisms determining keratin filament network morphogenesis and maintenance are poorly 
understood. We previously generated a homozygous knock-in mouse line expressing YFP-tagged keratin 8, which 
functionally substitutes for the wild-type keratin 8. 3D time-lapse fluorescence recording of developing pre- 
implantation embryos allowed monitoring the de novo formation of the keratin filament network, which 
implicated desmosomes and the actin-rich cell cortex in nucleation and transport of nascent keratin particles. To 
further explore the relevance of the cell cortex for keratin filament network maintenance, we now studied Krt8- 
YFP-producing late blastocysts that had developed cytoplasmic and cortical keratin networks. We treated them 
with drugs to modulate the actomyosin cytoskeleton and analyzed desmosome-deficient blastocysts. We find that 
overall keratin network organization is barely affected in either scenario. Detailed analyses, however, reveal 
distinct changes in cytoplasmic keratin filament abundance, cortical anchorage and keratin filament turnover. 
We conclude that mature keratin networks withstand drastic changes in cellular organization and that mainte
nance of their spatial organization is secured in a “belt and braces” fashion by multiple mechanisms, notably 
desmosomal anchorage and attachment to the actin-rich cell cortex.

1. Introduction

Epithelial tissue properties are in large part determined by the 
cytoskeleton. It consists of different filament systems, each with unique 
biochemical, mechanical and dynamic features forming separate 3D 
networks with specialized functions (Lorenz and Köster, 2022; Pra
deau-Phélut and Etienne-Manneville, 2024). How they are coordinated 
in space and time to support tissue homeostasis has been and continues 
to be a major research topic in epithelial cell biology (Bragulla and 
Homberger, 2009; Perrin and Matic Vignjevic, 2023; Outla et al., 2025). 
A hallmark of the epithelial cytoskeleton is the keratin intermediate 
filament network. It is composed of keratin polypeptides that are 
particularly abundant and diverse (Moll et al., 2008; Bragulla and 
Homberger, 2009; Jacob et al., 2018; Di Russo et al., 2023). Keratin 
filaments are attached to desmosomes at cell-cell borders and to hemi
desmosomes at the epithelial-extracellular matrix interface (ECM) 
forming a transcellular scaffold that is firmly attached to the extracel
lular fiber systems (Hatzfeld et al., 2017; Laly et al., 2021; Di Russo 
et al., 2023). We have suggested that keratin filament network 

mechanics rely on a rim-and-spokes system, whereby subplasmalemmal 
cortical keratin filaments (the rim) are connected to radial keratin fila
ments (the spokes), which are linked to a perinuclear cage (Quinlan 
et al., 2017). Disruption of this system either within or at the junctional 
contacts results in tissue fragility giving rise to many genetic and ac
quired human diseases (Coulombe et al., 2009; Knöbel et al., 2015; 
Toivola et al., 2015). The underlying molecular mechanisms guiding 
and maintaining keratin filament network morphogenesis are poorly 
understood.

A major line of research has investigated the role of the actin cyto
skeleton in keratin filament network organization (Celis et al., 1984; 
Kitajima et al., 1986; Wolf and Mullins, 1987; Gard et al., 1997; Wöll 
et al., 2005; Kölsch et al., 2009; Laly et al., 2021; Moch and Leube, 
2021). These studies showed that interfering with actin polymerization 
impacts keratin filament network morphology and dynamics. The 
induced phenotypes, however, ranged from complete network collapse 
(Wöll et al., 2005) to keratin filament retraction (Windoffer and Leube, 
1999; Kölsch et al., 2009) and various types of keratin filament 
remodeling such as keratin bundling (Moch and Leube, 2021) and 
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keratin star formation (Celis et al., 1984; Kitajima et al., 1986; Wolf and 
Mullins, 1987; Gard et al., 1997). The reasons for these different re
sponses have not been identified but cellular differentiation and keratin 
isotypes may be contributing factors. When interpreting the observed 
phenotypes, one must keep in mind that most investigations were car
ried out on single, transformed and rapidly proliferating cells. These 
non-physiological situations require a highly plastic cytoskeleton to 
adapt to the shape changes associated with cell motility, growth and 
division. The previous studies therefore focused on the influence of the 
dynamic actin system on the de novo formation and transport of keratin 
filaments. While actin does not affect keratin polymerization per se it is 
involved in the directed movement of nascent keratin filaments from the 
cell periphery towards the cell center (Wöll et al., 2005; Kölsch et al., 
2009).

