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1 |  BACKGROUND

Cells, just like humans, contain a skeleton providing them 
with shape, support, and mechanical rigidity. The cellular 
skeleton, called the cytoskeleton, is made up of different 

types of fibers such as the actin filaments, microtubules, 
and intermediate filaments. This review focuses on the 
intermediate filaments and how they interact with devel-
opmental signaling pathways to regulate cell fate deci-
sions. Intermediate filaments (IFs) have tissue-specific 
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Abstract
During the last decades intermediate filaments (IFs) have emerged as important regu-
lators of cellular signaling events, ascribing IFs with functions beyond the structural 
support they provide. The organ and developmental stage-specific expression of IFs 
regulate cell differentiation within developing or remodeling tissues. Lack of IFs 
causes perturbed stem cell differentiation in vasculature, intestine, nervous system, 
and mammary gland, in transgenic mouse models. The aberrant cell fate decisions 
are caused by deregulation of different stem cell signaling pathways, such as Notch, 
Wnt, YAP/TAZ, and TGFβ. Mutations in genes coding for IFs cause an array of 
different diseases, many related to stem cell dysfunction, but the molecular mecha-
nisms remain unresolved. Here, we provide a comprehensive overview of how IFs 
interact with and regulate the activity, localization and function of different signaling 
proteins in stem cells, and how the assembly state and PTM profile of IFs may affect 
these processes. Identifying when, where and how IFs and cell signaling congregate, 
will expand our understanding of IF-linked stem cell dysfunction during develop-
ment and disease.
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expression profiles that change according to developmen-
tal stage and many IFs are upregulated in regenerating tis-
sues. It is known that mechanical forces and intercellular 
interactions regulate cell fate decisions, and there IFs play 
a major role.1 How this cell fate regulation is mediated 
remains mainly unresolved, despite recent enlightening 
findings. Lim et al2 recently demonstrated that cytoskele-
tal organization directs cell fate already prior to formation 
of the morula. Keratins are asymmetrically distributed be-
tween blastomeres to the outermost cells, promoting apical 
polarization, and controlling developmental cell signaling, 
and thereby directing trophectoderm cell fate commit-
ment.2 These findings provide intriguing early evidence 
of IF-mediated cell fate specification during embryonic 
development. Further, the prevalence of disease-causing 
mutations in genes encoding for different IFs have revealed 
them as cellular structures impacting functions connected 
to cell signaling, organelle architecture, and transcriptional 
regulation.3,4 Yet, the underlying molecular mechanisms 
linking IFs to the diseases are still mostly unknown. In this 
review, we want to highlight IFs and their role in steering 
developmental processes and cell fate decisions, by modu-
lating cell signaling dynamics (Figure 1). We will empha-
size the role of IFs in regulation of mesenchymal, neuronal, 
epithelial, and myogenic cell determination and discuss the 
role of nuclear IFs in relation to disease.

2 |  MESENCHYMAL CELL FATE

2.1 | Vimentin is the major IF of 
mesenchymal cells

Vimentin is a ubiquitously expressed protein and the major 
IF of mesenchymal cells. One of the main roles of vimentin 
is to provide cells with mechanical stability. In addition to 
its mechanical properties vimentin is an important regulator 
of epithelial to mesenchymal transition (EMT) both during 
normal development and disease, and is therefore, often used 
as a marker for EMT. Vimentin is also known to be involved 
in processes that involve migratory behavior of cells during 
wound healing and tissue repair.

Originally vimentin knockout (KO) mice were consid-
ered to display a very mild, if any, phenotype.5 Still, recent 
findings have linked vimentin deficiency with several types 
of developmental deficiencies, some of which may not be-
come evident until the animal ages or is exposed to stress.6-11 
Already in 1989, Capetanaki et al12 found that overexpression 
of vimentin in mice interferes with the development of the eye 
lens. During early development of the mouse embryo, vimen-
tin expression is observed already during E8.5 in cells of the 
primitive mesoderm and its expression in neuronal cells also 
precedes the expression of tissue-specific IFs.13 Recently, 

Cogné et al14 discovered a vimentin mutation (L387P) that 
has been connected to a human disease phenotype. The mu-
tation gives rise to a less stable vimentin variant, which is 
unable to form functional filaments. The patient carrying this 
mutation shows severe developmental defects manifesting as 
lipodystrophy, peripheral neuropathy, and frontonasal dysos-
tosis among others.14

2.2 | Vimentin regulates cardiovascular 
tissue development and homeostasis

Vimentin has been associated with angiogenesis and vascular 
remodeling.8,9,15,16 Halfway through embryonic development 
all blood vessels express vimentin.13 An intact vimentin net-
work is important for maintenance of endothelial barrier integ-
rity17 and ablation of vimentin in embryonic stem cells impairs 
their ability to differentiate toward an endothelial phenotype.10 
In ECs, vimentin has been shown to bind the Notch ligand 
Jagged1 and provide the force required for proper activation 
of the Notch signaling pathway.9,16 Interestingly, the trans-
membrane domain of the Notch receptor has been linked to 
endothelial barrier stability through interaction with, for exam-
ple, VE-cadherin, Lar, and the Rac1 GEF Trio18 and it is in-
triguing to speculate whether this complex also interacts with 
vimentin at the endothelial cell junctions.19 During formation 
of new blood vessels vimentin interacts with calpain and MT-
MMP-1 facilitating degradation of the extracellular matrix 
(ECM), pawing way for new endothelial sprouts.20 Endothelial 
sprouting is characterized by tip vs stalk cell selection, dur-
ing which binding of vimentin to the Notch ligand Jagged1 
balances and maintains the ratio between these cell identities. 
In absence of vimentin, Jagged1-mediated signaling through 
Notch is impaired, leading to reduced endothelial branching9 
in an antiangiogenic fashion characteristic for prevalent Delta-
like (Dll) signaling (Figure 2). Schiffers et al15 found that ca-
rotid artery ligation resulted in media hypertrophy in vimentin 
KO mice. Additionally, lack of vimentin leads to thickening 
of the endothelial basement membrane resulting in increased 
carotid stiffness.8 Both endothelial cells (ECs) and vascular 
smooth muscle cells (VSMCs) express vimentin, and absence 
of vimentin leads to a dedifferentiated VSMC phenotype.16 
Differentiation of the VSMCs layer starts at the endothelial 
cell layer and propagates outward through a mechanism called 
lateral induction, where Jagged1 activates Notch signaling 
through a positive feedback loop. In light of the effects of vi-
mentin deficiency on endothelial functions9 one must consider 
that lack of vimentin may disrupt Jagged activation of Notch 
and thereby lateral induction, resulting in reduced VSMC dif-
ferentiation and enhanced proliferation of synthetic VSMCs.16 
The tuning of Jagged-mediated Notch signaling by vimentin in 
both endothelia and VSMCs provides direct evidence of inter-
mediate filaments as potent cell fate mediators.
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2.3 | Vimentin and EMT

