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Intermediate	filaments	(IFs)	are	encoded	by	the	largest	gene	family	among	the	three	major	cytoskeletal	protein	
groups.	Unique	IF	compliments	are	expressed	in	selective	cell	types,	and	this	expression	is	reflected	in	their	
involvement,	upon	mutation,	as	a	cause	of	or	predisposition	to	more	than	80	human	tissue-specific	diseases.	
This	Review	Series	covers	diseases	and	functional	and	structural	aspects	pertaining	to	IFs	and	highlights	the	
molecular	and	functional	consequences	of	IF-associated	diseases	(IF-pathies).	Exciting	challenges	and	opportu-
nities	face	the	IF	field,	including	developing	both	a	better	understanding	of	the	pathogenesis	of	IF-pathies	and	
targeted	therapeutic	approaches.

Intermediate filaments
Intermediate filaments (IFs), microfilaments (MFs), and micro-
tubules (MTs) are the major fibrillar cytoplasmic elements that 
make up what is referred to as the cytoskeleton. IFs consist of 
a large protein family that includes 73 unique gene products, 
which places the genes encoding them among the 100 largest 
gene families in humans (1). The IF proteins are grouped into six 
types (types I–VI): those in types I–IV are found in the cytoplasm, 
the type V IF proteins are found in the nucleus, and those classi-
fied as type VI are found exclusively in the lens (Table 1). Several 
features distinguish IFs (2–4) from MFs and MTs, including IF 
structural diversity, tissue- and cell-selective expression, unique 
subcellular compartment distribution (lamins are found in the 
nucleus, whereas the remaining IFs are in the cytoplasm), relative 
insolubility, nucleotide-independent assembly, restricted expres-
sion to higher eukaryotes, and, most relevant, their involvement 
in more than 80 human diseases (Human Intermediate Fila-
ment Database, http://www.interfil.org/index.php) (5). Another 
distinguishing feature of IFs is their regulation (primarily but 
not exclusively) by phosphorylation, whereas MFs and MTs are 
regulated preferentially but not exclusively by their associated 
proteins and posttranslational modifications other than phos-
phorylation (6). Furthermore, IFs are characteristically resistant 
to breakage when mechanically stressed, whereas MFs and MTs 
are far less compliant (7).

In addition to the unique and complex cell and tissue distribu-
tion of IFs (Figure 1), the expression of some IF proteins is highly 
regulated during development and cell differentiation and can 
be markedly induced in cells and tissues undergoing an injury 
response. For example, keratin 5 and 14 (K5/K14) are found in 
basal keratinocytes, whereas K1/K10 are found in the differentiat-
ing layers of suprabasal epidermis (8); K19 is found in fetal but 
not normal adult hepatocytes (9); K19/K20 (10) and K6/K16 (11) 
are highly induced in response to pancreatic acinar cell and skin 
injury, respectively; and glial fibrillary acidic protein (GFAP) is 
upregulated during reactive gliosis (12).