Much less is known about the consequences of modifying the actin 
system in normal tissues with a well-developed keratin network. To 
address this aspect, we decided to examine murine blastocysts. They are 
circumferentially covered by the placentogenic epithelial trophecto
derm, encompass the embryogenic inner cell mass, are filled with fluid 
in their central blastocoelic cavity and are enveloped by the protective 
zona pellucida. The trophectoderm is the first tissue to develop a cyto
plasmic intermediate filament network which is composed of the simple 
keratins 7, 8, 18 and 19 that are attached to desmosomes (Oshima et al., 
1983; Chisholm and Houliston, 1987; Lu et al., 2005). We make use of 
Krt8-YFP knock-in mice that produce fluorescent keratin 8 from the 
endogenous keratin 8 gene locus (Schwarz et al., 2015). Distinct keratin 
granules can be observed at the cell borders of the blastomeres in 
eight-cell stage embryos. During morula formation the juxtamem
branous keratin granules persist and colocalize with desmosomes. Sub
sequently they give rise to short cytoplasmic keratin filament precursors 
(Moch et al., 2020). After blastocyst formation, an interconnected 
mature keratin network develops in the trophectoderm spanning the 
entire cytoplasm and featuring the previously described rim-and-spokes 
arrangement (Quinlan et al., 2017). The morula-to-blastocyst transition 
is also marked by drastic changes in the actin cytoskeleton. While an 
actin-rich cell cortex is maintained throughout, conspicuous F-actin 
rings appear at the apical cortex of the outer cells of the 8-cell embryo 
(Zenker et al., 2018). These rings expand to cell-cell adhesions and lead 
to the sealing of the embryo. Interestingly, it has been suggested that 
intermediate filaments and actin filaments are together involved in cell 
fate specification during blastocyst formation (Lim et al., 2020; Lim and 
Plachta, 2021).

The current study aimed to find out how modulation of the acto
myosin system and desmosomal anchorage affect the rim-and-spokes 
architecture of the matured keratin filament network in the murine 
trophectoderm.

2. Material and methods

2.1. Transgenic mice

Mice were housed in the animal facility of the RWTH Aachen Uni
versity Hospital. All experiments were performed in accordance with the 
approved guidelines for the care and use of laboratory animals and re
ported to the Landesamt für Natur, Umwelt und Verbraucherschutz 
(LANUV) / Landesamt für Verbraucherschutz und Ernährung (LAVE), 
Nordrhein-Westfalen, Recklinghausen, Germany (reference numbers 
11366A4 and 11492A4).

Krt8-YFP mice producing YFP-tagged keratin 8 have been described 
(Schwarz et al., 2015). For genotyping PCR primers #07–088 5’-AGG 
AGA GCA GGT GGG TTT GG-3’ and #12–080 5’-CCC TCC CAC CTA CAC 
GAA TG-3’ were used to amplify a 1100 bp fragment from the wild-type 
Krt8 allele and a 1871 bp fragment from the Krt8-YFP knock-in allele.

Desmoglein 2 knock-out mice have been characterized (Eshkind 
et al., 2002). For genotyping PCR primers #03–58 5’- AGGAAAT
GAAGGGGGCTATT-3‘, #03–59 5‘-CTCTGAAAGGCAAGTAACTG-3‘ and 

#04–43 5‘-CCCCGGATCTAAGCTCTAGATA-3‘ were used to amplify a 
400 bp fragment from the wild-type desmoglein 2 allele and a 530 bp 
fragment from the mutated desmoglein 2 allele.

2.2. Pre-implantation embryo isolation

Pre-implantation embryos were isolated as described previously 
(Schwarz et al., 2016). In short, pre-implantation embryos were flushed 
out from oviducts of pregnant mice at day E2.5 with M2 medium (Sig
ma-Aldrich, Taufkirchen, Germany) and rinsed through several drops of 
fresh M2 medium to remove debris. They were kept in culture overnight 
in M16 medium (Sigma-Aldrich) at 37◦C and 5 % CO2. Only embryos 
that developed into blastocysts were used.

2.3. Inhibitor treatment

Blastocysts were identified by their extensive blastocoel, flattened 
trophectodermal cells and visible inner cell mass. Blastocysts were 
treated either with 100 nM jasplakinolide (Tocris Bioscience, Wiesba
den, Germany), 10 µM latrunculin B (Adipogen, Fuellinsdorf, 
Switzerland), 10 µM cytochalasin D (Sigma-Aldrich), 10 µM para-nitro- 
blebbistatin (optopharma, Budapest, Hungary), 200 µM CK666 (Tocris 
Bioscience), 100 µM SMIFH2 (Tocris Bioscience) or dimethyl sulfoxide 
(DMSO) for 1 h. Incubation time and drug concentrations were opti
mized in living intestine of Krt8-YFP mice based on available literature. 
Blastocysts were either imaged during incubation or fixed afterwards for 
immunofluorescence staining.