Vimentin has been well established as a regulator of EMT 
and is frequently used as a marker to identify cells that have 
undergone transition to a mesenchymal phenotype.21-23 EMT 
is characterized by an altered cell shape with front-rear 

polarity, an increased expression of vimentin at the expense 
of keratins, and a loosening of cell-cell junctions with a con-
comitant increase in motility and invasion.24,25 EMT is criti-
cal for tissue morphogenesis and development and is also 
implicated in cancer metastasis.26,27 EMT is first observed 
during gastrulation when mesodermal cells are generated 

(A) (C)

(B) (D)

(E)
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from the epiblast.26 Vimentin is considered a central player 
in the EMT process and vimentin expression alone has been 
reported to induce the phenotypic changes associated with a 
mesenchymal cell fate.22 Vimentin allows for cell flexibility 
through its filament network, which also forms interactions 
with actin filaments and microtubules to further aid in the 
motility and shape of the cell. These interactions are both 
direct and indirect through adaptor proteins such as plec-
tins.28-32 The cooperation of the cytoskeleton in this context 

has been shown to increase migration through elongation of 
invadopodia, and by influencing focal adhesions and acto-
myosin contractility.33-37

Vimentin further interacts with various EMT-linked sig-
naling proteins, transcription factors, and adaptor proteins, 
which collectively affect multiple signaling pathways. These 
include regulation of the EMT-related transcription factor 
SLUG and oncogenic H-Ras through the tyrosine kinase 
Axl.38 Vimentin also binds to phosphorylated ERK (pERK) 

F I G U R E  2  Lack of vimentin delays vascular development. A, At E12.5 embryos lacking vimentin display a less refined vascular network due 
to disrupted angiogenesis. In absence of vimentin, the function of the proangiogenic Notch ligand Jagged1 is perturbed, leading to reduced vascular 
sprouting. Modified from Ref.9 B, Summary of the molecular processes connected to the Vim-/- phenotype

(B)

(A)

F I G U R E  1  Intermediate filaments cross talk with different signaling pathways. A, The Notch signaling pathway is activated when a Notch 
ligand on a contacting cell binds to the Notch receptor. This initiates trans-endocytosis of the ligand-receptor complex and generates a pulling force, 
leading to proteolytic processing of the Notch receptor and release of the Notch intracellular domain (NICD). NICD translocates to the nucleus and 
interacts with the transcriptional regulator CSL (CBF-1, Suppressor of Hairless, Lag1) activating transcription of target genes. B, Wnt signaling is 
activated as soluble Wnt molecules bind to the Frizzled and LRP receptors. Frizzled recruits Dishevelled and inhibits the formation of degradation 
complex consisting of GSK-3β, CK1, APC, and Axin, allowing β-Catenin to translocate to the nucleus and bind TCF/LEF initiating transcription 
of target genes. In the absence of a Wnt signal, GSK-3β, CK1, APC, and Axin forms a degradation complex that phosphorylates β-Catenin. This 
phosphorylation targets β-Catenin for ubiquitination and proteasomal degradation. C, TGFβ initiates assembly of a tetrameric receptor complex 
(two copies of both TGFβRI and TGFβRII) at the cell membrane, followed by receptor phosphorylation and activation of the receptor kinase 
domain. Thereby the TGFβ receptor complex further phosphorylates Smad proteins, which subsequently form dimers and recruit Smad4. The 
formed Smad complex is transferred into the nucleus to control the transcription of target genes. D, The Hippo signaling pathway is made up of 
a kinase cascade where MST1/2 kinases (denoted Hippo in Drosophila melanogaster) and SAV1 form a complex to phosphorylate and activate 
LATS. LATS forms a complex with MOB1 to further phosphorylate and inhibit the function of the transcriptional activator YAP/TAZ (eg, through 
degradation or interaction with other proteins such as 14-3-3). Non-phosphorylated YAP/TAZ enters the nucleus and binds TEAD transcription 
factors initiating expression of target genes. E, Overview of the interaction between signaling pathways and intermediate filaments (IFs) during 
different developmental processes
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protecting it from dephosphorylation.39 Further, vimentin has 
been shown to act as a scaffold recruiting SLUG to ERK in 
order to induce SLUG phosphorylation.40 The direct inter-
action between Akt1 and vimentin induces phosphorylation 
of serine 39 in the head domain of vimentin, protecting vi-
mentin from proteolysis and leading to enhanced migration 
and invasion in vivo.41 Other direct interactions with vimen-
tin that can influence the EMT phenotype include the tumor 
suppressor APC, integrin receptors, NLRP3 inflammasomes, 
and the scaffolding protein Scribble.42-45 Vimentin can also 
bind 14-3-3 and this interaction has been demonstrated to 
prevent the MAPK pathway component Raf from binding to 
14-3-3.46 Similarly, vimentin interacts with the tumor sup-
pressor Beclin through 14-3-3.47 As 14-3-3 is a multifunc-
tional adaptor, vimentin may influence multiple other 14-3-3 
interacting proteins by regulating 14-3-3 availability.

Overexpression of vimentin is frequently reported in var-
ious epithelial cancers and is often correlated with invasive 
and migratory metastatic tumors and poor prognosis.48-52 
This topic is under intense investigation as the targeting of vi-
mentin in cancer implies a promise of antimetastatic effects, 
but this complex area is outside the scope of this review and 
we refer the reader to multiple excellent reviews on vimentin 
in cancer and EMT.23,24,53

3 |  NEURONAL CELL FATE

3.1 | Different IFs conjoin in the CNS

In a process called neurogenesis neural stem cells (NSCs) 
give rise to neurons and glial cells, the main constituents of the 
central nervous system (CNS). Development of the nervous 
system is characterized by alternating expression of differ-
ent IFs. Undifferentiated cells express vimentin, neuroepi-
thelial cells and neuroblasts express nestin, peripherin, and 
α-internexin.54,55 As neuronal differentiation is initiated, the 
cells start expressing tissue-specific intermediate filaments 
called neurofilaments (NF). NF-light (NF-L) is the first NF to 
be expressed followed by NF-medium (NF-M) during neurite 
sprouting. NF-high (NF-H) is mainly expressed postnatally 
at the later stages of neuronal differentiation (reviewed in 
Ref. 54). Neurogenesis is initiated early during development 
when neural stem cells from the neural tube give rise to pro-
genitor cells called radial glia. The radial glia will generate 
neurons during the later stages of neurogenesis as well as as-
trocytes and oligodendrocytes further during gliogenesis and 
oligodendrocytogenesis, respectively.56 In the adult mamma-
lian brain NSCs are found in the ventricular-subventricular 
zone and the subgranular zone. In addition to NFs, neurons 
may also express other intermediate filaments such as nes-
tin and vimentin. The main intermediate filament in astro-
cytes is glial fibrillary acidic protein (GFAP),57 but immature 

