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Abstract
Formins are a conserved family of proteins that primarily act to form linear polymers of actin. Despite their importance to 
the normal functioning of the cytoskeleton, for a long time, the only two formin genes known to be a genetic cause of human 
disorders were DIAPH1 and DIAPH3, whose mutation causes two distinct forms of hereditary deafness. In the last 10 years, 
however, the formin INF2 has emerged as an important target of mutations responsible for the appearance of focal segmental 
glomerulosclerosis, which are histological lesions associated with glomerulus degeneration that often leads to end-stage 
renal disease. In some rare cases, focal segmental glomerulosclerosis concurs with Charcot–Marie–Tooth disease, which is 
a degenerative neurological disorder affecting peripheral nerves. All known INF2 gene mutations causing disease map to the 
exons encoding the amino-terminal domain. In this review, we summarize the structure, biochemical features and functions 
of INF2, conduct a systematic and comprehensive analysis of the pathogenic INF2 mutations, including a detailed study 
exon-by-exon of patient cases and mutations, address the impact of the pathogenic mutations on the structure, regulation and 
known functions of INF2, draw a series of conclusions that could be useful for INF2-related disease diagnosis, and suggest 
lines of research for future work on the molecular mechanisms by which INF2 causes disease.

Keywords Focal segmental glomerulosclerosis · Charcot–Marie–Tooth disease · Chronic kidney disease · Peripheral 
neuropathy · Genetic disorder · Actin

Abbreviations
aHUS  Atypical hemolytic uremic syndrome
ARM  Armadillo
CAP  Cyclase-associated protein
CMT  Charcot–Marie–Tooth
DAD  Diaphanous autoinhibitory domain
DID  Diaphanous inhibitory domain
ESRD  End-stage renal disease
FH  Formin homology
FSGS  Focal segmental glomerulosclerosis
INF2  Inverted formin 2
KAc-actin  Lysine-acetylated actin
MCN  Minimal change nephropathy
WH2  Wiskott–Aldrich syndrome homology 2

The inverted formin 2 (INF2)

Formins are a family of proteins whose primary function 
is to polymerize monomeric globular actin (G-actin) into 
linear actin filaments [1, 2]. Humans express 15 different 
formins, which are classified into eight groups [3], the best 
characterized being that of diaphanous-related formins, 
which includes formins mDia 1–3 [4]. The defining feature 
of formins is the formin homology (FH) 2 domain, which 
catalyzes actin nucleation. Upstream of the FH2 domain is 
a proline-rich FH1 domain that binds profilin, which provi-
sions G-actin to the FH2, while the diaphanous autoregula-
tory domain (DAD) is located downstream. The DAD inter-
acts with a diaphanous inhibitory domain (DID) present at 
the amino-terminal region of the formin where it enables 
the molecule to be folded to yield an inactive state [5]. In 
diaphanous-related formins, as in most formins, the binding 
of a specific Rho-family GTPase in its GTP-loaded form to 
a region encompassing part of the DID and the most proxi-
mal part (called G domain) of an extension amino-terminal 
to the DID releases the DID–DAD interaction and unfolds 
the molecule to render it in an active form [1, 2] (Fig. 1a). 
In addition to their role in actin polymerization, formins 
bind to microtubules through their FH2 domain and, through 
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mechanisms that are not well characterized, regulate micro-
tubule stability and the alignment of microtubules with actin 
fibers [6–8].

In humans, the formin INF2 is expressed as two isoforms, 
INF2-1 and INF2-2, which differ in their carboxyl terminus 
(Fig. 1b). INF2-1, which has an 18-amino acid carboxyl-
terminal sequence ending with a consensus CAAX box of 
prenylation, is farnesylated and localizes to the endoplasmic 
reticulum. INF2-2, which has at the carboxyl terminus an 
alternative 9-amino acid sequence containing basic residues, 
is cytosolic [9–11]. The overall domain organization of INF2 
is similar to that of diaphanous-related formins with two 
differential features: the extension amino-terminal to the 
DID is shorter than in diaphanous-related formins, and the 
presence within its DAD of a Wiskott–Aldrich syndrome 
homology 2 (WH2) motif with high affinity for G-actin 
(Fig. 1b). The presence of this motif confers two specific 
features on INF2. First, in addition to catalyzing the forma-
tion of actin filaments, as do all other formins, INF2 is able 
to sever and depolymerize actin filaments [12, 13]. Second, 
the in vitro binding of G-actin to the DAD/WH2 competes 

with the binding to the DID and regulates the folding of the 
molecule and, subsequently, the activity of INF2 [14]. This 
property has led to INF2 being proposed as a sensor of sub-
tle oscillations in the levels of G-actin that can fine-tune its 
actin polymerization activity [15]. In this way, INF2 could 
control actin homeostasis and, subsequently, the transcrip-
tion mediated by the myocardin-related/serum response fac-
tor transcription factor complex of a large number of genes 
encoding products related to the cytoarchitecture [16–18].

The N-terminal region of INF2 interacts with calmo-
dulin and mediates rapid and transient actin cytoskeleton 
remodeling in response to increased intracellular  Ca2+ levels 
[19, 20]. The observation that INF2 is constitutively active 
in vitro but is inhibited in cells by the DID–DAD interaction 
enabled the identification of a complex of the cyclase-asso-
ciated protein (CAP) and lysine-acetylated actin (KAc-actin) 
as a cellular inhibitor of INF2 [21]. Since CAP shows signif-
icant affinity for the N-terminal region of INF2 in vitro while 
CAP–KAc-actin binds the DAD, it has been proposed that 
CAP–KAc-actin inhibits INF2 by bridging the DID and the 
DAD [22]. Speckle-type POZ protein, which is an adaptor 
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Fig. 1  Domains, regulation and function of the diaphanous-related 
formin INF2. a Structure and regulation of diaphanous-related form-
ins. The inactive formin arises in a closed conformation by the inter-
action of the DID and the DAD. The binding of a specific Rho-family 
GTPase in its active GTP-loaded form to a region encompassing the 
G domain and part of the DID releases the autoinhibitory DID–DAD 
interaction and opens the molecule to exist in its active form. In 
the open conformation, the FH1 domain recruits profilin, which, in 

turn, feeds the FH2 domain with G-actin to form the actin filaments. 
The role of formins on microtubule stabilization is also indicated. b 
Organization of human INF2 with indication of the interactions and 
functions of the different domains. CAP cyclase-associated protein, 
CaM calmodulin, D/W, DAD/WH2, F-actin filamentous actin, G-actin 
globular actin, KAc-actin lysine-acetylated actin, SPOP Speckle-type 
POZ protein
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protein of the CUL3-RBX1 E3 ubiquitin ligase complex, 
interacts with a short peptide motif present at the C-terminal 
region of INF2 and promotes INF2 ubiquitination, but not 
degradation, and induces INF2 disassociation from the endo-
plasmic reticulum [23]. In addition, the C-terminal region of 
INF2 interacts with the MAL and MAL2 proteins [11, 24], 
which are components of the machinery for apical transport 
in polarized epithelial cells [11, 24–26].