2.4. Live cell imaging

Embryos were individually transferred into drops of M2 medium 
overlaid with mineral oil in glass-bottom dishes (MatTek). Images were 
recorded with a Zeiss LSM 710 Duo confocal microscope at 37◦C using 
Zen black 2.1 SP3 software. The 488 nm line of an argon-ion laser (Laser 
module LGK 7872 ML8, Zeiss) at 0.4–1 % power was used for fluores
cence recording via an oil immersion objective (63x/1.40-N.A. DIC 
M27). The z-resolution was set to 0.173 µm and the equipped AiryScan 
detector was used in super resolution mode. For transmitted light re
cordings the T-PMT detector of the microscope was used.

2.5. Fluorescence recovery after photobleaching

Embryos were individually transferred into drops of M2 medium 
overlaid with mineral oil in glass-bottom dishes (MatTek). Photo
bleaching experiments were performed with a Zeiss LSM 710 Duo 
confocal microscope equipped with a DefiniteFocus device (Zeiss) at 
37◦C. The 488 nm line of an argon-ion laser was used for both bleaching 
and image recording via a 63 × 1.4 N.A. DIC M27 oil immersion 
objective. The emitted light was monitored between 500 nm and 
590 nm. Bleaching in selected areas was carried out at 100 % laser 
power for 2 scans with a pixel dwell time of 6.3 µs. The fluorescence 
intensity was measured at 1 % laser power in the respective areas of 
interest prior to bleaching and directly after bleaching at 30-second 
intervals for 15 min.

2.6. Immunofluorescence

Embryos were fixed with 1 % (w/v) paraformaldehyde (PFA) for 
10 min at room temperature. Subsequently, embryos were transferred to 
0.25 % (v/v) Triton X-100 in PBS for 15 min, washed with PBS for 
15 min and incubated with 2.6 mg/ml ammonium chloride in PBS for 
10 min. Embryos were then stored in PBS at 4◦C until further use.

For staining, embryos were incubated over night at 4◦C with primary 
antibodies (anti-actin: A2066, Sigma-Aldrich; anti-nmmIIa: 90801, 
BioLegend, San Diego, USA; anti-desmoplakin: DP-1, Progen, Heidel
berg, Germany) diluted in PBS containing 2.5 % (w/v) bovine serum 
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albumin (BSA) and 0.125 % Triton X-100. After washing with PBS 
containing 0.25 % (v/v) Triton X-100 for 30 min at room temperature, 
embryos were incubated for 1 h at room temperature with appropriate 
secondary antibodies (anti-rabbit Alexa633-conjugated, A-21072, 

ThermoFisher; anti-guinea pig DyLight405-conjugated, 706–475–148, 
Dianova, Hamburg, Germany) diluted in PBS containing 2.5 % (w/v) 
bovine serum albumin (BSA) and 0.125 % (v/v) Triton X-100. Embryos 
were then washed with PBS for 30 min and either directly imaged or 

Fig. 1. A dense keratin filament network is positioned below the actin-rich cell cortex and is attached to desmosomes. The fluorescence micrographs depict the 
distribution of Krt8-YFP (inverse presentation) (A, C, D, E), actin (detected by antibodies in D’, E’) and desmoplakin (detected by antibodies in E’’; merged images in 
D’’, E’’’) in mid to late blastocysts (differential interference contrast (DIC) image in (B). Note that a pancytoplasmic keratin network can be detected in untreated and 
fixed (A), in DMSO treated and fixed (D) as well as living (C) samples. At the same time, pronounced keratin accumulations are seen at the plasma membrane which 
correspond to desmosomes (E, E’’, E’’’). They are connected by keratin filaments, which are subjacent to the actin cortex (D-D’’). (F) Line plots of the indicated 
positions in (E) show the distribution of the fluorescence intensities of Krt8-YFP (green) and actin (red). Asterisks in (B) mark the trophectoderm. ICM = inner cell 
mass. AiryScan modus was used in (C-E’’’). Maximum intensity projections are shown in (A, C-E’’’). Scale bars in (A-C) = 10 µm and in (D-E’’’) = 2 µm.
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stored at 4◦C in PBS.
Imaging was done on free floating embryos in drops of M2 medium 