astrocytes express both nestin and vimentin.58 Interestingly, 
mice devoid of nestin, vimentin, or GFAP develop normally 
and do not show signs of CNS aberrations.5,57,59 The changes 
in IF expression during neuronal development coincides with 
cell differentiation and specification toward distinct cellular 
lineages. Degradation of nestin in NSCs marks the initial 
steps of neuronal differentiation and this degradation has 
been linked to simultaneous loss of Notch signaling, result-
ing in proteosomal degradation of nestin. Thus, loss of Notch 
leads to subsequent degradation of nestin, as ectopic expres-
sion of the Notch intracellular domain (NICD) maintains 
nestin levels and sustains the undifferentiated cellular state.55 
Vimentin expressed by astrocytes prior to differentiation, is 
to some extent replaced by GFAP as the astrocytes mature.60

3.2 | Astrocytic IFs regulate neuronal 
differentiation and regeneration

GFAP is described as the last IF to be expressed during de-
velopment.13 GFAP is predominantly expressed by the as-
trocytes of the CNS, which switch from expressing vimentin 
to expressing GFAP during the differentiation process. Mice 
lacking GFAP develop normally and are capable of produc-
ing offspring.57,61,62 GFAP deficiency has been linked to 
aberrant long-term potentiation and long-term depression 
of hippocampal and cerebellar neurons, respectively,61,63 to-
gether with a reduced eye blinking response.63 Notch-induced 
nuclear factor 1A (NF1A) drives GFAP expression through 
demethylation of the Gfap promoter.64 Mice lacking nestin 
are also viable.59 Nestin does not appear to be required for 
the proliferation of NSCs. Still, nestin KO mice display in-
creased neurogenesis in the hippocampal dentate gyrus. The 
nestin-mediated negative effects on neuronal differentiation 
are not NSC intrinsic, but rather mediated through astrocyte-
initiated Notch signaling.65 Nestin is involved in regulating 
vesicle dynamics in astrocytes and thereby also steers Notch 
signal activation from astrocytes,65,66 as Notch ligands are 
endocytosed by the ligand-presenting cell upon interaction 
with Notch receptors. In absence of nestin, the number of 
Jagged containing vesicles in astrocytes is reduced and the 
distribution of Jagged into different vesicular compartments 
is perturbed, leading to reduced Notch signaling and en-
hanced neural differentiation.65

Reactive gliosis, a response by astrocytes to injury, is 
characterized by enhanced expression of intermediate fila-
ments in astrocytes. Mice lacking vimentin and GFAP show 
an altered response to trauma, increased neuronal differen-
tiation and better survival of neural grafts.67 Astrocytes are 
the supporting cells of the CNS and they regulate the neu-
rogenic niche through cell-contact and paracrine signaling.68 
Wilhelmsson et al69 found that the increase in neuronal dif-
ferentiation in mice lacking vimentin and GFAP was due to 
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reduced Notch signaling between astrocytes and neuronal 
precursors (Figure  3). Neuronal differentiation is regulated 
by Notch signaling in an inhibitory manner.70 Thus, lack of 
vimentin and GFAP enhances neuronal differentiation as a 
direct consequence of reduced Notch signaling. The effects 
are, however, not as severe as in CSL (CBF-1, Suppressor of 
Hairless, Lag-1) KO mice. CSL is a part of the Notch tran-
scriptional complex and mediates activation of Notch target 
gene expression (Figure 1A). In these mice the Notch signal-
ing response is completely inhibited leading to exaggerated 
neuronal differentiation and stem cell depletion.71 Such a 
difference in phenotype severity could be explained by com-
pensatory Dll-mediated Notch signaling in the mice lacking 
vimentin and GFAP. This notion is supported by the fact that 
vimentin has been shown to specifically interact with Jagged1, 
but not Dll ligands.9 Interestingly, the phosphorylation sta-
tus of vimentin has been linked to neuronal differentiation. 
Neurospheres extracted from mice with mutated vimentin 
phosphorylation sites (mitotic phosphorylation sites mutated 

from serine to alanine: S6A, S24A, S38A, S46A, S55A, 
S64A, S65A, S71A, S72A, S82A, and S86A) show enhanced 
neuronal differentiation. The increase in differentiation is not 
caused by disturbed cell-cell communication between astro-
cytes and progenitors cells, suggesting perturbation of a cell 
intrinsic signaling mechanism within the neurosphere cell 
population.72 Still, it is tempting to speculate that hampering 
with vimentin dynamics affects the interaction with Jagged1. 
Interaction of vimentin with other proteins, such as 14-3-3, 
has been shown to be phosphorylation dependent 46 and vi-
mentin phosphorylation plays a role in proper localization 
of some cell surface proteins.73 Further, Hagemann et al74 
showed disrupted adult neurogenesis in a mouse model for 
Alexander disease, a syndrome caused by mutations on the 
gene coding for GFAP.75 In these mice, protein aggregation 
exhausts the proteasomal degradation machinery of the cell, 
disrupting degradation of NICD in GFAP expressing neural 
progenitors, and perturbing the balance between neurogene-
sis and gliogenesis.74,76,77

F I G U R E  3  Astrocytic intermediate filaments regulate Notch-mediated neurogenesis. A, Expression of GFAP and vimentin by astrocytes is 
required for Notch-mediated inhibition of neuronal differentiation. In absence of GFAP and vimentin the expression of the Notch ligand Jagged1 
is reduced, leading to decreased Notch activation and subsequent neural differentiation. B, Summary of the molecular mechanisms deregulated in 
absence of GFAP and vimentin. Modified from Ref. 69

(B)

(A)
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4 |  EPITHELIAL CELL FATE

4.1 | Keratins govern epithelial tissues

Keratins are the major IFs of epithelial tissues. With 54 
different genes encoding for keratins, these IFs constitute 
the largest family of IF proteins. Keratins are divided into 
acidic type I and neutral-basic type II proteins and they 
form heteropolymers consisting of type I and type II fila-
ments. Keratins are found in the squamous epithelial cells 
of the epidermis (K1, K2, K5, K9, K10, & K14), simple type 
epithelial cells (K7, K8, K18, K19, and K20) and hair fol-
licle epithelial cells (K31, K35, K81, K85, and K86).78 The 
endothelium, a specialized type of epithelial tissue lining 
the walls of blood and lymphatic vessels, expresses minor 
amounts of keratins79 with vimentin being the major IF ex-
pressed. Endothelial cells are, therefore, described previ-
ously in this review. Upon stress, epithelial cells induce 
expression of specific stress resilient keratins (K6, K16, 
& K17), which possess-specific characteristics beneficial, 
for example, wound healing and inflammation. Keratins 
are thought to provide cells with mechanical stability and 
tissues with appropriate architecture, but recently keratins 
are emerging as signaling platforms or modulators regu-
lating several different cellular processes.80-82 Mutations 
affecting keratins, cause an array of diseases called ke-
ratinopathies that mainly manifest trough disturbances in 
skin and nails, for example, epidermolysis bullosa simplex, 
ichthyosis hystrix, epidermolytic hyperkeratosis, and pach-
yonychia congenita83 (full list of keratin-related diseases 
found on inter fil.org). Meesmann epithelial corneal dys-
trophy84 and some gastroenterological disorders have also 
been linked to keratins.85-87