INF2 binds to and stabilizes microtubules [27, 28] as do 
other formins [6], and regulates the acquisition of specific 
posttranslational modifications by microtubules [18, 28]. 
INF2 has been implicated in specialized pathways of vesicu-
lar transport in epithelial cells and T lymphocytes [11, 24], 
mitochondrial fission [29–33], podosome formation [34], 
extensive cytoplasmic and nuclear actin filament remodeling 
in response to increased levels of cytosolic  Ca2+ [19, 35, 36], 
and  Ca2+-promoted apical extrusion of apoptotic or trans-
formed cells [37]. In addition, INF2 has shown to play a role 
in trophoblast invasion of the uterus for placentation [38], 
 Ca2+-induced inhibition of the Hippo pathway in glioblas-
toma cells [39], cerebral ischemia–reperfusion injury [40, 
41], and breast and prostate cancer migration and invasion 
[23, 42].

INF2‑related disorders

Focal segmental glomeruloesclerosis (FSGS)

The glomerular filtration barrier allows the kidney to pro-
duce urine with a chemical composition that is distinct 
from that of the blood from which it is derived. The barrier 
consists of the glomerular basement membrane, capillary 
endothelial cells and podocytes [43]. Podocytes are termi-
nally differentiated epithelial cells with a unique morphology 
containing elaborate projections, known as foot processes or 
pedicels, that closely wrap around the exterior of glomerular 
capillaries [44, 45]. The cell–cell contact between adjacent 
foot processes forms the slit diaphragm, which is the struc-
ture where blood is filtered (Fig. 2a). Podocytes have a very 
limited capacity to regenerate and proliferate [46]. Podocyte 
injury with the consequent alteration of the slit diaphragm is 
central to the development of kidney disease [47, 48].

FSGS refers to a histological pattern of kidney injury 
characterized by scarring in localized regions of some, but 
not all, glomeruli (Fig. 2b). Patients with FSGS exhibit a 
progressive loss of podocytes, which causes glomerular dys-
function, and is initially manifested as proteinuria with or 
without other signs of nephrotic syndrome (Fig. 3), and that, 
in a more advanced stage, might result in end-stage renal 
disease (ESRD). FSGS has different etiologies, including 
those produced by circulating factors, metabolic misbal-
ance, viral infection, medication, and genetic causes [49, 

50]. The latter includes gene variants (e.g., APOL1) that, 
depending on the genetic background of the individual, 
influence the susceptibility to the development of FSGS, 
and usually include extra-renal manifestations (syndromic 
FSGS). There are also gene mutations whose effects are 
limited to the kidney and that present a Mendelian pattern 
of inheritance and have high penetrance (non-syndromic 
FSGS). Some of these genes encode protein components of 
the slit diaphragm (Fig. 2a) whose mutation is autosomal 
recessive (e.g., NPHS1, NPHS2 and CD2AP) and that, as 
a rule, produces onset of the disease during childhood [50, 
51]. The NPHS2 gene, which encodes the raft-associated 
protein podocin, is the most frequently involved, accounting 
for up to 30% of the cases with autosomal recessive inher-
itance. Mutations of other genes encoding slit diaphragm-
associated proteins are autosomal dominant and produce the 
onset and slow progression during adulthood. These genes 
are exemplified by ACTN4 and TRPC6, which encode the 
actin filament cross-linking protein α-actinin-4 and the tran-
sient receptor potential cation channel subfamily C member 
6, respectively.

Ten years have passed since the mutations in the INF2 
gene were described as a cause of FSGS (FSGS5; OMIM 
613,237) [52]. It has been estimated that INF2 mutations 
account for up to 17% of autosomal dominant familial 
FSGS cases and 1% of sporadic cases [53–55]. Onset of 
disease occurs in adolescence or adulthood, and proteinu-
ria is typically moderate. How pathogenic INF2 mutations 
affect podocytes is not well understood, but it was observed 
that patients carrying these mutations present actin filament 
aggregations within the foot processes of the podocytes [52], 
indicating that changes in the regulation of the actin polym-
erization activity depend on the molecular basis of INF2-
related FSGS.

Charcot–Marie–Tooth (CMT) disease combined 
with FSGS

CMT disease comprises a heterogeneous group of neuro-
logical disorders that affect the motor nerves and peripheral 
nervous system [56]. These neuropathies usually share clini-
cal pattern of progressive distal muscle weakness, atrophy 
of distal extremities, loss of distal sensitivity, reduction or 
absence of tendon reflexes, and hand and foot deformities 
(Fig. 3). CMT is the most common inherited neurological 
disease, with a prevalence of 1 case in 2500 individuals [56, 
57]. The onset of symptoms of the majority of patients with 
CMT occurs in the first or second decade, the severity vary-
ing significantly, from severe deficits in early childhood to 
only mild features in very late life. According to electrophys-
iological measurement of the motor nerve conduction veloc-
ity, CMT is classified as CMT1 or “demyelinating”, which 
is caused by abnormalities in the myelin sheath and exhibits 
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slow velocity (< 38 m/s), CMT2 or “axonal”, in which the 
abnormalities are in the axon rather than in the myelin sheath 
and have normal velocity (45 m/s), and intermediate CMT, 
with a nerve conduction velocity between that of CMT1 and 
CMT2, and with demyelinating and axonal features. CMT1 
and CMT2 account for approximately 30% and 20–40% of 
CMT cases, respectively [56].

More than 80 different genes are so far known to be asso-
ciated with CMT [56, 57]. Most types of CMT are inherited 
in an autosomal dominant manner, but autosomal recessive 
and X-linked (CMTX) forms also occur. An analysis car-
ried out by the Inherited Neuropathies Consortium (https 
://www.rared iseas esnet work.org) of patients with a genetic 
diagnosis established that duplication of the PMP22 gene, 
which encodes a major integral component of the myelin 
sheath of peripheral nerves, and mutations in the MFN2 
gene, which encodes the GTPase involved in mitochondria 
fission mitofusin 2, and in the GJB1 gene, which encodes 
the protein gap junction β-1/connexin 32. The mutations in 
these genes account for the majority of CMT1, CMT2 and 
CMTX cases, representing 61.6%, 7.0% and 10.7% of all 
CMT cases, respectively [58].