overlaid with mineral oil in glass-bottom dishes (MatTek) with a Zeiss 
LSM 710 Duo confocal microscope using an oil immersion objective 
(63x/1.40-N.A. DIC M27) and Zen black 2.1 SP3 software. For detection 
of Alexa633 fluorescence a 633 nm HeNe laser (Laser module LGK 
7628–1 F, Zeiss) and for detection of DyLight405 fluorescence a diode 
laser (Laser cassette 405cw, Zeiss) were used. The 488 nm line of an 
argon-ion laser (Laser module LGK 7872 ML8, Zeiss) was used for 
recording of the Krt8-YFP fluorescence. The z-resolution was set to 
0.173 µm and the AiryScan detector was used in super resolution mode 
in some instances. For transmitted light recordings the T-PMT detector 
of the microscope was used.

2.7. Image analysis and statistics

Microscopy images were processed and analyzed using Fiji (ImageJ). 
Statistical testing was done in Prism 5 (GraphPad).

For measurements of dense spots per 100 µm membrane length 
measurements Fiji was used to determine the plasma membrane length 
and the number of dense spots along this membrane. All membranes that 
were in focus of each blastocyst were analyzed. Data are given as mean 
+ /- SD and significance of differences was tested using a one-way 
analysis of variance and subsequent Bonferroni’s multiple comparison 
test.

For FRAP analysis the gray values of the bleached and reference 
areas were measured in the recorded image data sets. Data are given as 
mean + /- SD and significance of differences was tested using a one-way 
analysis of variance and subsequent Bonferroni’s multiple comparison 
test.

3. Results

3.1. The cortical keratin network is in direct apposition to the actin-rich 
cell cortex and is enriched at desmosomes

We have previously shown that the keratin intermediate filament 
network forms to its full extent during the mid to late blastocyst stage 
(Schwarz et al., 2015). At this time a distinct architecture can be dis
cerned consisting of a cytoplasm-spanning 3D scaffold and juxtamem
braneous cortical keratin filaments. It is restricted to the trophectoderm 
that surrounds the blastocoel and inner cell mass (Fig. 1A-C). This ar
chitecture is preserved after fixation (Fig. 1A, C). The cortical portion of 
the keratin network can be subdivided into keratin accumulations at 
desmosomes and inter-desmosomal keratin filament bundles (Fig. 1D). It 
has been shown that the cortical keratin filament network is positioned 
immediately below the actin cortex in different cell types, tissues and 
organisms (Hirokawa and Heuser, 1981; Grimm-Günter et al., 2009; 
Coch and Leube, 2016; Quinlan et al., 2017; Tateishi et al., 2017; Geisler 
et al., 2020). To find out whether this is also the case in the trophecto
derm, we co-localized actin and keratin (Fig. 1D-D’’). High magnifica
tion imaging identified two distinct layers of keratin filaments each of 
which is underneath the plasma membranes of adjacent cells with 
interspersed desmosomes and actin located between the keratin layers 
(Fig. 1D-F). This arrangement suggests that both filament systems are in 
direct contact and may influence the distribution of each other and their 
anchorage to the plasma membrane.

3.2. Stabilization of filamentous actin leads to drastic shape changes of 
the trophectoderm with only minor effects on overall keratin network 
organization

To study the role of actin filament dynamics for keratin network 
organization, we treated embryos with jasplakinolide. Jasplakinolide 
reduces actin filament turnover and increases actin polymerization 
(Bubb et al., 1994). The blastocoel of the treated blastocysts collapsed 

within 1 h. The once flat trophectoderm cells became cuboidal (compare 
Fig. 2A’ with 1B). Yet, the treatment did not alter the overall architec
ture of the keratin filament network. The cortical and cytoplasmic ker
atin filament networks were still present (Fig. 2A, C). Nevertheless, the 
cytoplasmic network was less developed than in the untreated or 
DMSO-treated controls (compare Fig. 2A, B with Fig. 1A, D). The fila
ments were thinner and more diffuse cytoplasmic fluorescence was 
detectable.