4.2 | Keratins maintain the protective 
barrier of the skin

In the stratified epithelia of the skin different keratin pairs 
are expressed depending on the differentiation status. K5/
K14 is expressed by the basal proliferating keratinocytes, 
and becomes replaced by K1/K10 in the differentiated cells 
of skin.88 Loss of K14 is associated with severe skin blis-
tering in mice around postnatal day 2.89 Ablation of K14 
in keratinocytes in vitro causes increased expression of ke-
ratinocyte differentiation markers K1 and involucrin,88 indi-
cating that K14 maintains keratinocytes in an undifferentiated 
state. Notch signaling is usually known to maintain stem cell 
fate and counteract cell differentiation. In skin, however, the 
current view is that Notch activation promotes differentia-
tion of keratinocytes,90 but some contradicting opinions have 
also been raised.91 Blanpain et al92 showed that Notch is in-
volved in specifying spinous vs basal cell fate. Depletion of 

K14 decreased proliferation and increased NICD levels in 
keratinocytes.88 Correspondingly, inhibition of Notch activ-
ity in keratinocytes led to suppressed expression of K1 and 
involucrin93 in line with reduced differentiation of keratino-
cytes. In these cells Notch induces p21Cip expression and 
withdrawal from the cell cycle,93 whereas ablation of K14 
reduces Akt phosphorylation accompanied by reduced cell 
cycle progression.88 p21Cip is an Akt target, thus, activation 
of Akt through phosphorylation may affect p21Cip and lead to 
enhanced proliferation, through inhibition of the antiprolifer-
ative effects of p21Cip.94 The signal inducing enhanced Notch 
expression and promoting keratinocyte differentiation is not 
yet known,93 but Notch and K14 intertwine in a complex 
regulatory feedback system together with p63. p63 regulates 
K14 expression,95 and thereby keratinocyte differentiation. 
Notch-induced differentiation is regulated by p63, but, on the 
contrary, Notch also suppresses p63 expression.96

Mice lacking K16 or K9 display footpad lesions mimicking 
palmoplantar keratoderma, a common feature of pachyony-
chia congenital (PC).97,98 In humans PC is caused by muta-
tions in K6a, K6b, K16, & K17, whereas K9 mutations are 
linked to epidermolytic palmoplantar keratoderma (EPPK). 
K9 is found in terminally differentiating keratinocytes of the 
palms and soles, and interestingly ablation of K16 in mice 
disrupts K9 expression and keratinocyte differentiation. The 
phenotype can be reversed by reactivation of K9 expression 
trough topical application of sulforaphane, a known activa-
tor of Nrf2 signaling,99 but Nrf2 does not seem to directly 
regulate K9 expression.100 Analysis of paw skin from K16 
null mice revealed enhanced expression of several signaling 
pathway components, for example, Notch and Wnt, involved 
in epithelial differentiation,100 but the molecular mechanism 
causing the aberrant differentiation remains elusive.

14-3-3σ, a keratinocyte-specific isoform of the 14-3-3 
protein family, docks to different proteins and may also func-
tion as a signaling hub, bringing together various signaling 
molecules. 14-3-3σ is expressed by the differentiated cells 
of the skin and loss of 14-3-3σ allows the keratinocytes to 
escape terminal differentiation by maintaining telomerase 
activity and reducing p16INK4a expression.101 14-3-3 specifi-
cally binds keratins 82,102-104 and it is tempting to hypothesize 
that the interaction with keratin would be essential for bring-
ing 14-3-3 into proximity of its other interaction partners. 
The downstream effector of the Hippo kinase cascade, YAP, 
interacts with 14-3-3 maintaining its cytoplasmic localiza-
tion (Figure 1D). Recently, Guo et al82 found that impaired 
K14 disulfide bond formation distorts the localization of 14-
3-3σ in keratinocytes. The displacement of 14-3-3σ results 
in enhanced nuclear entry of YAP together with increased 
proliferation and defected terminal differentiation.82 YAP 
signaling has also been linked to Notch suppression in the 
epidermis, which would further counteract keratinocyte ter-
minal differentiation.105

http://interfil.org
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When the epidermis is subjected to damage it requires 
efficient repair and regeneration to minimize blood loss 
and recreate the tissue barrier to the outside. This resto-
ration process is called wound healing and it activates dif-
ferent cellular processes such as proliferation, migration, 
and differentiation of cells in the vicinity. This topic has 
recently been covered in an extensive review,106 thus, we 
will only beriefly touch upon some of the key findings. IFs 
are instrumental for efficient wound closure and involved 
already in clot formation.107 K6, K16, and K17 respond to 
stresses and their expression is enhanced at the injury site 
while the expression of differentiation-specific keratins, 
K1 and K10, is reduced (reviewed in Ref. 108). During 
embryonic wound closure, which is mediated by fibroblast 
driven forces, absence of vimentin is detrimental. When it 
comes to closure of adult wounds, lack of vimentin leads 
to delayed transdifferentiation of myofibroblasts and their 
inaccurate localization within the wounded tissue due to 
migratory defects.109 In lens epithelial tissue, vimentin is 
secreted into the extracellular space upon injury. There 
the extracellular vimentin regulates the differentiation of 
mesenchymal repair cells into myofibroblasts.110 Lack of 
vimentin also perturbs the proliferation of fibroblasts to-
gether with altered transformation of keratinocytes toward 
a migratory phenotype. These complications are linked to 
impaired TGFβ1 signaling (Figure  1C) and consequently 
delayed reepithelization.11 In the alveolar epithelia of the 
lung, the vimentin promoter contains a SMAD-binding el-
ement, thus, TGFβ directly induces expression of vimen-
tin.111 In myoblasts, on the contrary, direct SMAD-binding 
elements are lacking and the TGFβ regulated vimen-
tin expression is mediated by tandem AP-1 elements.112 
Similarly, TGFβ has been linked to K8 and K18 expression 
in differentiating alveolar epithelial cells and their recip-
rocal expression appears to regulate terminal differentia-
tion.113 However, the mechanisms behind this cross talk 
still remain unknown.

