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ABSTRACT Fodrin and its erythroid cell-specific isoform spectrin are actin-
associated fibrous proteins that play crucial roles in the maintenance of structural in-
tegrity in mammalian cells, which is necessary for proper cell function. Normal cell
morphology is altered in diseases such as various cancers and certain neuronal dis-
orders. Fodrin and spectrin are two-chain (��) molecules that are encoded by
paralogous genes and share many features but also demonstrate certain differences.
Fodrin (in humans, typically a heterodimer of the products of the SPTAN1 and
SPTBN1 genes) is expressed in nearly all cell types and is especially abundant in
neuronal tissues, whereas spectrin (in humans, a heterodimer of the products of the
SPTA1 and SPTB1 genes) is expressed almost exclusively in erythrocytes. To fulfill a
role in such a variety of different cell types, it was anticipated that fodrin would
need to be a more versatile scaffold than spectrin. Indeed, as summarized here, do-
mains unique to fodrin and its regulation by Ca2�, calmodulin, and a variety of post-
translational modifications (PTMs) endow fodrin with additional specific functions.
However, how fodrin structural variations and misregulated PTMs may contribute to
the etiology of various cancers and neurodegenerative diseases needs to be further
investigated.
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Eukaryotic cells have a plasma membrane-bound cytoskeleton for the maintenance
of their strength and structural integrity. The cytoskeleton is a dynamic protein-

aceous network that provides the shape of the cell and holds onto the inner organelles
of the cell in their proper position. Several filamentous structures such as microtubules,
microfilaments, intermediate filaments, and spectrin filaments form the cytoskeleton,
and they are in constant touch with each other to provide the proper functioning of the
cytoskeleton. Red blood cells are a special example of cells that flow through the
arteries and veins into constricted capillaries for gaseous exchange and thus vehe-
mently need to maintain their cellular integrity. Spectrin filaments are especially
important in red blood cells for structural maintenance. In other tissues, especially in
neuronal tissues, nonerythroid spectrin or fodrin performs the duty of maintaining
cellular integrity in association with other proteins.

Spectrins belong to the spectrin superfamily of proteins. Members such as spectrin,
nonerythroid spectrin/fodrin, �-actinin, dystrophin, ABP-280, ABP-120, and fimbrin all
carry a few to several units of spectrin repeats, characteristic of this family (1). Spectrins
have two subunits, the �- and �-subunits. The �-subunit has two isoforms, �I-spectrin
and �II-spectrin. �I-spectrin is expressed from the SPTA1 (spectrin alpha erythrocytic 1)
gene exclusively in erythrocytes. However, SPTAN1 expresses the more ubiquitous and
abundant �II-spectrin. This is the nonerythroid homologue of �I-spectrin, which is
hence called nonerythroid �-spectrin or, more commonly, �-fodrin (2). The �-subunit
has five isoforms, �I, �II, �III, �IV, and �V, expressed by the SPTB, SPTBN1, SPTBN2,
SPTBN4, and SPTBN5 genes, respectively. �I is expressed in erythrocytes and, to a
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certain extent, in lymphocytes. �III and �IV are expressed in neurons, and �V is found
associated with photoreceptors in rods and cones. �II is ubiquitous, as it is expressed
in all nucleated cells. It is also called �-fodrin (2–7). In this review, we intend to focus
on the structural differences in nonerythroid spectrin/fodrin (�II�II) compared to
erythroid spectrin (�I�I) and the emerging new functions of the nonerythroid isoform
in cells that are likely to originate due to these structural differences. For ease of
presentation, in this review, we refer to nonerythroid spectrin as fodrin and its two
subunits as �-fodrin and �-fodrin to differentiate them from erythroid spectrin.

FODRIN

Fodrin was characterized initially in a group of proteins that translocated through
axons (8). Additionally, it formed an undercoat near the plasma membrane in cells. In
view of this localization pattern, it was termed fodrin, derived from the Greek word
fodros, meaning lining (9). Certain reports also term this protein calspectin (calmodulin
binding spectrin-like protein) or brain spectrin (10). Overlapping cDNA analysis of
human lung fibroblasts revealed that the SPTAN1 gene, corresponding to �-human
lung fibroblasts revealed that thefodrin, is mapped to chromosome 9. The coding
sequence is a long stretch of 7,787 nucleotides producing a protein of 2,472 amino
acids with a predicted molecular weight of 284 kDa. The SPTBN1 gene, encoding
�-fodrin, is located in chromosome 2 in humans. It has a predicted molecular weight of
274 kDa (2, 11).