3.3. Inhibition of actin filament polymerization enhances and alters the 
cortical keratin network

In the next set of experiments, we wanted to examine the effect of 
preventing actin polymerization on keratin network organization. To 
this end, we used cytochalasin D and latrunculin B both of which 
interfere with actin polymerization but function differently. Cytocha
lasin D occupies the barbed plus end of F-actin preventing the attach
ment of actin monomers while latrunculin B binds to actin monomers 
preventing them from attaching to the barbed ends of F-actin (Spector 
et al., 1989). Both actin inhibitors induced a rearrangement of the ker
atin intermediate filament network. The cytoplasmic keratin filament 
network was considerably reduced after 1 h of treatment. The effect was 
more pronounced for latrunculin B than for cytochalasin D (compare 
Fig. 3A and Fig. 3E). At the same time, the cortical keratin fluorescence 
was visibly broadened (Fig. 3A, B, E, F). While prominent cortical ker
atin accumulations remained, we observed an increase in the distance 
between the cortical keratin networks of adjacent cells in drug-treated 
blastocysts (compare Fig. 1D, E with Fig. 3B, F). This change went 
along with a tortuous distribution of the cortical keratins. Together, 
these observations suggest that the interdesmosomal, cortical keratin 
filaments lose their tight membrane association in the absence of a 
functional actin cortex. Another conspicuous observation was that most 
of the forming actin accumulations remained in close apposition to 
keratins (Fig. 3C, D, G, H). This can be taken as an indication of either 
intrinsic affinity or molecular linkage between actin and keratin.

3.4. Inhibition of actin filament nucleation has no major short-term effect 
on keratin filament network organization

We next interfered with actin filament nucleation, which is regulated 
by formins and the Arp2/3 complex. Formins possess a conserved FH2 
domain that dimerizes to nucleate and elongate straight actin filaments 
(Pruyne et al., 2002). The Arp2/3 complex creates branch points of actin 
filaments where it stimulates actin assembly resulting in a branched 
network (Mullins et al., 1998). One hour incubation of blastocysts with 
the formin FH2 domain inhibitor SMIFH2 did not induce visible changes 
in the overall structure of the embryo or the keratin intermediate fila
ment network (Fig. 4A-B). On the other hand, treatment with the Arp2/3 
inhibitor CK666 for 1 h led to a collapse of the blastocysts with a 
reduced blastocoel (Fig. 4C’). Although the trophectodermal cells ac
quired a rounded shape the cortical and cytoplasmic keratin networks 
remained (Fig. 4C-D). High-resolution imaging of tricellular junctions 
indicated a slightly reduced coherence. Conspicuous keratin filaments 
bridging the contact regions were reduced in the SMIFH2-treated em
bryos (Fig. 4E-G).

3.5. Inhibition of myosin leads to wrinkling of the plasma membrane and 
the associated cortical keratins

To test whether and how membrane tension affects the cortical 
keratin network organization we treated blastocysts with para-nitro- 
blebbistatin. Para-nitro-blebbistatin is a photostable, non-cytotoxic 
alternative to blebbistatin, which inhibits non-muscle myosin II and 
therefore leads to relaxation of the acto-myosin system (Képiró et al., 
2014). The trophectodermal plasma membranes became wrinkled after 
a 1-hour treatment with para-nitro-blebbistatin (Fig. 5). The cortical 
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keratin filaments mirrored these changes but did not become separated 
as was the case for cytochalasin D- and latrunculin B-treated blastocysts. 
Since the wrinkling was accompanied by a slight increase of the overall 
keratin rim length (~7.6 %), we conclude that the keratin filaments 
remained attached to the cell cortex. The overall architecture of the 
cytoplasmic keratin network appeared to be unaffected.

3.6. Loss of desmoglein 2 leads to reduced keratin accumulations at cell 
borders

To figure out the contribution of desmosomes to the cortical keratin 
localization we crossed Krt8-YFP mice (Schwarz et al., 2015) with 

desmoglein 2 knock-out mice (Eshkind et al., 2002). The cytoplasmic 
keratin network in the trophectoderm of the different genotypes did not 
show major differences in early blastocysts (Fig. 6 A-C’). The number of 
cortical granular keratin accumulations, however, was strongly reduced 
in the desmoglein 2 mutant background resulting in a more even dis
tribution of the cortical keratin fluorescence (Fig. 6B-D). To find out 
whether properties of the keratin granule-depleted cortical cytoskeleton 
was altered, we performed fluorescence recovery after photobleaching 
experiments. They revealed that the keratin filament turnover was 
reduced in heterozygous and homozygous desmoglein 2 knock-out 
blastocysts (Fig. 6E). We take this as an indication that the cortical, 
non-desmosomal keratin filaments are more stable than the desmosomal 