4.3 | IFs maintain gastroenterological 
homeostasis

The intestinal simple type epithelial cell layer is constantly 
renewed, and thus, controlled cell proliferation and differ-
entiation is a prerequisite for maintaining intestinal homeo-
stasis. Both the small and large intestine contain an array of 
different cell types, and in these cells, keratins constitute the 
major IFs. Absorptive enterocytes, secretory goblet cells, en-
teroendocrine cells, and intestinal stem cells are found both 
in the small and large intestine. Paneth cells and tuft cells are 
specialized secretory cells of the small intestine with immu-
noprotective functions.114,115 K8 and K19 is found uniformly 
throughout the intestine. K20 localizes to the differentiated 

cells of the villi and K18 is expressed uniformly by the epi-
thelial cells of the colon, but restricted to enterocytes and 
goblet cells in the small intestine.116

Notch signaling regulates the proliferation and differen-
tiation of intestinal epithelial cells and is essential for stem 
cell maintenance.117 The general view is that Notch activity 
antagonizes goblet and enteroendocrine cell fates promoting 
differentiation of enterocytes.118 It has also been proposed 
that the dose of Notch activity is essential for further specifi-
cation between goblet or paneth cell fate vs enteroendocrine 
cell fate. Notch signaling may regulate cell fate specification 
in two distinct steps in the intestinal epithelium. First, in 
uncommitted progenitor cells Notch directs the decision be-
tween absorptive progenitors vs secretory progenitors, favor-
ing differentiation along the absorptive lineage. Later, Notch 
is involved in further specification of secretory progenitors 
inducing goblet cell fate at the expense of paneth cells.117,119 
Wnt signaling is another central player regulating intestinal 
cell fate and this signaling pathway cross talks with Notch in 
maintaining gut homeostasis.120 Wnts are secreted molecules 
that act in their local environment (Figure 1B). In the intes-
tinal crypts, the paneth cells and stromal cells produce Wnt 
signals in order to induce proliferation and maintain the pool 
of the intestinal stem cells.121,122 On the contrary, Wnt also 
controls the terminal differentiation of the paneth cells.123

The colon is responsible for water retention and vitamin 
absorption. Mice lacking K8 show hyper proliferation of co-
lonic epithelial cells, increased crypt length and a phenotype 
resembling colitis.124-126 Lack of K8 is linked to reduced 
Notch levels in colonic epithelial cells. This reduction is fol-
lowed by decreased mRNA levels of Hey1 and Hey2 (Hairy/
E(spl)-related with YRPW motif), accompanied by a shift in 
differentiation toward the secretory lineage80 (Figure 4). This 
is in line with other studies showing a transition toward se-
cretory cells upon Notch inhibition.127,128 In the K8-/- colon, 
differentiation toward goblet and enteroendocrine cell fates 
is promoted at the expense of enterocytes. The number of 
transit amplifying (TA) cells is also increased in the absence 
of K8,80 a finding that contradicts the complete block of pro-
liferation observed upon Notch inhibition.127 There are indi-
cations of a regulatory interaction between Notch and K8, 
but the possible interacting domains remain under investiga-
tion.80 In addition, K8-/- mice show elevated levels of IL-22 
in the colon.129 IL-22 has recently been shown to promote 
TA cell proliferation and to inhibit expression of Notch and 
Wnt pathway components,130 providing further diversity to 
the disturbed colonic homeostasis in the absence of K8.

In Drosophila, the Notch target gene Hey controls cellular 
identity through regulation of different signaling pathways 
and specific regulation of nuclear lamins. Brodsly et al131 
recently demonstrated that Hey maintains the cell fate of dif-
ferentiated enterocytes and loss of Hey results in epithelial 
hyperplasia together with disturbed gut homeostasis. Loss of 
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Hey in enterocytes perturbs the balanced expression of stem 
cell-related B-type lamins (lamDm) and lamins characteris-
tic of differentiated cells (lamin C). Further, lamin C neg-
atively regulates expression of the Notch ligand Delta and 
enhances surface localization of the Wnt pathway component 
Armadillo (β-catenin in mammals), in polyploid cells of the 
Drosophila midgut.131 Petrovsky and Großhans 132 interest-
ingly showed that B-type lamins regulate cytokine-induced 
proliferation of intestinal stem cells in the Drosophila mid-
gut. In this study B-type lamins were found to anatagonise 
Jak/Stat signaling,132 providing further evidence of interme-
diate filaments as regulators of gut homeostasis. Additionally, 
lamin expression in T-cells has been shown to play a role in 

the outcome of inflammatory bowel disease (IBD). Lack of 
lamin A/C shifts the differentiation of T-cells toward regu-
latory T-cells at the expense of T helper (type 1) cells in a 
TGFβ and retinoic acid dependent manner, mitigating the 
IBD phenotype.133

K19 is not only found in the intestine, but also expressed 
by biliary epithelial cells (BEC) and liver progenitor cells.134 
Still, ablation of K19 does not cause an evident epithelial 
phenotype in the liver.135 However, Chen et al136 found that 
induction of cholestasis by introducing a 3,5-diethoxycar-
bonyl-1,4-dihydrocollidine (DDC) supplemented diet per-
turbed the proliferation of liver progenitor cells in K19 
KO mice. The number of liver progenitor cells as well as 

F I G U R E  4  Keratins maintains cellular homeostasis in the colon. A, Lack of keratins 8 increases the proliferation of colonic epithelial cells 
and leads to elongated crypts. B, In absence of keratin 8 the differentiation of intestinal stem cells is shifted toward secretory cell fate due to 
reduced expression of Notch in colonic epithelial cells. C, Summary of the molecular processes related to the K8-/- phenotype. Modified from Ref. 
80

(A)

(B)

(C)



10 |   SJÖQVIST eT al

BECs was reduced in absence of K19.136 Notch2 is known 
to drive BEC fate 137 and interestingly immunofluorescent 
analysis of liver samples revealed loss of Notch2 in BECs 
of K19 KO mice. Bile duct ligation resulted in a similar 
loss of Notch2 in BECs.136 It is intriguing to speculate how 
K19 may regulate Notch2 expression in BECs, as one of the 
main symptoms of the pediatric disease Alagille syndrome 
is intrahepatic bile duct paucity.138 The disease is caused 
by mutations on either NOTCH2 or JAGGED1,139,140 which 
implicates that the phenotype displayed by K19 KO mice 
could be caused by direct deregulation of Notch2 function 
or through the perturbed activation of Notch2 by the ligand 
Jagged1.