The Review Series
The Review Series herein includes eight state-of-the-art trea-
tises by leaders in the field. The first article, by John Eriksson, 
Robert Goldman, and colleagues, sets the stage by providing 
a historical perspective of IFs and their classification (13). It 
also provides several functional perspectives with an emphasis 
on the paradigm shifting notion that IFs are not only struc-
tural proteins but also play essential roles as signaling orga-
nizers and buffers of cellular stress (13). The second Review, 
by  Harald  Herrmann,  Sergei  Strelkov,  Peter  Burkhard,  and 
Ueli Aebi, highlights  some of  the  structural  features of  IFs 
versus MFs and MTs and describes the current understanding 
of the assembly properties of IFs and how IF mutations affect 
IF structure and assembly properties (14). The remaining six 
articles cover specific members of the IF protein family in the 
sequential order of IF types I–VI. The type I and type II keratins 
are covered in the third and fourth reviews (15, 16). Pierre Cou-
lombe, Michelle Kerns, and Elaine Fuchs discuss K5 and K14 
and how mutations in the genes encoding these proteins are 
responsible for epidermolysis bullosa simplex (EBS), the first 
human disease known to be linked to an IF gene (15). Nam-On 
Ku, Pavel Strnad, Shinichiro Hanada, and Bishr Omary discuss 
the simple epithelial keratins and how mutations in the genes 
encoding K8, K18, and K19 serve as liver-disease modifiers (16). 
These authors also summarize the role of K8 and K18 in the 
hepatocyte inclusions, termed Mallory-Denk bodies, that are 
seen in several human liver diseases (16). In the fifth review, 
Lev Goldfarb and Marinos Dalakas discuss the type III IF pro-
tein desmin and its role in skeletal and cardiac myopathies (17). 
Ronald Liem and Albee Messing discuss, in the sixth review, the 
IF proteins found in glial cells and neurons, which include both 
type III and type IV IF proteins, and their involvement in several 
neurodegenerative disorders and inclusion formation (18). In 
the seventh review, Harold Worman, Stephen Young, and col-
leagues tackle laminopathies, the diseases caused by mutations 
in the genes encoding the type V IF proteins, the lamins, and 
discuss how cell biology and physiology efforts are providing 
unique therapeutic approaches to the highly complex disorders 
caused by lamin A/C gene mutations (19). Finally, Roy Quinlan 
and colleagues discuss the type VI beaded filament proteins of 
the eye lens and how their mutation leads to cataract formation 
in animal models and humans (20).
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Clinically relevant contexts of IFs
IFs are involved in human disease in several contexts (Figure 2). First, 
mutations in genes encoding IF proteins either cause or predispose 
to human disease. Essentially all IF proteins, except for a few that, to 
date, have not been linked to a particular human disease, involve well-
defined diseases (Tables 1 and 2). Second, mutation-independent or 
-dependent involvement of IF proteins in human disease results in 
the formation of characteristic cytoplasmic inclusions (Figure 2). It is 
unclear whether the formation of such inclusions protects or perpetu-
ates the underlying disease, but these inclusions are histopathologic 
and diagnostic hallmarks for the diseases they associate with (16–18). 
The IF protein–containing inclusions may form as a consequence 
of specific diseases that are associated with IF overexpression in the 
absence of a mutated IF protein (e.g., Mallory-Denk bodies in alco-
holic and nonalcoholic steatohepatitis; ref 16). In humans, the inclu-
sions termed Rosenthal fibers (characteristic of Alexander disease) 
are found in the context of GFAP mutation, while similar inclusions 
are found in mice overexpressing wild-type GFAP, which phenocopy 
human Alexander disease (18). This suggests that IF inclusion forma-
tion, at least in some cases, is related to IF overexpression coupled with 
an appropriate stress milieu, rather than IF mutations per se (16, 18). 
Last, additional clinically relevant contexts are related to the detection 
of IF proteins as surrogates of disease activity and as diagnostic mark-
ers for disease. Here, IFs have utility as tumor or tissue markers (16), as 
apoptosis or necrosis markers (16, 18), or as autoantigens (16).

Overview of the IF-associated diseases
The IF-associated diseases (IF-pathies) involve a broad range of 
tissues and reflect the wide tissue and cell-type expression of IFs 

(Table 1). The first IF to be directly linked to any human disease 
was K14 (21, 22), which led to the rapid realization that a wide 
spectrum of human Mendelian-inherited diseases are caused by 
mutations in IF protein–encoding genes (Table 2) (3, 23). Most of 
the mutations act in a dominant fashion because of the normal 
oligomeric state of IFs. For example, the simplest unit of an IF 
protein in cells is a tetramer that consists of either homopolymers 
(as is seen for desmin and several other IF proteins) or obligate 
heteropolymers (as is seen for type I and type II keratins). The 
location of a mutation within the IF protein backbone plays an 
important role in determining the severity of a given IF-pathy  
(15). The cause of IF-pathies covers the whole spectrum of genetic 
alterations, including missense and nonsense mutations, dele-
tions, and gene duplications. The vast majority of mutations are 
represented by missense alleles that involve individual amino 
acids on the IF protein backbone. Although there are some muta-
tion “hot spots” for different IFs, the mutations in general involve 
many amino acids that cover the entire molecule. Lamin A has the 
most number of variants, and more than 30% of the 664 lamin A 
amino acids are involved in a disease (5). Some genetic variants 
appear to have a near 100% association with specific ethnic back-
grounds; for example, the K8 Gly434Ser variant is found exclu-
sively in those of African descent (16). Furthermore, there are 
increasing cases of pleiotropy, whereby identical mutations result 
in two different diseases in different families or in a range of phe-
notypes within the same family (23, 24). For example, the same 
lamin A/C gene mutations can cause dilated cardiomyopathy type 
1A, Emery-Dreifuss muscular dystrophy, and limb-girdle muscu-
lar dystrophy type 1B (25), and the K17 Arg94Cys mutation causes 