Fig. 2. Jasplakinolide-induced actin filament stabilization leads to collapse of the blastocoel and trophectodermal shape changes with only minor impact on cortical 
and cytoplasmic keratin filament localization. The fluorescence image in (A) shows the distribution of Krt8-YFP (inverse presentation) with the corresponding 
brightfield in (A’) (differential interference contrast, DIC) of a blastocyst that had been treated with 100 nM jasplakinolide for 1 h. Note the collapse of the blastocoel 
and the rounding of the trophectodermal cells. The overall architecture of the keratin network is not changed. The magnification in (B) shows an image with 
increased exposure to highlight the slightly increased diffuse cytoplasmic fluorescence and the reduced cytoplasmic keratin network with thin fibers and a smaller 
mesh size. n = 3 blastocysts. AiryScan modus was used in (B). Maximum intensity projections are shown in (A, B). Scale bars in (A-A’) = 10 µm and in (B) = 2 µm.

Fig. 3. Cytochalasin D and latrunculin B induce a reduction of keratin filaments in the cytoplasm and enrichment in the cell cortex, albeit with increased distance to 
the plasma membrane. The fluorescence micrographs show the distribution of Krt8-YFP alone (inverse presentation) (A, B, E, F) or together with actin (detected by 
antibodies in red) (C, D, G, H) in blastocysts after treatment with either 10 µM latrunculin B or 10 µM cytochalasin D for 1 h. Note the reduction of the cytoplasmic 
keratin network, which is almost completely absent in the latrunculin-treated trophoblast. At the same time, cortical keratin fluorescence is increased (B, F) while 
cortical actin is drastically reduced and cytoplasmic actin aggregates are formed (C, D, G, H). In several instances, keratin decorates the actin accumulations (H). The 
cortical keratin shows a large gap between adjacent cells (white arrows) while retaining the juxtamembraneous accumulations (black arrows). Note also the tortuous 
component of the cortical keratin. n = 5–6 blastocysts. AiryScan modus was used in (A-H). Maximum intensity projections are shown in (A-H). Scale bars in (A, E) 
= 5 µm and in (B-D, F-H) = 2 µm.
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keratin accumulations.

4. Discussion

The keratin intermediate filament network in trophectodermal cells 
of the blastocyst is organized in accordance with the previously 
described rim-and-spokes architecture consisting of a cortical network 
that interconnects desmosomes and a radial cytoplasmic network 
(Quinlan et al., 2017). The cell cortex is formed by a dense layer of actin 
filaments and actin-binding proteins underneath the plasma membrane 
(Fritzsche et al., 2013). As this actin cortex is in close proximity with the 
cortical keratin system it has been suggested that keratins interact with 
the actomyosin cytoskeleton in epithelial cells either directly or indi
rectly. Thus, intimate contact between actin and keratin has been re
ported in the past in different contexts (Hirokawa et al., 1982; Green 
et al., 1987; Gard et al., 1997; Toivola et al., 1997). In vitro experiments 

further showed that mixed actin-keratin filament systems exhibit unique 
mechanical properties (Elbalasy et al., 2021). Recent in silico analyses 
provide evidence that coil 2 of several keratins may bind directly to actin 
(Schwarz et al., 2025). On the other hand, plectin has been identified as 
a major linker between both filament systems (Bouameur et al., 2014; 
Outla et al., 2025). This connectivity has been shown to be of relevance 
for cellular tension and cohesion in epithelial monolayers (Prechova 
et al., 2022). Another linker is plastin 1, which plays a major role in 
linking the subapical keratin cytoskeleton of intestinal cells to the 
actin-rich terminal web region (Grimm-Günter et al., 2009). Finally, 
myosin motors have been implicated in coupling actin and keratin 
(Kwan et al., 2015; Wang et al., 2018; Lehmann et al., 2021). We do not 
know which mechanisms are relevant in the blastocyst but the keratin 
network must act together with actin in the trophectoderm to provide 
the mechanical resilience to withstand the forces from the pressurized 
blastocoel (Chan et al., 2019).