4.4 | Vimentin regulates mammary gland 
development

The mammary glands develop sequentially during female 
growth and development starting with quiescence after birth, 
continuing during puberty and reaching maturity upon preg-
nancy and lactation. Further, the mammary glands regress 
upon weaning through apoptosis and ECM remodeling.141 
Vimentin is expressed by basal mammary epithelial cells 
and stromal cells, whereas luminal cells are devoid of vimen-
tin.142 Mammary stem cells, on the contrary, express both 

vimentin and K15, an epithelial stem cell marker, thereby 
displaying a mixed epithelial-mesenchymal phenotype.142,143

Mice lacking vimentin are fertile and capable of nurtur-
ing their offspring. Nevertheless, vimentin appears to be 
important for mammary gland development. Peuhu et al142 
found that mammary ductal outgrowth is delayed in mice 
lacking vimentin (Figure  5). Vimentin regulates the ratio 
between basal and luminal mouse mammary epithelial cells 
(MMECs) and loss of vimentin led to loss of basal cell iden-
tity followed by increased mammary ductal lumen size. In 
addition, the epithelial regeneration capacity was impaired in 
absence of vimentin, as indicated by reduced mammosphere 
formation by MMECs isolated from Vim-/- mice. Gene ex-
pression analysis revealed perturbed expression of several 
developmentally important players in the basal MMECs, for 
example, proteins belonging to the Wnt and Hedgehog pro-
tein families.142 However, the functions of the upregulated 
Wnt isoforms, Wnt11 and Wnt9a, in mammary gland devel-
opment are still elusive.144 Notch signaling is involved in the 
regulation of mammary gland development, especially during 
luminal lineage commitment.145 Interestingly, Wnt and Notch 
signaling pathways come together during mammary stem 
cell differentiation. Pygo2, a Wnt coactivator, localizes with 
β-catenin at the Notch3 locus, inhibiting Notch3 promoted 
luminal cell fate.146 Jagged is expressed in the developing 
mammary gland, mainly in the luminal cells.145,147 Thus, it is 

F I G U R E  5  Vimentin is required for 
balanced development of the mammary 
gland. Lack of vimentin delays mammary 
ductal outgrowth in mice at 10 weeks of age. 
In absence of vimentin the ratio of basal vs 
luminal cells is perturbed resulting in loss 
of basal cells and enlargement of the ductal 
lumen. In absence of vimentin expression of 
Wnt signaling components is deregulated, 
possibly relating to the loss in basal cell 
fate. The molecular mechanisms leading to 
aberrant Wnt signaling are still unknown. 
Modified from Ref. 142
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tempting to speculate whether vimentin may regulate Jagged 
function similarly in mammary gland differentiation as in 
angiogenesis.

5 |  MYOGENIC CELL FATE IS 
CONTROLLED BY NESTIN

Myogenesis involves proliferation and differentiation of single 
nucleated myoblasts to form multinucleated contractile myo-
tubes, characteristic of muscle tissue.148 Nestin is a type VI in-
termediate filament containing a long tail domain that makes 
up the majority of the protein, combined with an unusually 
short head domain.149 As previously stated, nestin is expressed 
during development with high expression in neural progenitor 
cells (NPCs), and it is commonly used as a marker for NPCs.150 
Several nestin KO models have been published. Park et al151 
first described an embryonically lethal phenotype with brain 
damage as a result of low numbers of NPCs. Another nestin 
KO model, as well as a nestin RNAi mouse model were both vi-
able without a significant neuronal phenotype, but with defects 
in myogenesis and neuromuscular junctions.59,152 Regulation of 
myoblast differentiation is governed by Cdk5 activity levels, 
and nestin has been detailed to regulate Cdk5-mediated myo-
genesis. The tail domain of nestin has been shown to function 
as a scaffold for active Cdk5 by binding to the Cdk5 activator 
p35.152-156 The scaffolding of Cdk5/p35 protects the calpain-
mediated cleavage of p35 to its hyperactive form p25, and 
knockdown of nestin results in hyperactivation of Cdk5/p25 
and enhanced differentiation of myoblasts.155 Indeed, down-
regulation of either Cdk5 or p35 has been shown to hamper 
normal muscle development.157 During muscular injury, nestin 
is reexpressed during regeneration.158 Depletion of nestin leads 
to a similar phenotype in NSCs as in myoblasts, with abnor-
mally increased differentiation. However, in NSCs the regula-
tion is considered to be through Numb/Notch regulation, not 
Cdk5.65 K8 and K19 are also expressed in striated muscle 159 
and mice devoid of K19 display myopathy with a loss of con-
tractile force in the muscle.160 This muscle phenotype is related 
to the redistribution of mitochondria and is not a consequence 
of deregulated stem cell signaling.

6 |  NUCLEAR INTERMEDIATE 
FILAMENTS AND CELL FATE

6.1 | Nuclear lamins and disease

Lamins are intermediate filament proteins forming the nuclear 
lamina. More than 100 different mutations in LMNA have 
been identified and linked to human disorders, such as Emery-
Dreifuss muscular dystrophy, congenital muscular dystro-
phy and familial partial lipodystrophy, Hutchinson-Gilford 

Progeria Syndrome (HGPS), Mandibuloacral dysplasia type 
A (MADA), Cardiomyopathy, dilated with hypergonado-
tropic hypogonadism (CMDHH), and Charcot-Marie-Tooth 
disease 2B1 (CMT2B1) (reviewed in Ref. 161).