KEY STRUCTURAL ASPECTS OF SPECTRIN AND FODRIN
Spectrin repeats and other domains. Spectrin and fodrin are characterized by

spectrin domains or spectrin repeats. Each repeat, nearly 106 amino acids long (mo-
lecular weight, 12,000 Da), forms a characteristic triple-helical structure with intermit-
tent unstructured loops facilitating the folding of the domain into a helix-loop-helix
structure. The hydrophobic charged amino acids in these domains are arranged in a
heptad periodic pattern enabling the structure to fold into an antiparallel coiled coil
(12). The �-subunits of both comprise a tandem arrangement of 21 spectrin repeats, all
of which show the above-mentioned triple-helical structure, except for domain 10 (3,
13). They also carry an SH3 (Src homology 3) domain in the central part of the molecule
enabling involvement in signal transduction pathways (discussed below). �-Fodrin
specifically inhabits calpain and caspase cleavage sites and a calmodulin binding
domain. The significance of these sites is discussed below. The �-subunits have 17 such
repeats in both molecules. Both �I-spectrin and �-fodrin have a calponin homology
domain/actin binding domain (CH domain) at the N terminus and an ankyrin binding
domain at the C terminus. Interestingly, �-fodrin exclusively harbors a pleckstrin
homology domain toward the C terminus (Fig. 1) to facilitate binding with phospho-
lipids (13).

Formation of the tertiary structure. Spectrin and fodrin undergo regulated
dimerization and tetramerization to form functionally relevant molecules. The �- and
�-subunits associate in an antiparallel fashion to form a flexible and elastic heterodimer
(12). The lock-and-key model explains this dimerization. Repeats 20 and 21 at the C
terminus of the �-subunit and repeats 1 and 2 at the N terminus of the �-subunit (Fig.
1) serve as nucleation sites that associate in a complementary manner to initiate the
formation of the heterodimer. The two subunits associate laterally at specific sites
throughout the contour of the molecules (14). Constructing an operational tetramer
from a heterodimer requires a head-to-head association of two dimer molecules at a
specific site called the tetramerization domain. Repeats 16 and 17 at the C terminus of
the �-subunit and repeats 0 and 1 at the N terminus of the �-subunit are involved in
tetramerization. Ipsaro et al. were able to obtain a 2.8-Å crystal structure of the
�0-1/�16-17 complex, showing that these repeats associate to recapitulate a spectrin
repeat-like triple-helical bundle resulting in tetramerization (15).

A comparative account of the primary structures of spectrin and fodrin. Peptide
mapping has helped considerably in understanding the structural relatedness of spec-
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trin and fodrin throughout evolution. The �-subunits of these molecules share a
maximum of 52% and 54% homology in repeats 16 and 19, respectively, although the
whole molecule shares less sequence identity (16). However, the �-subunits share 60%
homology (2). Fodrin, being ubiquitous, is more conserved across species through
evolution because mammalian �-fodrin shares 96% sequence identity with the avian
homologue, whereas spectrin is much more divergent across species (17).

The linker region between spectrin repeats 10 and 11 of �-fodrin houses a proteo-
lytically hypersensitive site. This site is recognized by m and � calpains and caspases 2,
3, and 7. Calpains are calcium-dependent neutral proteases that digest proteins in a

FIG 1 Different structural domains of spectrin and fodrin. This diagram illustrates the variations between spectrin
and fodrin. The top portion is a schematic of the polypeptide chains of the �- and �-subunits of both molecules.
A detailed description of the artwork used is given below.
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calcium-dependent manner. Caspases are apoptotic proteases that perform specific
cleavage of proteins to execute apoptosis (18). �-Fodrin is processed by these proteases
in a highly regulated manner to accomplish functions diverse from those of spectrin.
Another major point of contention between spectrin and fodrin is the presence of a
calmodulin binding site in the �-subunit of the latter. Calmodulin is a ubiquitous
eukaryotic protein, functioning as a Ca2�-dependent messenger in various signal
transduction pathways. Calmodulin’s Ca2�-dependent activity is particularly implicated
in the synaptic transmission of nerve impulses. The presence of a calmodulin binding
site in �-fodrin highlights its significance in neuronal transmission. Another notable
variation is the functionality of EF (E helix and F helix of the parvalbumin protein that
was first reported to possess EF hands) hands (detailed below). This difference is more
qualitative than structural. EF hands are Ca2� binding domains present at the C termini
of the �-subunits of both spectrin and fodrin. However, the EF hands in spectrin are
reportedly vestigial and do not bind to Ca2� except under nonphysiological conditions.
Contrarily, EF hands in fodrin show strong binding to Ca2� in cells (Fig. 1) (19).

Evolutionary history. Multiple-sequence alignment and phylogenetic analyses
have revealed that all members of the spectrin family evolved from a common
ancestor, �-actinin, an actin cross-linking protein with four spectrin repeats (ac1, ac2,
ac3, and ac4). ac1 and ac2 show a high degree of sequence homology with the first two
repeats of �-spectrin (�1 and �2). Interestingly, ac3 and ac4 are highly identical to the
C-terminal spectrin repeats of �-spectrin (�19 and �20). �-Actinin occurs inside the cells
as dimers. �1 and �2 of �-spectrin and �19 and �20 of �-spectrin are also involved in
dimerization. Such sequence identity reveals that the dimerization property of these
molecules was inherited from �-actinin and has undergone little change since then.
Bootstrap analyses of the phylogenetic trees revealed that the �-actinin gene under-
went an insertional event resulting in an ancestral block of 7 spectrin repeats between
ac2 and ac3. This block was later duplicated by intragenic duplication followed by the
insertion of a domain that is reminiscent of the tetramerization domain. This resulted
in the ancestral �- and �-spectrin genes. The present-day �-spectrin gene evolved from
this ancestral gene that underwent elongations and insertions. The �-spectrin gene,
however, again encountered another duplication event and subsequent elongations to
form the present-day �-spectrin (reviewed in references 10 and 11). Very little is known
about the events that led to the distinction of spectrin and fodrin. However, it is
speculated that vertebrates went through two whole-genome duplications that re-
sulted in �I-spectrin and �-fodrin. Multiple events of alternative splicing led to the
present variety of spectrin isoforms (reviewed in reference 12). A. J. Baines hypothesizes
that the evolution of spectrin from fodrin is a process of neofunctionalization to allow
the molecule to sustain mechanical shear forces and to confer a certain degree of
elasticity to the membrane by the rapid “make and break” of the tetramers (20).