Table 1
Summary of IF-pathy categories and IFs not yet linked to a human disorder

IF protein type Proteins Primary cell/tissue Diseases

Cytoplasmic   
I and II (including hair keratins) K1–K28, K31–K40,  Epithelia and epidermal appendages A broad range of skin and nail disorders  
  and K71–K86   (epidermal keratins), eye (ocular keratins),  
    liver (simple epithelial keratins), and hair  
    (hair keratins) disorders
I and II K7, K15, K20, some  Epithelia and epidermal appendages ? 
  hair keratins
III Vimentin Mesenchymal cells and lens Cataract
 GFAP Astrocytes Alexander disease
 Desmin Muscle Cardiomyopathies
 Syncoilin Muscle (mainly skeletal/cardiac) ?
 Peripherin Peripheral nervous system ALS
IV Neurofilaments Central nervous system ALS and CMT
 α-Internexin Central nervous system ?
 Nestin Neuroepithelial cells ?
 Synemin Muscle ?

Nuclear   
V Lamins Nuclear lamina More than 12 laminopathies (lipodystrophy,  
    muscular dystrophy, progeria,  
    cardiomyopathy, restrictive dermatopathy,  
    mandibuloacral dysplasia, CMT2B1,  
    leukodystrophy).

Lens   
VI Bfsp1 and Bfsp2 Fiber cells Cataract

ALS, amyotrophic lateral sclerosis; Bfsp, beaded filament structural protein; CMT, Charcot-Marie-Tooth.
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steatocystoma multiplex and pachyonychia congenita  type 2  
(26). Hence, genetic modifiers are likely to play an important role 
in disease manifestation.

Most of the IF-pathies are rare or orphan diseases, which are 
defined by the Office of Rare Diseases Research of the National 

Institutes of Health as diseases with a prevalence of fewer than 
200,000 affected individuals in the United States (Office of Rare 
Diseases  Research,  http://rarediseases.info.nih.gov/RareDis-
easeList.aspx). Potential exceptions include the mutations that 
predispose to common diseases, as exemplified by the mutations 

Figure 1
The broad and complex distribution of IFs in human tissues. The six types of IFs (types I–VI) are shown. To simplify the schematic, not all 
epithelial and nonepithelial tissues are displayed. Different keratin pairs are found primarily in unique epithelial cell types in a differentiation 
state–selective and/or cell type–specific distribution (e.g., K4/K13 in the esophagus, K20 in suprabasal but not in basal crypt enterocytes). The 
complexity of IF expression in tissues is exemplified in the intestine, in which epithelial cells express different compliments of simple epithelial 
keratins, the vasculature and other resident mesenchymal cells express vimentin, the smooth muscle layer expresses desmin, and neural ele-
ments of the enteric nervous system express neurofilaments. Numbers in parentheses indicate the type of IF. Bfsp1, beaded filament structural 
protein 1 (previously known as CP115 and filensin); Bfsp2 was previously known as CP49 and phakinin. NFH, high-molecular-weight neurofila-
ment subunit; NFL, low-molecular-weight neurofilament subunit; NFM, middle-molecular-weight neurofilament subunit. This figure was adapted 
from Trends in cell biology (34).
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in the genes encoding K8, K18, and K19 that predispose to pro-
gression of common chronic liver diseases such as infection with 
HCV (16). In addition, it remains to be determined whether spe-
cific IF-protein variants may predispose to other common com-
plex diseases or idiosyncratic drug toxicities that one would not 

necessarily consider to be related to IF genes (16). Candidate IF 
proteins and potential mutations that may be analyzed to test 
this hypothesis include IF proteins that when mutated serve to 
predispose rather than cause disease per se (e.g., simple epithe-
lial keratins) (16), IFs that have not yet been linked to a human 