The association of CMT disease with FSGS 
(FSGS + CMT) was described for the first time more than 
50 years ago [59], being the estimated prevalence of FSGS 
in CMT much higher than in the general population [60, 61]. 
Following the identification of mutations in the INF2 gene 
as a cause of FSGS, INF2 gene mutations were found in 
approximately 75% of the cases of FSGS + CMT [62]. INF2-
related FSGS + CMT is formally called dominant intermedi-
ate CMT subtype E (CMTDIE; OMIM 614455) due to its 
dominant inheritance and intermediate motor nerve conduc-
tion velocity [63]. CMT symptoms in FSGS + CMT patients 
appear in childhood, and renal symptoms appear earlier than 
in patients with isolated FSGS [61].

Analysis of nerve biopsies from patients with CMTDIE 
showed pathological lesions suggestive of chronic demy-
elination and remyelination associated with progressive 
axonal loss (Fig. 2c). Electron microscopic analysis revealed 
a marked decrease of large myelinated fibers and fibers with 
an abnormally thin myelin sheath. In addition, there were 

many multilayered onion bulbs that consisted of flattened 
Schwann cell cytoplasm processes containing a few small 
axons, and many unusual whorl-like proliferations of non-
myelinating Schwann cell cytoplasm with supernumerary 
protrusions and an abnormal accumulation of β-actin in the 
cytoplasm [64]. It was proposed that INF2 dysfunction in the 
mutants causing CMT is the result of a defect of Schwann 
cell polarization leading to abnormal myelin formation and/
or maintenance [64, 65]. Although, INF2 dysfunction also 
results in axonal loss, it is unclear whether this effect is sec-
ondary to the Schwann cell pathology or is a direct effect in 
the neurons.

The FSGS + CMT phenotype caused by mutations in 
INF2 may also encompass sensorineural hearing loss, with 
a several-fold greater prevalence than in overall CMT [62]. 
Mutation in the formin DIAPH1 [66] and DIAPH3 genes 
[67] produces deafness autosomal dominant 1 (OMIM 
124900) and auditory neuropathy autosomal dominant 1 
(OMIM 609129), respectively. The relationship between 
hearing loss and formin mutation can be explained as the 
function of hair cells in the inner ear is intimately related 
with the actin network [68]. Finally, a small number of 
patients with INF2-related FSGS + CMT present intellec-
tual disability and central nervous system anomalies [62].

Description and classification 
of the reported cases with pathogenic 
mutations in the INF2 gene

A comprehensive bibliographic search for reported cases 
of FSGS and FSGS + CMT caused by mutation in the INF2 
gene [52–55, 62, 69–102] is presented in Table S1, which 
shows data from the case collection, and Table S2, which 
summarizes specific information for each mutation, includ-
ing whether it is registered in the Human Gene Mutation 
Database  (HGMD®; https ://www.hgmd.cf.ac.uk/ac) [103], 
which constitutes a comprehensive collection of published 
germline mutations in nuclear genes related to human dis-
ease, and in the Exome Variant Server (EVS) of the National 
Heart, Lung, and Blood Institute (NHLBI) GO Exome 
Sequencing Project, (ESP6500SI-V2; https ://evs.gs.washi 
ngton .edu/EVS), which allows to assess if they are rare non-
pathogenic genetic variants. The cases represent single indi-
viduals or a group of members of the same family. As shown 
in Table 1, we classified the cases as: (a) familial, when more 
than one member of the family possessed a copy of the INF2 
mutation or there was a familial record of related diseases 
but the INF2 gene was sequenced in only one member of 
the family; (b) sporadic, when INF2 from both progenitors 
were sequenced and did not present the mutation or one or 
both parents were not sequenced but they did not present 
any disease antecedents; (c) group with no familial study. 

Fig. 2  Phenotypes caused by pathogenic mutations. a Schematic 
of podocyte structure (left panel) and magnification of the slit dia-
phragm formed between adjacent pedicels, indicating some of the 
proteins whose mutation causes FSGS (right panel). b Structure of a 
glomerulus in control (left panel) and in  patients  with FSGS (right 
panel), indicating the various glomerular structures and the typical 
alterations found in FSGS. c Myelinating and nonmyelinating cells 
in control (left panel) and in patients with FSGS + CMT caused by 
INF2 mutation (right panel). In the latter, the myelin sheath formed 
by Schwann cells degenerates progressively, leading to the appear-
ance of “onion bulbs” and unmyelinated axons, and the nonmyelinat-
ing Schwann cells change their morphology and display supernumer-
ary extensions

◂

https://www.rarediseasesnetwork.org
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INF2-related FSGS cases accounted for 70.3% of the total 
number, whereas FSGS + CMT cases made up 23.9% of the 
total. For each specific disorder, the percentage of famil-
ial cases of isolated FSGS (78.4%) was greater than that of 
FSGS + CMT cases (45.5%) (Table 1). This difference is 
probably a consequence of earlier ESRD progression in the 

latter, which makes it difficult to transmit the mutation to 
the next generation.

The pedigrees with intrafamilial phenotypic variability 
reveal that INF2 mutations have incomplete penetrance. 
Thus, although INF2 mutations are autosomal dominant, one 
or more relatives of the families analyzed had the mutation 

Fig. 3  Symptoms of INF2-
related diseases. Some of the 
main symptom characteristics 
of CMT and FSGS are indicated 
in the left and right parts of the 
schematic of the human body, 
respectively
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but not FSGS, at least at the time of the study [52, 54, 55, 
76, 80, 85, 104]. In some of the families with FSGS + CMT, 
at least one member with the mutant variant presents FSGS, 
but not the associated CMT [54, 76]. There are also some 
independent cases in which the same mutation manifests as 
FSGS or FSGS + CMT. An INF2 mutation, which involves 
the appearance of a cryptic splice site, is the only case so 
far reported to cause CMT with minimal or absent clini-
cally relevant kidney dysfunction [74]. In conclusion, the 
development and progression of FSGS and FSGS + CMT 
caused by INF2 mutation could be influenced by the genetic 
background and environmental conditions.