Fig. 4. The formin inhibitor SMIFH2 induces no obvious alterations in blastocyst morphology whereas the Arp2/3 inhibitor CK666 induces blastocyst collapse. 
Keratin network organization is, for the most part, maintained.The microscopic images show Krt8-YFP fluorescence in inverse presentation (A, B, C, D, E, F, G) and 
corresponding brightfield pictures (A’, C’) that were recorded in blastocysts after treatment with either 100 µM SMIFH2 or 200 µM CK666 for 1 h. No obvious 
changes in the morphology and keratin network organization are visible in the SMIFH2-treated blastocysts whereas in the CK666-treated blastocysts a blastocoel 
collapse and trophectodermal cell rounding are observed. The high magnification images in (E-G) illustrate the reduced coherence of tricellular junctions in the drug- 
treated samples. Asterisks demarcate the position of tricellular junctions, open arrowheads depict the cortical keratin signals, and the arrows point to bridging keratin 
filaments. n = 3 blastocysts. AiryScan modus was used in (A-G). Maximum intensity projections are shown in (A-G). Scale bars in (A-A’ and B-B’) = 10 µm, in (B, D) 
= 5 µm and in (E, F, G) = 1 µm.
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Previous studies have mostly focused on functions of the actin fila
ment system during early embryogenesis. Treatment of pre-implantation 
embryos with the actin filament stabilizing jasplakinolide led to an ar
rest of early embryo development and prevented apical domain 

formation in 8-cell stage embryos (Rawe et al., 2006; Zhu et al., 2020). 
Interestingly, it was also reported that jasplakinolide treatment causes 
contractions of late bovine blastocysts (Yamamura et al., 2020). The 
shape changes of the trophectodermal cells and the overall collapse of 

Fig. 5. Inhibition of actomyosin-dependent tension leads to wrinkling of the cortical keratin network. The fluorescence micrographs show the distribution of Krt8- 
YFP (inverse presentation) (A, B, C, D) and anti-non-muscle myosin IIa (nmmIIa) immunoreactivities (inverse presentation) (A’, B’, C’, D’; merged color images in 
A’’, B’’, C’’, D’’) in blastocysts treated for 1 h either with the DMSO solvent alone (A-B’’) or 10 µM para-nitro-blebbistatin (C-D’’). Note that both the cortical nmmIIa 
and keratin fluorescence remain co-localized but become tortuous reflecting the reduced cortical tension in the drug treated blastocysts. The cytoplasmic keratin 
network is not affected. n = 5–7 blastocysts. AiryScan modus was used in (A-D’’). Maximum intensity projections are shown in (A-D’’). Scale bars in (A-A’’ and C-C’’) 
= 10 µm and in (B-B’’ and D-D’’) = 5 µm.
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the blastocyst were not reported before but fit the already described loss 
of polarization. Along with the morphological changes, jasplakinolide 
induced diffuse cytoplasmic keratin fluorescence, likely reflecting an 
increase of the soluble keratin pool. These observations suggest that 
slow, long-term processes may have been initiated through the stabili
zation of the actin cytoskeleton, which impede keratin filament assem
bly and, conversely, favor cytoplasmic keratin filament disassembly. 
One should keep in mind that keratin turnover is comparatively slow 
with a half-life in the range of 30 minutes to several hours (Yoon et al., 
2001; Kölsch et al., 2010; Moch et al., 2013; Schwarz et al., 2015).

It was further shown that inhibition of actin polymerization by 
cytochalasin D or B during the morula-to-blastocyst transition arrests 
development (Granholm and Brenner, 1976; Cheon et al., 1999). It was 
furthermore reported that treatment of blastocysts with latrunculin A or 
cytochalasin B for 4–8 hours leads to a collapse of the blastocyst cavity 
(Marikawa and Alarcon, 2018). This contrasts with our current study in 
which we did not observe this collapse. It may be due to the much 
shorter incubation period in our study at a slightly later developmental 
stage. Nevertheless, we were still able to detect distinct changes in 
keratin network organization under these comparatively mild condi
tions. The cortical keratin network was visibly enlarged. Given the 
observation that cortical tension in flattening trophectodermal cells in
creases during blastocyst maturation (Chan et al., 2019), the cortical 
keratin enrichment may reflect the redistribution of the cytoplasmic 
keratin network towards the site of highest tension after its release from 
filamentous actin (Latorre et al., 2018). This would explain why the 
disruption of actin polymerization by cytochalasin D in non-confluent 
cultured epithelial cells which lack cell-cell contacts typically leads to 
a seemingly contradictory effect, namely a collapse of the keratin 
network toward the nucleus (Wöll et al., 2005).

