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Abstract

The internalization of essential nutrients, lipids and
receptors is a crucial process for all eukaryotic cells.
Accordingly, endocytosis is highly conserved across
cell types and species. Once internalized, small cargo-
containing vesicles fuse with early endosomes (also
known as sorting endosomes), where they undergo
segregation to distinct membrane regions and are
sorted and transported on through the endocytic
pathway. Although the mechanisms that regulate this
sorting are still poorly understood, some receptors are
directed to late endosomes and lysosomes for degra-
dation, whereas other receptors are recycled back to
the plasma membrane; either directly or through recy-
cling endosomes. The Rab family of small GTP-binding
proteins plays crucial roles in regulating these traffick-
ing pathways. Rabs cycle from inactive GDP-bound
cytoplasmic proteins to active GTP-bound membrane-
associated proteins, as a consequence of the activity
of multiple specific GTPase-activating proteins (GAPs)
and GTP exchange factors (GEFs). Once bound to GTP,
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Rabs interact with a multitude of effector proteins that
carry out Rab-specific functions. Recent studies have
shown that some of these effectors are also interac-
tion partners for the C-terminal Eps15 homology (EHD)
proteins, which are also intimately involved in endo-
cytic regulation. A particularly interesting example of
common Rab-EHD interaction partners is the MICAL-
like protein, MICAL-L1. MICAL-L1 and its homolog,
MICAL-L2, belong to the larger MICAL family of pro-
teins, and both have been directly implicated in regu-
lating endocytic recycling of cell surface receptors and
junctional proteins, as well as controlling cytoskeletal
rearrangement and neurite outgrowth. In this review,
we summarize the functional roles of MICAL and Rab
proteins, and focus on the significance of their interac-
tions and the implications for endocytic transport.

© 2010 Baishideng. All rights reserved.
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INTRODUCTION

Internalization of extracellular materials, plasma mem-
brane proteins, and lipids is a highly conserved cellular
process. Small molecules, such as ions, amino acids, and

August 26, 2010 | Volume1 | Issue 8 |



sugars can cross the plasma membrane through channels
or with the aid of pumps, whereas macromolecules must
be carried into the cells through endocytosis, a process in
which a small region of the plasma membrane invaginates
and pinches off to form an endocytic vesicle.

Upon internalization, cargo-containing vesicles are
transported to eatly endosomes (EE). Depending on the
ultimate destination, some cargo, such as the epidermal
growth factor receptor (EGFR), is delivered to lysosomes
for degradation. These receptors contain sorting signals
in their cytosolic tails that facilitate recruitment of sort-
ing machinery that directs the receptor to late endosomal
membranes. In turn, the late endosomes (LEs) fuse with
lysosomes that contain proteolytic enzymes that are re-
quired for the degradation of treceptors. In contrast, cargo
that does not immediately undergo degradation is often
recycled back to the plasma membrane, either directly (fast
recycling) or through recycling endosomes (slow recycling).

REGULATION OF ENDOCYTIC
TRAFFICKING PATHWAYS BY RAB
PROTEINS AND THEIR EFFECTORS

Of the many proteins that are involved in the regulation
of the various trafficking pathways, the small Ras-like Rab
protein family plays an especially significant role. Rab-
GTP binding proteins function as molecular switches that
are cither in the GTP-bound “on” form or the GDP-
bound “off”” form'"!. A variety of specific guanine nucleo-
tide exchange factors (GEFs) catalyze the exchange of
GDP with GTP. Upon GTP-binding, Rabs can interact
with a range of specific molecular effectors that include
adaptors, tethering molecules, kinases, phosphatases, and
motor proteins. Rab proteins function in vesicle targeting,
tethering and fusion. Upon vesicular fusion with the target
membrane, Rab-GTPs are then hydrolyzed to Rab-GDP
and recycled to the cytoplasm. GTP to GDP hydrolysis
is facilitated by GTPase-activating proteins (GAPs)",
Although the GDP-bound Rabs are considered inactive,
there are a small number of selective Rab effectors that
also bind to them.