Alport syndrome is a progressive hereditary glomerular 
disease, often accompanied by sensorineural hearing loss 
and ocular abnormalities, and characteristic focal thinning 
and lamellation of the glomerular basement membrane. It is 
caused by pathogenic variants in the COL4A3, COL4A4 and 
COL4A5 genes, which encode type IV collagen α3, α4, and 
α5 chains, respectively, that constitute the glomerular base-
ment membrane [105, 106]. There are two cases in which 
patients with known FSGS-causing INF2 mutations present, 
in addition to FSGS, alterations in the glomerular basement 
membrane that mimic those of Alport syndrome [89, 95]. 
In one of these cases, a mutation in the COL4A5 gene that 
normally causes nonserious Alport syndrome co-occurs with 
a mutation in INF2, possibly with an additive effect on the 
clinical manifestations of nephropathy [92].

Tables S1 and S2 also include six INF2 mutations found 
in different disorders with renal dysfunction that were not 
classified as FSGS. One corresponds to a case that was diag-
nosed with minimal change nephropathy (MCN) [96], which 
presents effacement of the foot processes, but unlike FSGS, 
no podocyte loss [107]. Other mutations was found in a case 
categorized as an unclassified renal pathology, who was 
from a family with no signs of FSGS or extra-renal mani-
festations [81], and one case each of pathologies reported as 
focal glomerular obsolescent and minor glomerular abnor-
malities [101]. Atypical hemolytic uremic syndrome (aHUS; 
OMIM: 235400) is a disorder characterized by acute renal 
failure, microangiopathic hemolytic anemia, and thrombo-
cytopenia [108]. Mutations in components or regulators of 
the complement cascade system increase the susceptibility to 

develop aHUS. Our analysis includes INF2 mutations found 
in two familial cases, both with pedigrees with an aHUS 
risk haplotype, which presented either aHUS alone or in 
combination with CMT [75].

Analysis of pathogenic cases 
and the corresponding INF2 mutation exon 
by exon

The INF2 gene spans approximately 33 kbp of the q32.33 
region of chromosome 14. It consists of 23 exons, of which 
exon 1 is the only non-coding exon. Exon 22, which encodes 
the carboxyl terminus of INF2-1, is spliced out in INF2-2 
mRNA to allow the sequence at the beginning of exon 23 to 
encode the specific carboxyl terminus of INF2-2 [11]. More 
than 60 pathogenic mutations in the INF2 gene are known, 
all of which map to a genomic region of 4,800 bp containing 
exons 2–6 that encode the amino-terminal extension and the 
DID (Fig. 4; Table 2). Mutations are most common in exon 
2 (30 of 68, or 44.1%), followed by exons 4 (20 of 68, or 
29.4%) and 3 (14 of 68, or 20.6%). It is of note that all the 
mutations capable of producing FSGS + CMT, except two 
(V181G and E184K), are concentrated in exons 2 and 3, 
whereas those causing only FSGS are distributed in exons 2, 
3, 4 and 6. No mutations have so far been identified in exon 
5, which is the smallest of the DID-coding exons.

Considering the percentage of total pathogenic cases cor-
responding to each exon (Table 2), rather than on the number 
of different mutations, we observed that 74 of 138 cases 
(53.6%) had mutations in exon 4. In contrast, exon 2, which 
is the exon with the highest number of mutations accounted 
for only 29.0% of cases (40 of 138 cases). Comparison of 
case frequency revealed that the majority of FSGS + CMT 
cases (21 of 33, or 63.6%) were caused by mutations in exon 
2, whereas exon 4 was the most frequently involved in FSGS 
alone (67 of 97 cases, or 69.1%). It is also to be noted that 
mutations in exon 2 accounted for most of the total number 
of sporadic cases (20 of 30, or 66.7%), while mutations in 
exon 3 and exon 4 were associated with the highest percent-
age of familial cases (78 of 99, or 78.8%).

Recurrent mutations are most frequent in exon 4, the 
three most recurrent being R218Q, E220K and E184K, 
which, together, account for almost one quarter of all cases  
(Table 3). The differences in nationalities and ethnicities of 
these patients rule out a possible founder effect that could 
explain the recurrence of these mutations.

The great majority of the 68 reported pathogenic muta-
tions in the exons coding the DID are missense (61 muta-
tions, or 89.7%), the others being deletions (4 mutations, or 
5.9%), and single cases each of a short in-frame insertion, 
a nonsense mutation and a mutation in a cryptic splicing 
site (Tables S1, S2). Between one quarter and one fifth of 

Table 1  Summary of reported cases of INF2-related renal and neuro-
logical disease, classified by disease type and inheritance manner

Disease FSGS FSGS + CMT Other Total

Number of cases 97 (70.3) 33 (23.9) 8 (5.8) 138
Inheritance (%)
 Familial 76 (78.4) 15 (45.5) 8 (100.0) 99 (71.7)
 Sporadic 12 (12.4) 18 (54.5) 0 (0.0) 30 (21.7)
 Not determined 9 (9.3) 0 (0.0) 0 (0.0) 9 (6.5)



4588 L. Labat-de-Hoz, M. A. Alonso 

1 3

these mutations were changes of Leu to Pro, and nearly one 
tenth of Leu to Arg. All other mutations were miscellaneous 
(Table S3). Our findings are consistent with those a previous 
analysis [109] showing that Leu to Pro is one of the most 
frequent and harmful of amino acid replacements.

In silico analysis of the INF2 DID structure 
and effect of pathogenic mutations

An armadillo repeat (ARM) is an approximately 40 amino 
acid-long sequence that is tandemly repeated 3–20 times 
in more than 70 proteins involved in fundamental cellular 
processes, including cell–cell adhesion, cytoskeletal organ-
ization, nuclear import, and molecular signaling [110]. 
Although ARMs do not necessarily have high sequence 

identity, they share a related structure. They consist of 
three α-helices, the second and third being arranged in an 
antiparallel manner, roughly perpendicular to the first helix. 
Neighboring ARMs stack together to form an elongated 
super-helix in which the second helix of every ARM forms 
a highly conserved, concave surface involved in ligand bind-
ing [111]. The DID of most formins is organized into a vari-
able number of ARMs [112]. Solving its crystal structure 
reveals that the DID of mDia1 is composed of four com-
plete ARMs [112–114]. In mDia1, the DAD makes extensive 
hydrophobic contacts with the second helices of ARMs 2–4, 
interacting with a patch of exposed residues with very high 
conservation between different diaphanous-related formins 
[112–114].