Figure 2
IFs and human disease. The involvement of IFs with human disease occurs at several levels. First, mutations in genes encoding IF proteins may 
either precipitate or predispose to a wide range of human diseases. It is also possible that natural selection has favored unique variants that may 
serve a protective role (16), although this hypothesis remains to be tested. Second, IF proteins, as a group, are essential for the formation of a 
variety of cell-specific inclusions that represent hallmarks of various diseases. Formation of these inclusions is generally independent of the pres-
ence of an IF mutation but does occur in the context of GFAP mutation in Alexander disease (18). Third, antibodies specific for IF proteins are 
routinely used in pathology laboratories across the world to help identify the origin of poorly differentiated tumors and are beginning to be used 
to assess tissue injury (directly in tissues, in blood, or in cerebrospinal fluid [CSF]) (16, 18). In addition, antibodies specific for IF proteins have 
been observed in the context of some autoimmune disease (16). ALS, amyotrophic lateral sclerosis; NIFID, neuronal IF inclusion disease.

Table 2
Chronology of the discovery of IF-pathies, as related to specific IF proteinsA

Year IF protein Disease References
1991 K14 EBS 21, 22
1992 K5 EBS 36
 K1, K10 Epidermolytic hyperkeratosis 37, 38
1994 K2 Ichthyosis bullosa of Siemens 39
 K9 Epidermolytic palmoplantar keratoderma 40
 NFH ALS (predisposition) 41
1995 K4, K13 White-sponge nevus 42, 43
 K6, K16, K17 Pachyonychia congenita 44, 45
1997 K3, K12 Meesmann corneal dystrophy 46
 K18 Liver disease (predisposition) 47
 K86 (hair keratin)B Monilethrix 48
1998 Desmin Severe generalized myopathy; familial cardiac and skeletal myopathy 49,50
1999 Lamin A/C Emery-Dreifuss muscular dystrophy; dilated cardiomyopathy 51, 52
2000 NFL CMT type 2 53
 BFSP2 Autosomal dominant cataract 54, 55
2001 K8 Liver disease (predisposition) 56
 GFAP Alexander disease 57
2004 PeripherinC ALS (predisposition) 58
2006 K85 (hair keratin)B Ectodermal dysplasia, pure hair-nail type 59
 Lamin B1 Autosomal dominant leukodystrophy 60
 Lamin B2 Acquired partial lipodystrophy 61
2007 BFSP1 Autosomal recessive juvenile cataract 62
2009 K19 Primary biliary cirrhosis (predisposition) 63
 Vimentin Cataract 29

AThe first description of a human disease that is linked with each listed IF is shown. Several of the listed IF proteins (e.g., the lamins and several of the kera-
tins) are associated with multiple human diseases that are not included in the table, as they were linked to the IF proteins in subsequent years. BK86 and 
K85 were originally termed Hb6 and Hb5, respectively. CThe truncated peripherin protein in one reported patient may have been a cause of ALS. NFH, high-
molecular-weight neurofilament subunit; NFL, low-molecular-weight neurofilament subunit.
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disease (Table 1), and mutations in IF protein–encoding genes 
that are known to cause well-defined diseases (e.g., those that 
cause the multisystem laminopathies or the epidermal keratin 
diseases), in particular those mutations that affect amino acids 
that are not usually involved in the high penetrance diseases or 
that involve more subtle amino acid alterations.