Rab5: a master regulator of trafficking via EEs

Morte than 60 Rab proteins regulate distinct trafficking
pathways in mammalian cells”. One of the best-charac-
terized Rab proteins is Rabb. It localizes to EEs, phago-
somes, caveosomes, and the plasma membrane. Accord-
ingly, it is involved in endocytosis, fusion of clathrin-
coated vesicles, macropinocytosis, and the maturation of
early phagosomes.

Upon activation by its GEF known as Rabex5"",
Rab5 can recruit many of its molecular effectors, such
as RabaptinS[S], phosphatidylinositol-3-kinase (PI3K)",
early endosomal antigen 1 (EEA1)", and Rabenosyn-5".
Rab5 can interact with Rabaptin5, which in turn binds to
Rabex5 and stabilizes GTP-bound Rab5 on EE mem-
branes'". Subsequently, Rab5 can recruit other effectors,
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such as PI3K. Activation of PI3K leads to phosphoryla-
tion of phosphatidylinositol (PI) and its conversion to
phosphatidylinositol 3-phosphate (PI3P) on EE mem-
branes”'”. EEA1 and Rabenosyn-5 are then recruited to
the PI3P-enriched membrane through their FYVE (Fabl,
YOTB, Vacl, and EEAT) zinc finger domains, regions
that specifically bind to PI3P*"" EEAT interacts with
both Syntaxin 13"" and Syntaxin 6", two soluble NSF at-
tachment receptor (SNARE) proteins that regulate vesicu-
lar fusion, and facilitate the fusion of transport vesicles
with recycling endosomes (REs) and the Golgi, respective-
ly. Like EEA1, Rabenosyn-5 mediates transport of EE-
derived vesicles to REs and the Golgim’m. The function
of Rabenosyn-5 depends upon its interaction with human
vacuolar protein sorting 45 (hVps45), a member of the
Secl/Muncl8 protein family that is involved in vesicular
fusion through its interaction with SNARE proteins'™.
Rabenosyn-5 also interacts with EHD3, a member of the
C-terminal Eps15 homology domain (EHD)-containing
protein family that facilitates transport from the EEs"".
Rabenosyn-5 regulates vesicular transport of transferrin
and MHC class I from EEs to the REs through its inter-
action with EHD1, another member of the EHD protein
family. Both EHD1 and Rab11 control the recycling of
receptors from REs back to the plasma membrane!**,

Regulation of LEs and lysosomes by Rab proteins

In yeast, Vps8 is a subunit of the Vps39-Vps8-class C in-
termediate HOPS (homotypic fusion and vacuole protein
sorting) complex that is recruited by Rab5”". Vps39 indi-
rectly activates Rab7 and recruits it to the eatly endosomal
membrane™?’, Subsequently, GTP-bound Rab5 is hydro-
lyzed to GDP-bound Rab5 and released from the eatly
endosomal membrane. EEs thus mature into LEs, which
are then transported to and fuse with lysosomes. An ef-
fector of Rab7, Rab7-interacting lysosomal protein (RILP),
interacts with Rab7 on LEs and lysosomes™. It induces
the recruitment of dynein-dynactin motor complexes to
Rab7-containing LEs and lysosomes®”. These organelles
are transported to the minus end of microtubules by the
motor complexes and are prevented from movement to-
ward the cell periphery.