Lamins are divided into two families. A-type lamins, 
consist of the major isoforms lamin A & C and two minor 
isoforms C2 & AΔ10. All of these are alternative splicing 
isoforms of the gene product encoded by LMNA.162,163 B-type 
lamins contain the three isoforms B1, B2, & B3. B1 is en-
coded by LMNB1, whereas Lamin B2 and B3 are alternative 
splicing isoforms encoded by LMNB2.164-166 Like other in-
termediate filaments, lamins consist of an N-terminal head 
and a coiled-coil central domain, which form dimers due to 
the interchain ionic interactions.167 One unique feature of 
lamin A is a C-terminal tail containing a CaaX (C = Cystein, 
a = Aliphatic, X = any amino acid) motif important for as-
sociation with the inner nuclear membrane.168 This CaaX 
domain is missing in lamin C. The CaaX domain of the imma-
ture form of lamin A, called prelamin A, is farnesylated and 
this farnesylation eventually gives rise to the mature form of 
lamin A through proteolytic processing by the zinc metallo-
protease ZMPSTE24.169 B-type lamins are expressed in most 
cells throughout development. Lamin A/C, on the contrary, 
is found mainly in differentiated cells and adult stem cells of 
mesenchymal origin.170 Zhang et al171 summarized the effects 
of lamin A/C overexpression and silencing in different types 
of mesenchymal stem cells (MSCs) induced toward adipo-
genic or osteogenic fates. Knockdown of lamin A/C impaired 
osteogenic differentiation mainly through perturbation of 
Runx2-related mechanisms. The enhanced osteogenic differ-
entiation caused by lamin A/C overexpression is linked to en-
hanced Wnt and Notch signaling.171-173 Lamin A/C promotes 
translocation of β-catenin into the nucleus. This results in a 
positive feedback loop as β-catenin induces the expression 
of Wnt7b and Wnt10b which further stimulates osteogenic 
differentiation.172 The same Wnts are involved in suppressing 
adipogenic differentiation as a result of lamin A/C overex-
pression. Wnt10b reduces PPARγ expression, thereby inhib-
iting adipogenesis.174 Recently, lamins have been found to 
protect the nucleus from DNA damage and cell cycle arrest 
caused by mechanical overload.175 Swift et al176 connected 
lamin A expression and changes in Ig domain conformation 
to mechanical cues in MSCs. Furthermore, LMNA mutant 
myoblasts show disturbed responses to mechanical stress.177 
In different studies, lamin mechanosensitivity has been 
linked to cell fate determination trough cross talk with differ-
ent signaling pathways, for example, YAP/TAZ,176-178 serum 
response factor,176,179 & retinoic acid.176,180,181 Vimentin has 
also been connected to disturbed accumulation of body fat 
and lipid droplet stability,14,182,183 but these findings have 
not implicated a role for vimentin in cell fate determination 
during adipogenesis, and therefore, falls outside the scope of 
this review.
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Production of progerin, a pathological truncated vari-
ant of Lamin A, is the main cause of Hutchinson-Gilford 
Progeria Syndrome (HGPS) a disease in which the patients 
experience premature-aging symptoms. Individuals with 
HGPS have a point mutation in the LMNA gene which gives 
rise to a 50 amino acid deletion in the lamin A protein. The 
deleted region contains the site for processing mediated by 
ZMPSTE24. Lack of this processing site results in accu-
mulation of farnesylated mutant prelamin A.184,185 Progerin 
perturbs the structural integrity of the nucleus, resulting in 
deformation of the nuclear envelope.186,187 The deformation 
has also been related to disrupted localization of nuclear 
pores, which may affect molecular trafficking to and from 
the nucleus and thereby perturb the communication between 
the nucleus and cytoplasm.188 In addition, progerin also 
causes loss of peripheral heterochromatin and may therefore 
alter the gene expression profile.187 Increased DNA damage, 
represented by γH2AX containing foci, is yet another conse-
quence of cellular progerin accumulation.189,190

6.2 | Laminopathies and stem cell signaling

Stem cell depletion has been suggested to dislodge tissue ho-
meostasis and cause the aging phenotype in HGPS patients. 
The compromised nuclear structure caused by progerin may 
prevent signaling molecules from entering the nucleus and 
thereby obstruct stem cell signaling. The Wnt signaling path-
way is implicated in the maintenance of different stem cell 
populations. Nuclear localization of β-catenin is reduced in 
both patient derived fibroblasts and in cells of the inter fol-
licular epidermis in a mouse model of HGPS (tetop-LAG608G+; 
K5-tTA+mice)188 and in odontoblasts expressing progerin.190 
Similarly, Choi et al191 demonstrated defective osteogenesis 
of patient derived progerin expressing induced pluripotent 
stem cells (iPSCs) and human bone marrow derived mes-
enchymal stem cells (hBM-MSCs), and that the faulty bone 
formation is due to suppressed β-catenin signaling.

Notch signaling relies on nuclear translocation of the 
proteolytically processed intracellular signaling fragment, 
NICD, and aberrant Notch function has been linked to 
HGPS.189 In cells derived from HGPS patients the expres-
sion of the Notch signaling effectors HES1, HES5 (hairy and 
enhancer of split), and HEY1 is enhanced, which is unrelated 
to changes in the NICD levels. On the contrary, expression 
of progerin alters the cellular identity of immortalized MSCs 
through Notch-related mechanisms. Induction of differenti-
ation along mesenchymal lineages in the presence of either 
progerin or NICD is similar, leading to enhanced osteogenic 
but reduced adipogenic differentiation.173

Emerin is a constituent of the nuclear envelope, which 
connects the cytoplasm to nucleus. Emerin interacts with 
both the actin and β-tubulin networks and binds the nuclear 
lamins.192,193 In the nucleus emerin and prelamin A regulate 
each other's localization.194 Mutations in the gene coding for 
emerin results in a disease called Emery-Dreifuss muscular 
dystrophy type-1 (X-linked EMDM), a type of striated mus-
cle laminopathy.195 Mutation of the LMNA gene causes the 
related autosomal dominant type of EMDM (AD-EMDM). 
Due to the close regulatory relationship between emerin and 
prelamin A, perturbed emerin function might be involved 
in several laminopathies. Emerin is known to interact with 
different signaling pathways, for example, Notch and Wnt 
signaling. Downregulation of emerin enhances signaling 
downstream of Notch and β-catenin. Nuclear entry of β-cat-
enin is restricted by emerin, whereas NICD localizes together 
with emerin at the nuclear rim.196,197 Thus, expression of mu-
tant Lamin A/C variants may hamper with the functionality 
of these signaling pathways, because of disrupted emerin 
localization.