On the basis of the crystal structure of mDia1 DID, the 
280 amino-terminal amino acid sequence of INF2 is modeled 
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with Phyre2 software [115] into 17 α-helices, of which 
α-helices 3–14 are organized into four complete ARMs and 
form the DID (Figs. 5a, b, S1A, B). Exon 2 encodes two 
predicted α-helices (α-helices 1 and 2) upstream of ARM1, 
the entire ARM1 and ARM2, and the first α-helix of ARM3, 

while exon 3 accounts for the second and third α-helices of 
ARM3, and exon 4 for the entire ARM4 (Fig. 5b). Nearly 
all the residues mutated in INF2-related disease are present 
in the α-helices of the DID ARMs, with only a few in inter-
helix sequences (Fig. 5c). The mutation A13T is present in 
the first helix of the extension amino-terminal to the INF2 
DID. Since it has been also found in controls in the NHLBI 
EVS, this variant has suggested being just a polymorphism 
without pathological implications [53].

Similar to what is known for mDia1 [112–114], our pre-
dicted structure of the INF2 DID suggests that there should 
be extensive hydrophobic contacts between the INF2 DID 
and DAD (Fig. S1C, D). Since Leu is overrepresented in 
ARMs relative to other amino acids [116], the abundance of 
Leu substitutions—around one third of the total number—
among the pathogenic mutations found in the DID of INF2 
is not surprising (Table S3).

Several bioinformatics tools predict the possible 
impact of the amino acid substitutions on protein func-
tion. SIFT (v6.2.1; https ://sift.bii.a-star.edu.sg) [117] is 
based on sequence homology and the physico-chemical 
similarity between the alternative amino acid. PROVEAN 
(v1.1.3; https ://prove an.jcvi.org) [118] evaluates clusters 
of sequences homologous with the protein of interest col-
lected from the National Center for Biotechnology Infor-
mation Non-Redundant Protein Database (https ://www.ncbi.
nlm.nih.gov/prote in). PolyPhen-2 (v2; https ://genet ics.bwh.
harva rd.edu/pph2) [119], in addition to relying on sequence 
homologies and protein families annotated in the Pfam data-
base (https ://pfam.xfam.org), uses 3D structures from the 
Protein Data Bank (https ://www.rcsb.org) when they are 
available. The majority of missense pathogenic mutations 
in the DID of INF2 (52 of 61, or 85.2%) reported so far 

Table 2  INF2-related disease cases and mutations grouped by exon

a Includes mutations (C104W, R106P, C151R; V181G, E184K) that can cause isolated FSGS and not only FSGS + CMT or FSGS/FSGS + CMT
b Includes mutations (R177H, E184K, E220K) that can cause FSGS and not only “others”
c Includes mutations (G114D, L132R, E184K, R218Q, E220K) that can cause familial disease and not only sporadic cases
d Includes mutations (L42P, R106P, R177H, R218Q, E220K, S263A) that can cause sporadic or familial disease and not only “not determined” 
cases

Exon (%) 2 3 4 6 Total

Cases Mutations Cases Mutations Cases Mutations Cases Mutations Cases Mutations

40 (29.0) 30 (44.1) 19 (13.8) 14 (20.6) 74 (53.6) 20 (29.4) 5 (3.6) 4 (5.9) 138 68

Disease
 FSGS 15 12 10 9 67 20 5 4 97 45
 FSGS + CMT 21 16a 8 5a 4 2a 0 0 33 23
 Other 4 4 1 1 3 3b 0 0 8 8

Inheritance
 Familial 18 15 16 12 62 18 3 3 99 48
 Sporadic 20 15c 3 3c 7 4c 0 0 30 22
 Not determined 2 3d 0 0 5 4d 2 2d 9 9

Table 3  Recurrence of pathogenic INF2 DID mutations

Mutation Number of cases %

R218Q 14 10.1
E220K 11 8.0
E184K 8 5.8
R214H 6 4.4
R177H 5 3.6
R214C 5 3.6
R218W 5 3.6
C151R 4 2.9
R177C 4 2.9
L42P 3 2.2
R106P 3 2.2
G114D 3 2.2
L128P 3 2.2
V181G 3 2.2
G73S 2 1.5
L77R 2 1.5
C104W 2 1.5
L132R 2 1.5
A164_D166del 2 1.5
S186P 2 1.5
L198R 2 1.5
S263A 2 1.5
All other mutations 1 0.7

https://sift.bii.a-star.edu.sg
https://provean.jcvi.org
https://www.ncbi.nlm.nih.gov/protein
https://www.ncbi.nlm.nih.gov/protein
https://genetics.bwh.harvard.edu/pph2
https://genetics.bwh.harvard.edu/pph2
https://pfam.xfam.org
https://www.rcsb.org
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are predicted to be “damaging” by these three algorithms 
(Fig. 6a; Table S2), suggesting that their substitution has an 
important impact on their function. The only mutation clas-
sified as “benign” by the tree programs (S263A) is present in 
two FSGS cases in which, at least in one of them, the muta-
tion co-occurs with a mutation in the LAMB2 gene, which 
encodes lamin B2, a nuclear lamina component.

Protein structure stability depends on the free energy (ΔG) 
of the folded state. Instead of the primary structure, as used 
by other algorithms, the Rosetta algorithm (Cyrus  Bench®, 
https ://cad.cyrus bio.com) relies on the tertiary structure of the 
protein of interest to predict the impact on protein stability 

and structure resulting from single amino acid substitutions 
by calculating the variation of free energy (ΔΔG) between 
the folded mutant and the structure of the wild-type protein 
[120]. The greater the difference, the more destabilizing the 
mutation is predicted to be. Consistent with the results of a 
previous analysis of a smaller number of mutations [72], the 
analysis with Rosetta software [120] of the 54 missense INF2 
mutations indicates that the mutations causing FSGS + CMT 
are generally predicted to have a more destabilizing effect than 
those producing only FSGS. It is of note that the mutations 
that cause FSGS or FSGS + CMT, depending on the particu-
lar case, had an intermediate destabilizing effect (Fig. 6b; 