Numerous opportunities and challenges in the IF field
Several recent and long-standing challenges continue to create 
excellent areas of basic and translational research opportunities 
in the IF field (Table 3). The number and breadth of multi-system 
diseases associated with IFs is staggering, which brings to focus 
the need to develop targeted therapies for IF-pathies, as these are 
sorely lacking at present. Most, if not all, currently available thera-
pies are palliative and preventative in nature and include standard 
measures such as limiting skin trauma in individuals with EBS 
(e.g., minimizing even rubbing of the skin in individuals with the 
severe Dowling-Meara type of EBS) and close clinical monitoring 
of individuals with cardiomyopathies (e.g., through implantation 
of a pacemaker or defibrillator). Gene therapy approaches remain 
a viable option, but the technology for this type of therapy, in gen-
eral, remains under development and is even more challenging for 
many of the IF-pathies, as they tend to be dominantly inherited 
or acquired genetic disorders. However, the availability of many 
animal IF-pathy models has afforded exciting new potential ther-
apies. For example, isothiocyanate sulforaphane, which is a natu-
ral product found at high levels in a precursor form in broccoli 
sprouts and other vegetables, induces K16 and K17 expression 
in epidermal keratinocytes and prolongs survival of K14-defi-
cient mice (27). In addition, administration of the compound 
PD98059, an inhibitor of ERK signaling, to mice with a knockin 
of the lamin A His222Pro mutation (which causes Emery-Drei-
fuss muscular dystrophy) prevented the cardiomyopathy that is 
seen in untreated animals (28). These studies offer an exciting 

hope that pharmacologic targeting of mutation-triggered aber-
rant pathways can provide meaningful compensation for the det-
rimental effects of an IF mutation.

Other disease-related areas (Table 3) that remain to be explored 
are potential  links between the IFs that so far have not been 
associated with any human disease or human clinical condition 
(Table 1) and the potential association of new diseases to IFs that 
already have been tied to one or more disorder. An example of 
the latter is vimentin, which has recently been associated with 
cataract  formation (29). The broad distribution of vimentin 
in mesenchymal cells raises the  intriguing possibility, which 
remains to be tested, that disorders involving other cell types 
(e.g., endothelial and hematopoietic cells) could be modified by 
vimentin variants. In addition, as appreciation of the complexity 
of phenotype-genotype correlations of IF-pathies (30) is accumu-
lating, systematic approaches coupled with the characterization 
of other genetic modifiers are clearly warranted. Such efforts also 
mesh well with the development of cost-efficient genetic tests 
that can provide prognostic and diagnostic needs. However, clini-
cal testing for IF mutations is complicated, since IF mutations 
for a given IF protein are numerous. For example, more than 200 
amino acids are involved in lamin A/C mutations (5), and of the 
432 amino acids of human GFAP, 91 mutations, involving 62 
amino acids, have been described (18) (Waisman Center, http://
www.waisman.wisc.edu/alexander).

The potential utility of IFs as “disease activity” and diagnostic 
markers (Figure 2) is likely to grow significantly as their usefulness 
in this area becomes increasingly appreciated (16, 18). Although IF 
inclusions could be categorized as diagnostic markers, given their 
current clinical utility as histopathological features of several IF-
pathies, IF inclusions represent a unique category because of their 
shared properties (e.g., cytoplasmic deposits that are ubiquitinyl-
ated but resistant to proteosomal degradation) but more impor-
tantly because they can be manipulated pharmacologically (31).