7 |  MECHANISMS OF IF-
MEDIATED CELL FATE DECISIONS

IFs utilize an array of different mechanisms to steer cell fate 
decisions. This can be achieved through direct interaction 
with signaling proteins or by regulating the localization of 
specific signaling molecules. Anchorage of keratins to the 
apical domain, followed by asymmetric division of keratins 
in daughter cells together with YAP dependent expression 
of CDX2, dictates cell fate already in a 16-cell embryo.2 
Vimentin, on the contrary, is, for example, known to regulate 
integrin trafficking and membrane localization.73 In addition, 
vimentin may control cell fate specification by connecting 
extracellular mechanical cues with the intracellular tran-
scriptional control machinery.16 Similarly, nuclear lamins 
are essential in governing nuclear entry of certain signaling 
moieties172,188 and presumably regulates nucleocytoplasmic 
shuttling of other transcription factors as well. Interestingly, 
keratins have also been found to shuttle in and out of the nu-
cleus. Keratins K7, K8, K17, and K18 were found to enter 
and exit the nucleus in HeLa cells198 and K17 was subse-
quently identified as a regulator of gene expression in tumor 
epithelial cells from skin and cervical tumors.199,200 The IF-
mediated regulation of signaling proteins is often dependent 
on the phosphorylation and assembly state of the IFs. The 
vimentin-mediated regulation of the Notch ligand Jagged1 
is phosphorylation dependent and enhanced vimentin phos-
phorylation promotes Notch activation.9 On the contrary, 
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inhibition of vimentin phosphorylation sequesters integrins 
in intracellular vesicles and thereby attenuates integrin sign-
aling.73 The importance of phosphorylation-mediated control 
of IFs is attested during mitosis. Mutation of serine residues 
on vimentin provokes failure of cytokinesis and upregulation 
of p21 and other senescence-related genes.201 Inter-keratin 
disulfide bonding is essential for the assembly and organi-
zation of the keratin network202,203 and disruption of these 
bonds not only affects the structure of the keratin network, 
but also displaces 14-3-3 and YAP in keratinocytes leading 
to perturbed epidermal homeostasis.82 The dynamic regu-
lation of IFs in this manner allows context dependent cell 
fate choices. For example, shear stress experienced by en-
dothelial and epithelial cells induces phosphorylation of 
both keratins and vimentin. Shear stress reduces the levels of 
soluble keratin in alveolar cells subjected to shear stress.204 
Shear activates protein kinase C ζ, leading to enhanced K18 
phosphorylation and intensified interaction between K18 and 
14-3-3.205 Similarly, shear stress enhanced the phosphoryla-
tion of vimentin and enhanced the Jagged1-mediated acti-
vation of Notch signaling.16 IFs also sense and respond to 
other types of mechanical stimuli206,207 and could thereby 
facilitate mechano-regulation of cell fate.208 Cell stress in 
the form of hypoxia also alters IF expression. Hypoxia alters 
vimentin phosphorylation and assembly through activation 
of p21 activated kinase (PAK),209 whereas keratin stability 
is compromised upon hypoxia.210 Furthermore, IF phospho-
rylation, and thereby IF-associated signaling, is regulated by 
hormones. Vitamin D and thyroid hormones induces phos-
phorylation of vimentin in rat testes,211,212 whereas the same 
hormones regulate phosphorylation of vimentin, GFAP, and 
NFs in rat cerebral cortex.213,214 IFs may also be involved in 
generating oscillatory signaling cascades, characteristic for 
tissue patterning during development through interactions 
with different signaling molecules.39,215,216 Cell behavior 
may be coordinated by IFs through regulation of cell-cell 
signaling in multicellular tissues. It is also worth noting that 
IFs and developmental signaling pathways may come to-
gether in a reciprocal regulatory network, where IFs regulate 
developmental transcriptional programs which in turn may 
control IF expression, a hypothesis supported by the highly 
developmental stage-specific expression profiles of different 
IFs.

8 |  CONCLUDING REMARKS

Coordination of cell specification and organization is essen-
tial for tissue and organ development. The cellular microen-
vironment critically regulates cell fate, tissue development, 
and homeostasis. IFs provide a unique scaffolding frame-
work that orchestrates cell-cell interactions and cell signaling 

dynamics, and thereby modulates the subsequent cell fate 
decisions. As the IFs respond to external stimuli and stress-
ors,217 IFs may integrate external and internal cues to support 
functional cell fate decisions in a fluctuating environment. 
The dynamic regulation of IFs allows context dependent cell 
fate decisions.218,219 Interaction of IFs with specific signal-
ing proteins allows IFs to specify signaling output, for exam-
ple, through modulation of Jagged1, but not Dll4, mediated 
Notch signaling.9 IF proteins are expressed in developmen-
tal stage and cell type-specific manner 13 and the differences 
in regulation, turnover rates, and mechanical properties be-
tween IF proteins are likely optimized for different cell and 
tissue-specific functions. IFs can also be considered to play 
a role in generating subcellular signaling compartments 
through the localization of filamentous and soluble forms of 
the IFs to different parts of the cell and thereby affect signal-
ing at these local sites.220 Proper localization of IFs is instru-
mental for maintaining cell polarity and organizing polarized 
cell signaling.42,153,221,222 Complete understanding of how IF 
dynamics are regulated by changes in the cellular microen-
vironment and how this integrates with the cellular decision 
machinery is also lacking. Further, new innovative methods 
will have to be developed to tackle the details of how IFs are 
regulated in terms of turnover, dynamic exchange, and other 
remodeling events in vivo (current open questions summa-
rized in Box 1). Recently, novel therapeutic tools modify-
ing IFs have emerged and vimentin serves as a promising 
potential target in cancer therapy. Disruption of vimentin can 
reduce migration and invasion of highly motile metastatic 
cancer cells and several compounds targeting vimentin have 
shown anticancer properties (reviewed in Ref. 53). These in-
clude compounds such as fluvastatin leading to proteolysis 
of vimentin,223 ajoene that disrupts the vimentin network,224 
simvastatin leading to reorganization and bundling of the vi-
mentin network,225 the specific vimentin targeting small mol-
ecule FiVe1 causing disorganization, phosphorylation, and 
mitotic catastrophe,226 and an antibody targeting cell surface 
vimentin.227 Although the specific mechanisms by which IFs 
regulate cell fate decisions and developmental signaling are 
emerging, there is still a fundamental knowledge gap in this 
area and more detailed knowledge on how IFs regulate sign-
aling proteins is required. We need to identify the interaction 
sites of IFs and signaling proteins, study how the interactions 
are regulated by IF dynamics and posttranslational modifi-
cations. Enhanced understanding of the cross talk between 
IFs and developmental signaling pathways could clarify our 
perception of perturbances in these signaling pathways and 
how they relate to disease etiology. Several developmental 
diseases have puzzling phenotypes, where similar mutations 
have various disease outcomes. In such cases tissue-specific 
expression of IFs and their regulation of cell signaling dy-
namics may be a contributing factor for disease severity.
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Box 1 Current questions on the mechanisms of 
IF mediated cell fate decisions
 1. Is the expression of IFs regulated by devel-

opmental signaling pathways?

 2. What is the role of IFs in coordinating cell 
behaviour in multicellular tissues?

 3. How is the interaction between IFs and IF-
interacting proteins regulated?

 4. Are IFs regulated locally at the subcellular 
level and how does that affect cell signaling?

 5. How do post-translational modifications 
(PTMs) regulate IFs in different cellular contexts?

 6. Can we target IFs pharmacologically to 
steer cell fate?

 7. Can stem cell signaling be controlled 
through mechanical regulation of IFs?

 8. How is stem cell signaling affected when 
IFs respond to changes in the cellular micro-
environment (e.g. metabolism, inflammation, 
fibrosis)?

 9. Are there still unidentified IF mutations 
that cause developmental diseases?

 10. How can the context dependent function of 
IFs be studied? Potential approaches include:
• Tools for controlling IF assembly and function 

(IF targeting drugs, peptide microinjections, 
optogenetics).

• Transgenic models for cell isolation and engi-
neering (PTM mutants, spatio-temporal control 
of gene expression, lineage tracing).

• Techniques for visualization of IF functions 
(Single molecule resolution imaging, AFM for 
filament nano-dissection).

• Biomimetic approaches (3D cultures, organoids, 
organ-on-chip technology).

• Mathematical modeling and generation of com-
putational tools.
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