CALCIUM DEPENDENCE OF FODRIN

Calcium functions through multiple modes to affect fodrin and its operations. Below
is a brief detailing of these modes and the biological relevance of each mode.

Direct binding of Ca2� ions. The association of Ca2� ions directly with proteins is
largely mediated through specialized motifs termed EF hands. These motifs have a
helix-loop-helix structure providing accessibility to Ca2�. Investigation of the primary
structure of �-fodrin revealed that it carries two such EF hands in its C terminus (3). 45Ca
autoradiography experiments revealed the characteristics of the binding of calcium to
fodrin. It possesses eight binding sites for Ca2� per tetramer, that is, four in each dimer.
Two of these sites are in the above-mentioned EF hands. Another site localizes between
repeat 11 and repeat 12 of �-fodrin. The fourth site is in �-fodrin, which is about 25 kDa
from the amino terminus. The EF hands bind to Ca2� with high affinity (Kd [dissociation
constant] � 2 � 10�8 to 30 � 10�8 M). The above-mentioned segment of �-fodrin also
binds to Ca2� with a quite high Kd of 1 � 10�6 to 3 � 10�6 M. The hypersensitive site
between repeat 11 and repeat 12 of �-fodrin has a low affinity for Ca2�, with a Kd of
1 � 10�4 to 2 � 10�4 M (19). Magnesium inversely affects this binding. Barring the
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hypersensitive site in �-fodrin, the parameters of the binding of Ca2� to �- and
�-fodrins are comparable to those of calmodulin and calcium-dependent protease I.
The physiological significance of this binding is evident during events of neuronal
depolymerization. This process witnesses an upsurge in Ca2�. Ca2� then binds with a
high affinity to �-fodrin in a manner similar to calmodulin and calcium-dependent
protease I. The binding of fodrin to actin and protein 4.1 to form a ternary complex is
stimulated by Ca2� binding. This binding may also expose the hydrophobic patches
required for the binding of calmodulin (2, 19).

Ca2�-dependent binding of calmodulin to �-fodrin. The presence of a calmod-
ulin binding site in �-fodrin was revealed through ferritin-avidin labeling of biotinylated
calmodulin bound to �-fodrin. There are two calmodulin binding sites per tetramer,
that is, one per dimer (21). Studies using recombinant peptides spanning different
segments of �-fodrin revealed the presence of a 24-amino-acid segment, KTASPWKS
ARLMVHTVATFNSIKE, housed in the 11th repeat. The charged and hydrophobic amino
acids in this patch give rise to an amphipathic �-helical conformation. The Kd value for
the binding reaction between this stretch and calmodulin is �10�7, equivalent to the
binding affinities of other calmodulin binding partners. Moreover, binding could be
abolished by Ca2� chelators such as EGTA (22).

The physiological significance of the interaction of calmodulin and �-fodrin has
been explained using various in vitro techniques. The direct linkage of �-fodrin to
synaptosomal membrane sites is competitively inhibited by calmodulin, with a Ki of
1.3 �M. Furthermore, Ca2� could stimulate this inhibition. However, this was not a
consequence of the proteolysis or degradation of �-fodrin but of the inactivation or
denaturation of the molecule, because the effect could be reversed by the action of
calmodulin inhibitors and Ca2� chelators. The inhibition induced on �-fodrin mem-
brane interactions by calmodulin is considered to be significant in exposing secretory
vesicles and in exocytosis (23).

A COMPARATIVE ACCOUNT OF THE POSTTRANSLATIONAL MODIFICATIONS IN
SPECTRIN AND FODRIN

Both spectrin and fodrin undergo various modifications after synthesis, as shown in
Table 1. These modifications affect the structural folding and flexibility of the mole-
cules, their interactions with other binding partners, and, consequently, their function-
ality. Table 1 shows the posttranslational modifications (PTMs) reported in both mol-
ecules (24). Proteomic analysis revealed that the SH3 domain in �-fodrin is heavily
loaded with modifying moieties, whereas �I-spectrin shows only two phosphorylations.
The calmodulin binding site of �-fodrin reportedly shows various sites for phosphor-
ylation and ubiquitination. These sites might be responsible for the efficient binding of
�-fodrin to calmodulin and also for its specific cleavage by caspases and calpains.
Comparison of the EF hands shows that the one in �-fodrin has many phosphorylations,
ubiquitinations, and acetylations, but the equivalent in �I-spectrin has limited phos-
phorylation. This could explain why the EF hands in �I-spectrin are vestigial and bind
to calcium only under nonphysiological conditions. The CH domain in the �-subunits of
both molecules is differently modified but does not largely affect the actin binding
property of these proteins. However, �-fodrin is quite different from �I-spectrin by the
presence of heavy modifications, such as phosphorylations, acetylation, and ubiquiti-
nation in the pleckstrin homology domain in the former.