Fig. 5  In silico prediction of 
the INF2 DID structure, and 
localization of pathogenic 
mutations. a Primary structure 
of the INF2 DID and upstream 
amino-terminal sequence, indi-
cating the predicted α-helices 
and the exons that encode 
them. The INF2 residues whose 
mutation causes FSGS alone 
(blue), FSGS in some cases or 
FSGS + CMT in others (purple), 
FSGS + CMT (red), and other 
diseases (green) are indicated. 
b The structure of the DID 
and DAD (cyan) of INF2 as 
modeled by Phyre2 (Fig. S1a, 
b). The graphic models were 
obtained with UCSF Chimera 
v1.13.1 [142]. The four ARMs 
are indicated by different colors: 
ARM1, red; ARM2, orange; 
ARM3, yellow; ARM4, green. 
c Position of the residues 
mutated in pathogenic INF2 in 
the DID structure. The residues 
mutated in isolated FSGS alone 
(blue), FSGS in some cases or 
FSGS + CMT in others (purple), 
FSGS + CMT (red), and other 
diseases (green) are indicated
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Table S2). These observations are consistent with the fact that 
FSGS + CMT mutations are more harmful than those produc-
ing isolated FSGS, because they produced earlier ESRD. Since 
the vast majority of highly destabilizing pathogenic mutations 
of INF2, which are precisely those that cause FSGS + CMT, 
are concentrated in ARM2 (Fig. 5b, c; Table S2), this ARM 
might be less tolerant to mutation than the other ARMs, or 
its integrity may be more essential for normal INF2 function.

The pathogenic mutations of INF2 could break the cor-
responding α-helix and alter the DID structure, compro-
mising its interaction with the DAD. As suggested by the 
comparison between the predicted structure of the DID of 
wild-type INF2 and that of the three most recurrent mutants 
(Fig. 7a–c), the pathogenic mutations of INF2 probably 
affect DID stability to different extent—more in the case of 
those causing FSGS + CMT than in those producing only 
FSGS—probably altering DAD binding. In summary, an 
alteration of the DID structure, with the consequent dys-
regulation of the INF2 activity, appears to be the cause of 
INF2-related disease.

INF2 variants outside the DID‑coding exons

We excluded from our analysis the cases describing 
mutations found outside the genomic region encoding 
the INF2 DID (Table S4). These mutations are of three 

types: in intronic putative splice sites, missense vari-
ants, and a gene duplication (Table S4). Those in puta-
tive splice sites have been found in two cases: c.1736-
6C>T, which relates to global glomerulosclerosis [96], 
and c.1735 + 2 T>G, which is associated with FSGS [94]. 
However, these mutations have not actually been shown 
to produce pathogenic splicing variants. There are also 
a large number of INF2 gene missense variants outside 
the DID-coding exons that have been compiled in open 
access databases such as the NHLBI EVS or The Human 
Variome Project (https ://www.human vario mepro ject.
org). Most of these variants are probably just genetic 
polymorphisms that are not associated with disease, but 
there is a small group of reported mutations outside the 
DID that have been associated with FSGS/chronic kidney 
disease (S483F, V557G, E593K, I685V, R689W, R877Q 
and P1096S) [96, 97, 121, 122] or CMT (R1045Q) [123]. 
Among this group, the replacements occur in residues 
present in the FH2 domain, with the exception of S483F 
(which maps to the FH1 domain) and R1045Q and 
P1096S (which map to the C-terminal region). Only the 
R689W variant has been determined to be damaging by 
the three predictors, SIFT, PROVEAN and Polyphen-2 
(Table S5). Some of the cases associated with the variants 
outside the DID concur with amino acid substitutions in 
other proteins related to genetic FSGS or present more 
than one of this type of replacement in INF2 [97, 122] 
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Fig. 6  Predicted effect of pathogenic missense INF2 mutations 
on DID stability. a Venn diagram of the analysis of DID-localized 
pathogenic missense mutations in INF2 by SIFT, PROVEAN and 
Polyphen-2 programs. The numbers inside the circles indicate the 
mutations scored as “damaging” by each of the algorithms. Only 
one mutation (S263A) is predicted as being “benign” by the three 
algorithms. b Predicted change in free energy (ΔΔG) caused by 

pathogenic missense mutations of the INF2 DID, calculated using 
Rosetta software for each of the mutations causing FSGS, FSGS in 
some cases or FSGS + CMT in others, and FSGS + CMT. Data were 
analyzed using unpaired Student’s t test. Given the small number of 
FSGS/FSGS + CMT cases, no statistical comparison with this group 
was attempted
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(Table S4). These observations suggest that the variants 
outside the DID may require a second hit in INF2 or in 
another FSGS-associated gene to produce renal disease. 
This could be also the case of the S263A mutation in 
the DID. Finally, it is of particular note that there was a 

single case of FSGS + CMT whose entire INF2 gene was 
duplicated [86], which suggests that increased levels of 
INF2 could mimic the effect of the pathogenic mutations.

Fig. 7  Predicted structural 
changes caused by pathogenic 
INF2 mutations in the DID. a–c 
Close-up views (right panels) 
of the effect of the three most 
recurrent mutations (R218Q, 
E220K and E184K) on the 
structure of the INF2 DID, 
obtained using the Rotamers 
tool [143]. The close-up views 
of the corresponding residues in 
the wild-type protein are shown 
(left panels). Hydrogen bonds 
are represented in blue, possible 
clashes and contacts are indi-
cated in yellow
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Effect of the pathogenic mutations 
on the interactions and function of INF2

Most pathogenic INF2 mutations localized to the DID, 
where they could potentially alter its binding to the DAD 
or affect the association of INF2 with other proteins. 
Tables 4 and S6 summarize the in vitro effect of the patho-
genic mutation on INF2 functions and the animal models, 
respectively, that have been used in research into INF2-
related disease. These effects and models are discussed 
in detail below.

The DID of INF2 associates with the Rho-family 
GTPases Cdc42 and Rac1 in pull-down assays [11, 24, 
124]. The association of INF2 with Cdc42 was enhanced in 
the five pathogenic INF2 mutants assayed [62]. However, 
as the interaction with Cdc42 seems not to be direct [14], 
it is unclear how the mutations strengthen the association. 
The association of INF2 with the scaffold protein IQGAP1 
was not affected by the mutations [62], which is consist-
ent with the observation that the interaction with IQGAP1 
takes place through the carboxyl-terminal region of INF2 
[27]. The analysis of three pathogenic INF2 mutants 
(E184K, S186P and R218Q) indicates that they weaken 
the autoinhibitory DID–DAD interaction [125], increasing 
the interaction of INF2 with G-actin, and also with profilin 
and the actin capping protein CapZ α-1. These findings 
suggest  aberrant regulation of actin polymerization activ-
ity in pathogenic mutants of INF2 [125].