Actin filament formation is nucleated in two distinct ways: branching 
via the Arp2/3 complex and elongation by formins (Campellone and 
Welch, 2010). We show that the inhibition of the formin FH domains 
with SMIFH2 does not influence the morphology of the blastocyst nor 
the trophectodermal keratin network architecture. Treatment of blas
tocysts with the Arp2/3 inhibitor CK666, on the other hand, led to a 
collapse of the blastocoel and a rounded shape transformation of the 
trophectoderm. The Arp2/3 complex has previously been shown to be 
essential for early blastocyst development in part due to compromised 
apical-basal polarity (Sun et al., 2013). Apical-basal polarization begins 

in late 8 cell stage embryos and progresses during subsequent cell di
visions when outer and inner cells appear. Outer cells, the future tro
phectoderm, retain their polarity markers, and start to form cell-cell 
junctions such as adherens junctions and desmosomes (Alarcon and 
Marikawa, 2022). Knock-out of E-cadherin, a component of adherens 
junctions, leads to a cuboidal trophectoderm without affecting desmo
some or keratin localization (Ohsugi et al., 1997). Desmosomal cadherin 
Dsg2 knockout in blastocysts did not induce major morphological 
changes, and the cytoplasmic keratin network appeared to be unaffected 
for the most part. The prominent keratin accumulations at the plasma 
membrane, however, were diminished. This is in line with our previous 
observations that in the absence of Dsg2 very little desmoplakin is 
concentrated at cell membranes but is instead evenly distributed 
throughout the cell (Eshkind et al., 2002).

Non-muscle myosin II is located at the cell cortex in blastocysts and 
increases the tension at the junctions (Slager et al., 1992; Zenker et al., 
2018). Inhibition of non-muscle myosin II with blebbistatin relaxes the 
membrane while keeping the blastocyst morphology. The result is the 
appearance of a curvy cell-cell interface as has been reported 
(Hildebrand et al., 2017). The cortical keratin follows this relaxation and 
also becomes curvy. These observations show that cortical keratin 
localization is not dependent on plasma membrane tension.

While we were able to detect distinct changes in keratin network 
organization in the trophectoderm of mid to late blastocysts in response 
to modulation of the actin system, we would like to emphasize that 
overall network morphology was surprisingly stable. This observation 
points to the resilience of the network once it is established and indicates 
that multiple mechanisms are at work to ensure its fail-safe damage 
tolerance. In the case of the cortical keratin network its stability appears 
to be secured by a robust “belt-and braces” system. It is safeguarded by 
linkage (i) to the cortical actin layer either directly or through linker 
molecules such as plectin and plastin 1 (“belt”) and (ii) to desmosomes 
through linker molecules such as desmoplakin (“braces”). Tinkering 
with either cortical actin or desmosomes alone is therefore not sufficient 
to disrupt cortical keratin network localization. The observation that the 
distance of cortical keratin filaments to the plasma membrane was 
increased in cells treated with cytochalasin or latrunculin, however, 
indicates a partial dissociation. These observations also strongly argue 
against a direct keratin-lipid interaction as has been observed in other 
paradigms (Heid et al., 2013; Kuburich et al., 2024). It will be interesting 

Fig. 6. Desmosome reduction decreases the turnover of the cortical keratin network. The fluorescence micrographs reveal the distribution of Krt8-YFP in a wild-type 
blastocyst (Dsg2+/+) (A-A’), a heterozygous (Dsg2+/-) (B-B’) and a homozygous (Dsg2-/-) desmoglein 2-knockout blastocyst (C-C’). Note the presence of cytoplasmic 
and cortical keratin filaments in the heterozygous and homozygous knockout blastocysts, which, however, lack the characteristic multipunctate cortical Krt8-YFP 
pattern (B’-C’). The histogram shows the results of determining the dense cortical keratin accumulations in wild-type (Dsg2+/+), heterozygous (Dsg2+/-) and ho
mozygous knockout blastocysts (Dsg2-/-) per 100 µm membrane length (D). n = 7–14 blastocysts, *p < 0.05 (E) The histogram depicts the results of fluorescence 
recovery after photobleaching experiments revealing that the turnover of the membranous Krt8-eYFP signal is significantly reduced in heterozygous and homozygous 
Dsg2-knockout blastocysts. n = 3–12 blastocysts, **p < 0.01, ***p < 0.001. Maximum intensity projections are shown in (A-C’). Scale bars in (A-C) = 10 µm and in 
(A’-C’) = 2 µm.
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to see, how the release of cortical keratin filaments affects the me
chanical properties of the cell cortex. Conversely, interfering with 
desmosomal anchorage through desmosome depletion in desmoglein 2 
knockout embryos retained keratin filaments in the cell cortex but 
reduced their turnover. The latter may indicate an important function of 
desmosomes for cortical intermediate filament network remodeling as 
has been observed during desmosome formation (Moch et al., 2020). 
Further experiments are needed to determine whether cortical actin and 
desmosomes act alone or in combination with additional components in 
the regulation of the cortical keratin filament system.
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