Despite the apparent diversity, both spectrin and fodrin share the function of
supporting the plasma membrane. This was first evident from the outstanding electron
micrographs of the membrane skeleton of erythrocytes shown by Byers and Branton in
1985. They showed polygonal networks containing 200-nm-long spectrin tetramers
interlinked at junctional complexes rich in actin (25). However, such early studies were
based on experiments involving high-shear-stress conditions; hence, the density of the
subplasmalemmal network was underestimated. Through electron microscopy and
computational biology, Brown et al. showed that the biological functional length of
spectrin tetramers is �55 to 65 nm (26). But Xu et al. point out by stochastic optical

Minireview Molecular and Cellular Biology

September 2020 Volume 40 Issue 17 e00133-20 mcb.asm.org 5

https://mcb.asm.org


reconstruction microscopy (STORM) analysis of the neuronal axons that the actin
filaments form concentric rings along the circumference of the axonal shaft and that
these are uniformly and periodically spaced to �180 nm by fodrin tetramers running
parallel to the axonal axis (27). Spectrin in erythrocytes is probably required to remain
compact functionally; however, the long axonal shafts require fodrin to be stretched
out to maintain the actin network. This points to the structural flexibility of these
molecules and the ability to evolve in accordance with the requirement of the cellular
system that they decorate.

Fodrin not only stains the inner aspect of the plasma membrane in nonerythroid
cells but also is present in a diffused pattern in the cell cytoplasm and, to a certain
extent, in the nucleus (6, 28). Fodrin’s presence in both the periphery and the interior
of the cells indicates the static as well as dynamic functions performed by this molecule.

FUNCTIONS COMMON TO SPECTRIN AND FODRIN
Structural support. The spectrin-actin network on erythrocytes is significant in

providing integrity and deformability to the cell membrane, as is evident in cases of
hemolytic anemia and hereditary spherocytosis. Mutations in both subunits of spectrin
result in brittle membranes with reduced elasticity (29, 30). After Levine and Willard (9),
various groups worked out the characteristics of the fodrin-actin interaction and found
that the former could result in gelation and cross-linking of actin. This is significant in
maintaining the plasma membrane-associated microfilament network and also a prob-
able regulatory step in cell motility over solid surfaces. This cross-linking of actin occurs
at low intracellular Ca2� concentrations. An upsurge in Ca2� levels causes fodrin and
F-actin to dissociate, resulting in the local dissolution of the cortex (31). Studies showed
that the subplasmalemmal cortical network important for the capping of T lymphocytes
contains fodrin in association with actin, myosin, and �-actinin (32). Fodrin also forms
a ternary complex with actin and protein 4.1, another major cortical cytoskeletal protein
(1, 33). This complex is important for maintaining the integrity and elasticity of the
plasma membrane. In this context, it is important that fodrin also binds to microtubules

TABLE 1 PTMs reported in select domains of fodrin and spectrina

Type of PTM Domain Subunit Position(s) (reference[s])

Phosphorylation SH3 �-Fodrin Y976-p (91), Y978-p (92), S982-p (93–97), T995-p (98), S999-p (93), T1000-p (99),
Y1020-p, S1029-p (98, 100–103)

�-Spectrin Y986-p, S992-p (95, 104, 105)
CaM binding

domain
�-Fodrin Y1176-p (91, 106–111), T1184-p, S1186-p (112), T1188-p (112, 113), S1190-p (93, 94, 98, 104,

108, 112, 114–117), S1194-p (94, 118), T1204-p (95, 101), S1207-p (101), S1217-p (119),
S1226-p (95, 98), S1231-p (94, 95, 98, 101)

EF hands �-Fodrin S2411-p, T2425-p, T2434-p, Y2423-p (120), Y2430-p, Y2440-p (121)
�-Spectrin T2288-p (98), Y2333-p, S2335-p (95), S2405-p, Y2407-p

CH domain �-Fodrin S163-p (93), S228-p (93, 95), S257-p (112), S278-p, S96-p (108), T80-p (92), Y274-p, Y79-p (92)
�-Spectrin S96-p (122), T104-p (104), T152-p, T76-p (123)

PH domain �-Fodrin S2221-p, S2251-p, S2303-p, T2297-p, Y2249-p (110), Y2268-p (124), Y2285-p (92)

Acetylation SH3 �-Fodrin K1022-ac (125), K1023-ac
EF hands �-Fodrin K2421-ac (125), K2426-ac (125)
CH domain �-Fodrin K124-ac (125), K90-ac (125)