Table 3
Challenges and opportunities related to IFs and IF-pathies

Challenges/opportunities Comments References
Development of targeted therapies Animal studies provide important model systems, as exemplified by  15, 19 
  the laminopathies and blistering skin diseases models.
How many more IF-pathies remain  Some “orphan” IFs remain to be linked to human disease. 16 
 to be identified, and what are   IFs as disease modifiers are poorly understood,  
 the genetic modifiers?  and little is known regarding ethnic background associations.
Phenomics of IF-pathies A systematic analysis of the phenotype and genotypes of  30 
  IF-pathies is essential, particularly for the laminopathies.
Development of cost-efficient  This can be involved, since IF mutations for a given IF are numerous  64 
 diagnostic tests  and tend to be scattered throughout the protein backbone.
Use of IFs as disease activity  The abundance and tissue specificity of IF proteins and the changes  16 
 and diagnostic markers  they undergo during apoptosis render them useful potential  
  targets for disease diagnosis and prognosis assessment.
Pathogenesis and significance  Therapeutic intervention at the level of inclusion formation may become an option. 16, 18, 65 
 of IF inclusions
The fundamentals: IF structure A better understanding of the structural determinants will help elucidate  14, 66 
  the function of IFs and the potential consequences of specific IF mutations.
The fundamentals: IF regulation A better understanding of IF posttranslational modifications and associated proteins  6, 67, 68 
  will help clarify additional IF functions. Understanding IF regulation may also  
  relate to mutations in IF-associated proteins that can phenocopy IF mutations.
The fundamentals: IF functions A better understanding is needed of how IF mechanical function is transmitted. 4, 6, 15–20, 
  The list of nonmechanical functions is continuing to grow. 34, 69, 70
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In addition to the above challenges, there are fundamental and 
exciting opportunities remaining that pertain to IF structure, regu-
lation, and function. Understanding IF-protein structure has been 
difficult, in part because it has not been possible so far to obtain 
a crystal structure (although “divide-and-concur” approaches of 
crystallizing subdomains of IFs have been fruitful [ref. 14]) and 
NMR approaches are difficult due to the relative limited solubility 
of IFs. Developing cell-free systems that mimic the in vivo situa-
tion is warranted, because IFs self-assemble in vitro, but in vivo 
assembly is likely to be highly regulated. In terms of IF regulation, 
advances in understanding phosphorylation have been made. For 
example, a common human K8 variant (Gly62Cys) that predis-
poses its carriers to liver disease progression does so by inhibit-
ing K8 in vivo phosphorylation by the stress-activated p38 kinase 
at the adjacent K8 Ser74, as demonstrated using transgenic mice 
that express K8 Gly62Cys or K8 Ser74Ala (32). However, IFs con-
tain numerous phosphorylation sites, and the function of their in 
vivo phosphorylation and their hierarchal regulation (including 
dephosphorylation) is poorly understood. In addition, relatively 
few IF-associated proteins have been identified, but the list of these 
proteins is ever growing (4, 33), and there are several examples of 
IF-pathies that are caused by mutations in genes encoding either 
IF proteins or their associated proteins (19, 20).

With regard to IF function, there are several established and 
emerging functions, many of which are highlighted in the arti-
cles in this Review Series. These functions include cell-specific 
roles, such as (a) the role of neurofilaments in axonal transport, 
as demonstrated by the Charcot-Marie-Tooth phenotype due to 
low-molecular-weight neurofilament subunit mutations (18); (b) 
generalized functions, particularly cytoprotection from mechan-
ical (e.g., skin rubbing in patients with EBS) and nonmechani-
cal forms of stress (e.g., oxidative or other apoptosis-triggering 
stresses) (15, 16, 23); (c) compartment-specific actions related 
to organelle functions, including those pertaining to mitochon-
dria (that likely relates to the importance of IFs in protecting 
from apoptosis), nuclei (as clearly evidenced by the pleiotropic 
effects of lamin mutations and the interaction of lamins with 
chromatin and transcription factors), protein targeting, and 

protein synthesis (4, 19, 34); (d) cell signaling organization (6, 
13); and (e) cell migration (35).

Summary
If MTs, MFs, and IFs are considered to be the three major branches 
of the cytoskeleton (the legislative, executive, and judicial branches 
of cell government), then IFs are involved in all three aspects of cell 
oversight, including legislating the phenotype of many diseases, 
executing multiple functions, and deciding the fate of cells. The 
broad and multisystem involvement of IF-pathies interfaces with 
many other non-IF diseases that either phenocopy the IF-pathies 
or share some of their manifestations. It is anticipated that this 
interface will attract new investigators to the field and fuel unan-
ticipated advancements. Hence, the intended goal of the authors 
of the articles in this Review Series is to disseminate information 
about the broad spectrum of IF-related diseases and the exciting 
challenges and opportunities of the IF field to the widest audi-
ence possible. We welcome with open arms all those interested in 
extending their work to this exciting field.
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