In addition to the intramolecular interaction of the DID 
with the DAD responsible for INF2 autoregulation, the 
DID of INF2 mediates an intermolecular association with 
the DAD of the mDia1-3 formins [124]. Immunostain-
ing of a renal biopsy of a patient with the INF2 R218Q 
mutation revealed abnormal distribution of podocin and 

nephrin in glomeruli [126]. In vitro experiments in a podo-
cyte-derived cell line suggest that INF2 transports nephrin 
to the cell surface by counteracting Rho/mDia, which is 
consistent with the inability of INF2 R218Q to modulate 
Rho/mDia1 [126]. Consistent with this finding, the expres-
sion of normal INF2, but not of E184K and R218Q, in a 
zebrafish in vivo model was found to rescue the defects 
in nephrogenesis and Dia activity caused by INF2 knock-
down [127]. Unlike transgenic mice expressing active Rho 
[128], studies in knock-in mice expressing INF2 R218Q, 
which is the most recurrent pathogenic INF2 mutation 
(Table 3), did not reveal any renal pathology or proteinu-
ria at baseline, and most podocytes appeared normal with 
foot processes and slit diaphragm structure intact. This 
result was taken to indicate that normal INF2 function 
is not required for glomerular development, although it 
was shown to be required for recovery from kidney injury 
[129]. However, since the INF2 R218Q mutation has low 
penetrance in humans (Table S1) [52, 54, 76], it is also 
possible that the mutation cannot alter INF2 function suf-
ficiently in mice. It is of note that whereas the interac-
tion of the INF2 DID with the mDia DAD is impaired 
in the INF2 E184K and R218Q mutants, the pathogenic 
S186 mutant maintains the capacity to interact with the 
mDia DAD [124]. Therefore, although the regulation of 
Rho/mDia by INF2 appears to be important in some of 
the INF2 mutants, it is not clear whether it is generally 
involved in INF2-related disease.

The effect of CAP–KAc-actin complex, an inhibitor of 
INF2 actin polymerization activity, has been studied in the 
presence of two disease-associated INF2 mutants (L77R 
and R218Q) [21, 22]. These INF2 mutants do not bind the 
CAP–KAc-actin inhibitor efficiently and, consequently, their 
expression result in a considerable increase in the content 
of actin filaments. Therefore, pathogenic mutations in the 

Table 4  Summary of the main in vitro effects of INF2 pathogenic mutations

Effect of mutations References

INF2 regulation Impaired DID–DAD interaction [125]
Loss of inhibition by CAP–KAc-actin [21]
Altered distribution of the N-terminal proteolytic fragment [130]

INF2 interactions Reduced binding of calmodulin [20]
Enhanced interaction with constitutively active Cdc24 [62]
Reduced interaction of the INF2 DID with the DAD of mDia in some, but not all, of the INF2 

mutants assayed
[124]

Increased interaction with G-actin, profilin and CapZ α-1 [125]
Protein distribution Altered distribution of MAL, IQGAP1, podocin, and nephrin [62, 126]
Actin cytoskeleton Reduced cortical actin and stress fiber staining, and diffuse actin distribution [62]

Increased perinuclear actin filament content [20]
Microtubule cytoskeleton Diffuse microtubule staining, and reduced capacity to induce microtubule detyrosination [27, 62]
Gene transcription Reduced impairment of serum response factor-mediated transcription activation by mDia2 [124]
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DID of INF2 appear to make INF2 refractory to inhibition 
by CAP–KAc-actin, placing them in a constitutively active 
state that could be the cause of the increased content of actin 
filaments in cells expressing the mutants [20].

Another aspect of INF2 regulation affected by disease-
causing mutations was highlighted in a recent report [130] 
showing that in mouse and human podocytes INF2 under-
goes cathepsin-mediated cleavage between Gly547 and 
Ser548, resulting in an N-terminal fragment that includes the 
DID and FH1 domains, and a C-terminal fragment contain-
ing the FH2 and DAD domains. These fragments displayed 
differential accumulation in podocytes: both fragments accu-
mulated in the cell body, but only the DID-containing N-ter-
minal fragment accumulated at foot processes. Although 
comparable levels of INF2 cleavage were observed in cells 
expressing pathogenic mutants (R218Q, E220K and S186P), 
there was a loss of the N-terminal fragment from foot pro-
cesses in kidney tissue from an individual with FSGS due to 
R218Q mutation, whereas the distribution of the C-terminal 
fragment was unaltered. Therefore, it is possible the loss of 
the N-terminal fragment from the foot processes in the INF2 
mutants may alter podocyte structure and function.

Ca2+ is a highly versatile second messenger of signal 
transduction that influences nearly every aspect of cellular 
life [131, 132], including cell functions such as motility, 
cytoskeleton remodeling, gene transcription, cell-to-cell 
communication and cell division, to mention but a few [133]. 
Given the importance of  Ca2+, inappropriate responses to 
 Ca2+ are often associated with disease [134].  Ca2+-sensing 
proteins, such as calmodulin, mediate  Ca2+ responses [135]. 
INF2, through its interaction with calmodulin, mediates 
cytoplasmic and nuclear actin remodeling in response to the 
variation in intracellular  Ca2+ levels [19, 20, 36]. Depending 
on the specific INF2 DID mutation, the association of patho-
genic INF2 with calmodulin decreases to different extent 
and leads to deregulated activation and impaired response to 
increase cytosolic  Ca2+ levels [20]. This implies that defec-
tive regulation of INF2 mutants by the concentration of  Ca2+ 
might contribute to the pathological process.

INF2 is necessary for the correct functioning of special-
ized routes of membrane trafficking mediated by the MAL 
and MAL2 proteins [11, 24], whose expression coincides 
in specific types of polarized epithelia (e.g., renal distal 
tubules), but diverges in other cell types (e.g., human 
T cells and hepatocytes). MAL is expressed in human 
Schwann cells but not in podocytes [136], whereas the 
opposite is true for MAL2 [137]. Immunohistochemi-
cal analysis confirmed the colocalization of INF2 and 
MAL2 in human podocytes, and of INF2 and MAL in 
normal human peripheral nerve serial sections and mouse 
Schwann cells [62]. In contrast to the localization of 
intact INF2, INF2 mutants in patients with FSGS + CMT 

localized diffusely throughout the cytoplasm and force 
MAL to acquire a diffused distribution as well [62]. Given 
that the trafficking of the nephrin and podocin complex to 
the slit diaphragm membrane is a raft-mediated process, 
that this trafficking is blocked in INF2 knockdown cells 
[126], and that MAL and MAL2 are involved in raft-medi-
ated trafficking [25, 26], it is possible that the pathogenic 
mutations of INF2 could also impair transport mediated by 
MAL and MAL2 and thereby contribute to the alterations 
of podocyte and Schwann cell architecture as those found 
in INF2-linked diseases.