�-Spectrin K80-ac
PH domain �-Fodrin K2207-ac, K2269-ac, K2270-ac

Ubiquitination SH3 �-Fodrin K990-ub (126, 127)
CaM binding

domain
�-Fodrin K1187-ub (128), K1193-ub (127, 129), K1209-ub (129)

EF hands �-Fodrin K2404-ub (126), K2421-ub (126), K2426-ub (129, 130)
CH domain �-Fodrin K214-ub (126), K227-ub (127), K249-ub (126), K62-ub (129, 130), K118-ub (126, 127),

K124-ub (118)
�-Spectrin K102-ub, K107-ub, K118-ub (126, 127), K124-ac (125, 131), K124-ub (118), K62-ub (130)

PH domain �-Fodrin K2207-ub (126), K2241-ub (129), K2276-ub (127)

Sumoylation CH domain �-Fodrin K214-sm (132)
aCaM, calmodulin. p, phosphorylation; ac, acetylation; ub, ubiquitination; sm, sumoylation; CH, calponin homology domain; PH, pleckstrin homology domain.
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and causes them to form bundled structures (33). This support is crucial for the
anchoring of various receptors on the membrane and the relaying of signals into the
cell. In the nucleus, �-fodrin exists to associate with proteins such as lamin and emerin
to strengthen the nucleolaminar structure (34). Prime evidence to establish the signif-
icance of fodrin as a key structural support protein is its crucial association with other
established structural factors. Unpublished data from our laboratory show that a
deficiency of the same could result in neural cells with a disorganized cytoskeleton and
a rounded morphology.

Role in activation of transmembrane proteins. Research into the membrane
protein organization led to the understanding that the spectrin cytoskeletal network
is indispensable for the spatial arrangement and anchorage of these proteins. The
interaction between spectrin and membrane proteins is mostly concentrated at two
major sites, the ankyrin-band 3 junction and the protein 4.1R-MPP1-glycophorin C
junction. Ankyrin binds to the C terminus of �I-spectrins, whereas protein 4.1R binds to
the N terminus. Protein 4.1R is crucial for the spectrin-actin network (35). The protein
4.1R-MPP1-glycophorin C junctional complex contains other factors such as adducin,
protein 4.2, and transmembrane proteins such as the AE1 dimer and GLUT1 (glucose
transporter protein 1) (36). The association of ankyrin with �I-spectrin is essential to
mediate the latter’s interaction with CD45 (cluster of differentiation 45). The surface
sequestration of CD45 is a crucial step in T-cell receptor activation (37).

�-Fodrin has a specialized pleckstrin homology domain that mediates its ankyrin-
regulated association with the membrane phospholipids. During neuronal develop-
ment, the interactions of �-fodrin with immunoglobulin superfamily cell adhesion
molecule family members, namely, L1, CHL1, neurofascin, NgCAM (neuron-glia cell
adhesion molecule), NrCAM (neuron-glia-related cell adhesion molecule), and neuro-
glian, are considered crucial (36, 38). The actin- and spectrin-based membrane-
associated periodic skeleton (MPS) of neuronal cells is reported to be important in
NCAM1-mediated extracellular signal-regulated kinase (ERK) signaling. As revealed by
STORM analysis, the reduction of �-fodrin causes the disruption of MPS accompanied
by reduced ERK signaling (39). N-Methyl-D-aspartate (NMDA) receptors are glutamate-
gated cation channels with high Ca2� conductance that facilitate the transmission and
plasticity of the excitatory synapses. �-Fodrin associates with NR2, a cytosolic subunit
of NMDA, and this association is probably responsible for the modulation of membrane
morphology during synaptic activity and plasticity (40, 41). Conditions such as spino-
cerebellar ataxia are associated with �-fodrin mutations. �-Fodrin mutations have been
reported in the rare epileptic disease West syndrome (also known as infantile spasms)
and epileptic encephalopathy (36). Ankyrin and spectrin/fodrin are key players in the
spatial assembly and maintenance of physiologically important domains on the sur-
faces of diverse cells.

Role in actin dynamics and cell adhesion. The �-subunits of spectrin and fodrin
play a regulatory role in actin dynamics and consequently affect cell adhesion and
spreading. The SH3 domain in spectrins is important in the integrin-based signaling
pathway aiding cells to adhere, extend lamellipodia, migrate, proliferate, undergo cell
death, or associate with the extracellular matrix. These processes require extensive actin
reorganization. Migratory assays on integrin ligand surfaces reveal that such a stimulus
leads to the clustering of integrin complexes. The SH3 domain of cleaved spectrin
activates Rac, a small GTPase of the Rho GTPase family. Rac activation is upstream of
actin polymerization and lamellipodium formation. The overexpression of the SH3
domain of spectrin results in reduced Rac activation (42). Thus, the association of
spectrin with the initial integrin clusters and spectrin cleavage are crucial in regulating
actin dynamics.

There is mounting evidence of the dependence of the actin network on the
presence of functional fodrin. The depletion of �-fodrin in WM-266 human melanoma
cells resulted in a reduced population of adherent cells with modified focal contacts,
reduced expression of integrins, and loss of actin stress fibers (43).
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Vascular permeability, a tool used by pathogens to mount an infection, is
regulated by cortical actin assembly-mediated intercellular adhesion. VASP
(vasodilator-stimulated phosphoprotein) is important in actin stress fiber formation for
cell-to-cell adhesion. �-Fodrin associates with VASP, through its SH3 domain, forming
an �-fodrin-VASP complex that helps in initiating cortical actin fiber formation, thus
stabilizing intracellular contacts and reducing vascular permeability (44). Additionally,
proteins that regulate actin dynamics and polymerization, such as EVL (Ena/VASP-like),
WASP (Wiskott-Aldrich syndrome protein) subfamily proteins, WAVE (WASP family
verpolin-homologous protein 1) proteins, and Abi1 (ABL interactor 1), relay their effects
on actin through their association with spectrin (45, 46). Reports also indicate that
�I-spectrin influences the actin network and cortical tension in cells by regulating the
Hippo-signaling pathway. �I-spectrin mutations lead to the inhibition of this signaling
and disturb the cortical actin organization (47, 48).

FUNCTIONS EXCLUSIVE TO FODRIN

The functions exclusive to fodrin are summarized in Fig. 2.
Role in exocytosis. Exocytosis has been most extensively studied in the context of

neurotransmitter release in neuronal cells. This is a strictly regulated and conserved
mechanism. The first understanding of the involvement of fodrin in this mechanism
comes from classic work by Perrin et al. By immunofluorescence, they demonstrate the
change in the localization pattern of �-fodrin upon the stimulation of chromaffin cells
with secretagogues. Unprimed cells display continuous rings of �-fodrin subjacent to
the plasma membrane; however, stimulation by high concentrations of K� ions or
nicotine results in a patchy sublamellar pattern and an enhanced secretion of cat-
echolamines by these cells. They also showed that this process was heavily dependent
on the intracellular availability of Ca2� (49). Through measurements of radioactive

FIG 2 Newer functions of fodrin. The illustration focuses on the functions of fodrin that arise probably due to the additional domains and posttranslational
modifications.
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[3H]noradrenaline, this group also showed that �-fodrin antibody inhibited the process
of secretion by permeabilized chromaffin cells (50). By way of elegant immunoelectron
microscopy, it was shown that fodrin is concentrated at the presynaptic membrane
region of neurons, which is also a site for the increased deposition of secretory granules
(51). These secretory granules are populated with synapsin 1. By utilizing radioactively
labeled secretory vesicles and purified immobilized fodrin, it was demonstrated that
synapsin 1 and fodrin displayed a single-site binding association with a significant Kd

value (52). Synapsin 1 is a phosphorylation target of CaMKII (Ca2�/calmodulin-
dependent protein kinase II) (53). It is therefore proposed that the influx of Ca2� in
response to a stimulus results in the activation of the CaMKII-dependent phosphory-
lation of synapsin 1. This modification causes the release of secretory vesicles bound to
the fodrin-actin network, facilitating the docking and fusion of these vesicles with the
presynaptic membrane and the subsequent release of neurotransmitters into the
synapse (54).

DNA repair. Reports on the nuclear population of �-fodrin have highlighted its

significance in DNA repair pathways and the maintenance of chromosome integrity.
Fanconi anemia (FA), a hereditary bone marrow disorder occurring due to chromosome
instability and cellular hypersensitivity to DNA interstrand cross-linking (ICL) agents, is
frequently associated with reduced levels of �-fodrin. Evidence indicates that �-fodrin
has a substantial affinity for interstrand cross-linked DNA, and it showcases a recruit-
ment site at these locations for specific repair proteins. This is further corroborated by
the increment of at least 5-fold in chromosomal aberrations upon a 40% reduction in
�-fodrin expression in FA-A cells (55). Elegant immunological staining studies show that
genotoxic overload in cells results in �-fodrin forming punctae that colocalize with
FANCA (Fanconi anemia repair protein A) and XPF (xeroderma pigmentosum group
F-complementing protein), which is an endonuclease important in the ICL repair
pathway (56). Domain mapping studies of �-fodrin show that the SH3 domain is crucial
for the docking of many repair proteins such as FANCG (57). The present consensus is
that once �-fodrin binds to an ICL site, it encourages the binding of FANCG, XPF, and
SLX4-SLX1 (structure-specific endonucleases 4 to 1). SLX4-SLX1 are nucleases that cause
the cleavage and unhooking of ICL followed by translesion synthesis, homologous
recombination, and nucleotide excision repair (34). In the nucleus, however, �-fodrin
also associates with various nuclear skeletal components, indicating its structural roles
apart from the DNA repair function. Thorough experimentation is required to decipher
these dual characteristics and to discretely map the domains responsible for each.