INF2 acts downstream of Rho/mDia to regulate micro-
tubule stability in a process facilitated by the association 
of INF2 with IQGAP1 [27]. It is of note that, unlike intact 
INF2, neither E184K nor R218Q INF2 mutants were able 
to replace endogenous INF2 in microtubule detyrosination, 
which is a post-translational modification of stable micro-
tubules [27]. This suggests that these pathogenic mutations 
of INF2 hamper the ability of INF2 to detyrosinate micro-
tubules. Therefore, although the analysis of biological 
specimens from FSGS and FSGS + CMT patients suggests 
an alteration of the actin cytoskeleton is the main cause of 
disease, microtubules could also be affected.

Recent work has shown that INF2 functions, and the 
effects of disease-causing mutations, are evolutionarily 
conserved. Studies of the C. elegans “excretory canal”, a 
unicellular tube required for osmoregulation, showed that 
EXC-6, a worm INF2 homolog, regulates microtubule 
dynamics in vivo, and that human INF2, when activated 
by deletion of the DID and DAD domains or by introduc-
tion of disease-causing mutations, rescues exc-6 mutants 
[138]. Moreover, a second worm INF2 homolog, called 
INFT-2, was shown to regulate F-actin levels, and itself to 
be regulated by CYK-1, the worm mDia homolog [139]. 
Drosophila nephrocytes provide another in vivo genetic 
model for studying INF2 [20]. Nephrocytes are part of the 
fruit-fly excretory system, and have remarkable anatomi-
cal, molecular and functional similarity with vertebrate 
podocytes. In particular, the fly nephrocyte forms slit 
diaphragms similar to those of podocytes, which, unlike 
those of podocytes, they are formed across deep mem-
brane invaginations of the plasma membrane [140, 141]. 
It is of note that the expression in Drosophila nephro-
cytes of pathogenic INF2 mutants leads to reorganization 
of the actin cytoskeleton and alters nephrin distribution 
in vivo, the extent of which is associated with the severity 
of the mutations in humans [20]. This effect on nephrin 
distribution in nephrocytes is reminiscent of that reported 
in a podocyte-derived cell line [126], suggesting defects 
in nephrin traffic. These studies suggest that future work 
using invertebrate models could help identify new INF2 
regulators and functions relevant to FSGS.
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Concluding remarks, diagnostic implications 
and future directions

It has been 10 years since INF2 mutations were reported 
to be a genetic cause of FSGS. Since then, the numbers 
of independent cases and reported pathogenic muta-
tions in the DID have increased considerably. More than 
60 different pathogenic missense mutations have so far 
been described, most of which map to exon 2, and to a 
lesser extent to exons 3, exon 4 and 6. Most of the muta-
tions predicted to be the most destabilizing are located 
on exons 2 and 3, where they coincide with those causing 
FSGS + CMT. Those producing isolated FSGS are less 
destabilizing and are found throughout exons 2, 3, 4 and 
6, whereas the mutations that, depending on each specific 
case, cause either FSGS or FSGS + CMT are predicted to 
have an intermediate destabilizing potential. Most of the 
mutations causing FSGS + CMT occur in the residues of 
the second ARM. Since ARMs 2–4 are responsible for the 
intramolecular autoinhibitory interaction of the DID with 
the DAD, an alteration of actin dynamics appears to be the 
main cause of INF2-related disease.

Despite the persistently low number of cases, the lim-
ited ethnic diversity of the patients studied (approximately 
70% European or European descendants), and the prob-
able underdiagnosis of CMT in some FSGS patients [70], 
our analysis allows us to make some relevant conclusions 
about the molecular diagnosis of INF2-related disease. 
FSGS + CMT cases are mostly associated with mutations 
in exon 2. Exon 3 mutations are mainly associated with 
familial cases and cause similar percentages of cases of 
FSGS and FSGS + CMT. Exon 4 mutations mainly corre-
spond to familial FSGS. Our analysis also shows that the 
percentage of sporadic cases  of FSGS + CMT is higher 
than that of FSGS alone. It would therefore be useful 
to screen for INF2 mutations in cases of FSGS + CMT, 
regardless of whether there is a familial history of the dis-
ease. Conversely, most INF2-related FSGS cases are actu-
ally familial, so molecular diagnosis could be restricted to 
patients with a family history of the disease. This analysis 
would also enable us to exclude as kidney donors those 
relatives at risk of developing FSGS [80].

The variable penetrance of some of the INF2 mutations 
provides a good example of the importance of the envi-
ronmental and genetic background in the development of 
INF2-related pathologies. It seems plausible that a second 
mutation either in INF2 or in a gene conferring susceptibil-
ity to FSGS, or a specific risk haplotype related to FSGS, 
is necessary for the disease to appear in these cases. More 
detailed genetic and life style studies of families with this 
type of mutation could identify the factors that determine 
the severity of the disease and provide persuasive evidence 

to encourage patients to adopt lifestyle habits that would 
delay the development of ESRD [80].

The genetic origin of FSGS nephropathy caused by INF2 
mutation means that drug-based therapies, such as treatment 
with steroids or cyclosporine A, applied to FSGS patients 
with other etiologies, is not effective for treating INF2-
related disease. Kidney transplantation, with its consequent 
drawbacks, is the only option currently available for the 
complete correction of the renal defect in FSGS caused by 
pathogenic INF2.

Despite the enormous advances in recent years in our 
understanding of INF2 function under normal and patho-
logical conditions, further work is needed to fully under-
stand the molecular mechanism leading to the pathological 
conditions caused by INF2 mutation. The involvement of 
INF2 DID mutations in disease has been well established 
by a large number of genetic studies. It will be interesting 
to see whether INF2 variants found outside the DID are 
also involved in disease. INF2 and other formins have a 
dual role in the actin and microtubule cytoskeletons [7, 8]. 
Therefore, in addition to altering actin dynamics, the patho-
genic mutations in the INF2 DID can influence microtubule 
dynamics. As a consequence of the involvement of INF2 in 
the cytoskeleton, processes such as membrane trafficking, 
cell polarity and the cell response to increased intracellular 
 Ca2+ levels might be affected in INF2-related disease. These 
deserve further exploration. We hope that this effort, as well 
as helping to clarify the mechanism by which INF2 muta-
tions cause cell dysfunction, will enable us to develop novel 
strategies for treating INF2-related disease.
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