Cellular proliferation. �-Fodrin is evidently important for the G1/S transition. The

reduced expression of �-fodrin results in a reduction in p21 expression, instigating the
cells to be arrested in G1/S (43). Our laboratory has reported that �-fodrin is crucial for
mitotic progression because �-fodrin-deficient cells showed a delayed prophase-to-
metaphase transition with a sustained spindle assembly checkpoint (SAC). The deple-
tion of �-fodrin resulted in a disorganized microtubule network and chromosomal
misalignment in cells. This chromosome derangement was due to a reduced localiza-
tion of the microtubule motor CENP-E (centromere protein E) at the kinetochore.
CENP-E, a mitotic motor, carries chromosomes through the spindle with help from
detyrosinated tubulin. We reported that �-fodrin-deficient cells displayed reduced
detyrosinated tubulin (58). This could have important implications for the involvement
of �-fodrin in the progression of cancer. Recent in vitro experiments from our laboratory
reveal that fodrin directly binds to �-tubulin and results in the negative regulation of
�-tubulin ring complex-mediated microtubule nucleation in the brain (59). Previous
experiments by our group showed that fodrin is a component of �-TuRC (�-tubulin ring
complex) and colocalizes with �-tubulin at the centrosome of brain-derived cells (60,
61) in an actin-dependent manner. Detailed binding experiments revealed that this
interaction with �-tubulin occurs through a GRIP2 (�-TuRC-interacting protein 2)-like
motif in the C terminus of �-fodrin (59).
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Reports also fortify the role of �-fodrin in cell cycle regulation. It regulates the
phosphorylation status of retinoblastoma proteins by affecting the activity of cyclin-
dependent kinase 4 (CDK4). CDK4, activated by the association with cyclin D1, hyper-
phosphorylates pRb (retinoblastoma protein), releasing bound E2F. E2F, a key tran-
scription factor, causes the transcription of genes involved in the G1/S transition. The
overexpression of �-fodrin reduces CDK4 activity, preventing the disassembly of the
pRb-E2F complex, with subsequent G1/S arrest (62). The downregulation of �-fodrin
increases the levels of p53 accompanying cellular stress. p53, being an important
regulator of the G2/M checkpoint, results in G2/M arrest upon �-fodrin reduction (63).
This evidence advocates for a significant contribution of �-fodrin to cell cycle progres-
sion. Although the indications are strong enough to tell that this homologue is
important at various crucial points of the cell cycle, its importance is also reiterated by
the modulation of ��-subunits during tumorigenesis (discussed below).

Regulation of angiogenesis. Angiogenesis is a bona fide hallmark of cancer.
Invasive tumors possess a precocious ability to undergo neovascularization for a
sustained supply of nutrients and oxygen and the continual evacuation of metabolic
waste and carbon dioxide (64). The inhibition of the transforming growth factor �

(TGF-�)/Smad pathway leads to the attenuation of angiogenesis (65). �-Fodrin, also
termed ELF (embryonic liver fodrin), is an important regulator of angiogenesis. It acts
as an adaptor for Smad3 and Smad4 of the TGF-� signaling pathway. ELF associates
with receptor-induced endogenous Smad3. This complex then associates with Smad4,
resulting in the translocation of the complex into the nucleus (66). �-Fodrin heterozy-
gous null mice (elf�/�) exhibited a higher incidence of hepatocellular carcinoma
associated with increased aberrant endovasculature, a noticeable amplification of
progenitor endothelial cells, and a reduction in endothelial differentiation, followed by
lethality (67). These results further cement the hypothesis that both �-fodrin and
�-fodrin are important regulators of angiogenesis. However, it would be interesting to
understand the upstream and downstream factors of this pathway to better compre-
hend angiogenesis and, consequently, tumor progression.

Organ development during embryogenesis. Evidence justifying the involvement
of fodrin in organ development, especially in vertebrates, has emerged only recently,
largely due to advancements in targeted downregulation techniques. Experiments on
C57BL/6 mice show that heterozygous knockout of the mouse Span2 gene that
expresses mouse �-fodrin (Span2�/�) shows no peculiar phenotype. However, homozy-
gous null mice (Span2�/�) undergo intrauterine death by embryonic day 12.5 (E12.5) to
E16.5 accompanying craniofacial abnormalities, cardiac dilation, abnormal cardiac
shape, incomplete neural tube closure, and thinning of the myocardium. Analysis of
primary fibroblast cultures from E14.5 mice indicates that such cells possess sporadic
lamellipodia with negligible cortical actin (68). This fortifies the belief that the fodrin-
ankyrin-actin network is primal in tissue patterning and vertebrate development.

Like �-fodrin, the homozygous null mutant of �-fodrin is also embryonically lethal.
Such embryos undergo intrauterine death at E16 due to the reduced size of the heart
and compromised neural development. Tissue analysis of these organs revealed re-
duced cardiac muscle differentiation, reduced cardiac vasculature, and abnormal dis-
tributions of tropomyosin and dystrophin. These result in underdeveloped cardiomy-
ocytes with reduced excitability and contractility (69). The cardiac cell-specific depletion
of �-fodrin results in pronounced arrhythmia because of an altered association of
ankyrin with �-fodrin (70). The data collected and analyzed so far delegate a profound
role to fodrin in the context of organ development. However, the inherent pathways
involved in this process are still quite elusive.

Apoptosis. Programmed cell death or apoptosis warrants a regulated life span for
each cell. Numerous data suggest that during the early stages of apoptosis, the
proteolytic cleavage of actin and other actin-associated proteins results in a loss of
adherence in cells. The cleavage of �-fodrin into fragments of 150 kDa and 120 kDa is
associated with apoptosis in A1.1 T-cell hybridoma cells (18). Evidently, tumor necrosis
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factor (TNF) causes the calpain-independent and caspase 3-induced cleavage of
�-fodrin into 150-kDa, 115-kDa, and 110-kDa fragments (71). The apoptosis-
inducing agent staurosporine resulted in the simultaneous degradation of both �-
and �-subunits in SHSY5Y neuroblastoma cells (72). As fodrin acts as a scaffold
tethering several other proteins to keep the cell architecture intact, its proteolytic
degradation could result in cytoskeletal dissolution followed by membrane blebbing
and cell disintegration. It is important to note at this point that the cleavage of �-fodrin
by m and � calpains explicitly occurs in neuronal cells during synaptic transmission and
during platelet cell activation (49, 73). The exact mechanism of discretion between
calpain- and caspase-dependent cleavage in different cells is, however, a matter of
study.

Role in neuronal diseases. Various groups have looked into the status of fodrin in
neuronal disease in adults. West syndrome or early infantile epileptic encephalopathy,
where mutations cluster in spectrin repeats 21 and 22 of �-fodrin, results in the
improper formation of the nodes of Ranvier and the sequestering of voltage-gated
channels in myelinated neurons (74, 75). These events eventually lead to hypomyeli-
nation and neuronal atrophy. Experiments in squid axoplasms and Caenorhabditis
elegans have shown independently that fodrin is crucial for dynein-dynactin-based
retrograde transport, which is important for proper axonal maintenance and homeo-
stasis (76, 77). Cholinergic degeneration in the forebrain is a prominent feature of
Alzheimer’s disease (AD). An impairment of Ca2� homeostasis in mouse models caused
increased calpain-based cleavage of �-fodrin, accumulating large and stable break-
down products at the neurite plaques (78). The derailment of Ca2� homeostasis,
followed by unregulated �-fodrin cleavage, could act as an early marker for the
diagnosis of neurodegenerative disorders.

Role in cancer. Cancer is one of the leading causes of global morbidities. �-Fodrin
has been studied by many groups in a fair number of tumors, but the results are not
coherent (Fig. 3). In certain tumors, it functions as a tumor suppressor, whereas in a few
others, its gene functions as a proto-oncogene (79). Colorectal (80), gastric (81), lung
(82), breast (83), and cutaneous (84) tumors exhibit a supranormal expression of

FIG 3 Schematic representation of the relative expression of �-fodrin in different tumor types. �-Fodrin
functions as a tumor suppressor and the gene functions as a proto-oncogene in different tumors, as
indicated. In some, it also plays a probable role in chemoresistance.
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�-fodrin. As fodrin is crucial for cellular integrity, anchoring the growth receptors at the
cell membrane, and facilitating the epithelial-to-mesenchymal transition, the upregu-
lation of this protein would promote tumor development. Interestingly, the plausible
role of �-fodrin in enabling DNA repair mechanisms and its association with other
cytoskeletal elements make it a good candidate for a tumor suppressor protein. This is
evident in the case of prostate cancer with lung metastasis (85) and in specific cases of
lung (86) and colorectal (87) cancers. This could be because of the augmenting load of
genomic insults in cells in the absence of functional �-fodrin. However, there are a few
tumors, such as ovarian cancer (88), non-Hodgkin lymphoma, and acute lymphoblastic
leukemia (89), where the expression of �-fodrin appears to rise after chemotherapy,
indicating a possible chemoresisting function. The genesis of such a multivalent role of
�-fodrin in tumors still needs to find a basis through intense experimentation and
research.

There is limited evidence for the role of �-fodrin in tumorigenesis. Haploinsufficient
mice (�IISp�/�) spontaneously developed hepatocellular carcinoma (90). These prelim-
inary indications require further research. Nevertheless, it can be safely concluded that
fodrin undergoes changes in its localization pattern and expression level in response to
pathological stresses during cancer. This characteristic could be utilized to serve as a
preliminary marker for neoplasia.

CONCLUSION

A robust cortical cytoskeleton is crucial for the survival of a eukaryotic cell. Both
spectrin and fodrin help achieve this goal in different tissue systems. The canonical
structure of fodrin provides for a flexible yet strong structure, permitting engagement
in a plethora of functions, namely, cell signaling, DNA repair pathways, microtubule
nucleation, cell proliferation, angiogenesis regulation, and apoptotic mechanisms.
Considerable variation from this structure produces spectrin with focused and specific
functionality. However, studies concerning both proteins agree about the indispens-
able nature of these isoforms toward structural support. Interestingly, the diverse
functions of fodrin have only recently come to light. Studies conducted on various
disease models for cancer and neurodegenerative disorders highlight the significance
of this molecule in the regulation of these diseases. Modulating the spatial and
temporal availability of fodrin appears to be a common hallmark of various disease
conditions. The underlying mechanism and its regulation are still the thrust areas of
research. It is expected that through this review that underlines the apparent diversity
of these molecules and the various cellular functions performed by them, the focus will
now shift toward understanding the detailed mechanisms that define the parameters
of this diversity. This will thus help us solve certain key questions regarding the
development of diseases.
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