RILP is not only an effector of Rab7, but also of Rab34
and Rab36”*”", Rab34 is a Golgi-associated Rab protein
that regulates lysosomal positioning through its interac-
tion with RILP", Overexpression of either the wild-type
or the constitutively active mutant of Rab34 results in the
redistribution of clusters of lysosomes to the peri-Golgi
regionm]. A similar phenotype is observed when Rab36,
which shares 56% homology with Rab34, is overexpressed.
Through its interaction with RILP, Rab36 regulates the
spatial distribution of LEs and lysosomes through a similar
mechanism to Rab34"",

Regulation of parallel trafficking routes by Rab proteins
There are at least two different recycling routes that chan-
nel cargo back to the plasma membrane: fast and slow re-
cycling. Transferrin receptor (TfR) is an example of cargo
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that is recycled back to the plasma membrane. Upon sort-
ing from Rab5-containing EE microdomains into Rab4
microdomains, TfR is recycled directly back to the plasma
membrane (fast recycling). In contrast, sorting at the EE
to Rab4/Rab11 microdomains leads to delivery of TfR to
REs before being returned to the plasma membrane (slow
recycling)®™. Accordingly, Rab4 regulates both fast and
slow recycling of TR, An example of a Rab protein
that regulates fast recycling is Rab35"*. Rab35 local-
izes to both endosomes and the plasma membrane and
regulates the fast recycling of MHC class 1 molecules”™,
In addition, Rab35 interacts with Rme-1 (a Caenorhabditis
elegans ortholog of mammalian EHD1), a requirement for
recycling of the KCa2.3 Ca”"-activated K" channels™

In the course of slow recycling, a number of Rabs are
implicated in the transport of vesicles from EEs to REs.
For example, Rab15 co-localizes with Rab4, Rab5, and
Rab11°*", Overexpression of the wild-type and the con-
stitutively active Rab15 mutant leads to a reduction in the
rate of homotypic EE fusion and decreased fluid-phase
and receptor-mediated endocytosis, without affecting the
rate of recycling from EEs"". In contrast, expression of
the constitutively inactive Rab15 stimulates EE homotypic
fusion that differentially affects the rate of internalization
and recycling from EEs"". Rab15 also regulates trafficking
from apical REs to the basolateral plasma membrane in
polarized cells™. Rab15 effector protein (REP15) co-local-
izes with Rab15 and Rab11 on REs, but not with Rab15,
Rab4 or EEA1 on EEs””. Indeed, REP15 regulates recep-
tor recycling from REs to the plasma membrane®”.

Although REP15 does not interact with Rab11, the
two proteins have similar functions; both regulate ve-
sicular trafficking from REs to the plasma membrane.
Rab11 has a number of its own effectors, including Rab11
family-interacting protein 5 (Rab11-FIP5), which mediates
transport from EEs to REs through binding with Kif3B,
a component of the kinesin II motor protein™’. Rab11-
FIP2, another Rab11 effector, facilitates the recycling of
receptors through its interaction with both EHD1 and
EHD3, which serve as a link between the EHDs and
Rab11"". Rab11-FIP2 also functions as an adaptor that
connects Rab11a-positive endocytic recycling vesicles to
myosin Vb*, Moreover, myosin Vb interacts directly with
both Rab11 and Rab8*.

Rab8 mediates secretion from the trans-Golgi network
(TGN) to the plasma membrane in polarized Madin-
Darby canine kidney (MDCK) cells, the recycling of
receptors from REs to the plasma membrane, ciliogen-
esis (along with Rab17 and Rab23), and Glut4 vesicle
translocation to the plasma membrane (along with Rab10
and Rab14)®***|. One of the Rab8 effectors, MICAL-.1
(molecule interacting with Casl-likel), regulates recep-
tor recycling and recruits Rab8 and EHD1 to tubular RE
membranes that emanate from the perinuclear region[%J
MICAL-L1 belongs to the MICAL protein family that
consists of four other members: MICAL-1, MICAL-2,
MICAL-3, and MICAL-L2 (Figure 1). These proteins

regulate vesicular transport and cytoskeleton rearrange-
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Figure 1 Schematic diagram of the MICAL protein family domain architec-
ture. FAD: Flavin-adenine dinucleotide binding domain; CH: Calponin homology
domain; LIM: LIM domain; CC: Coiled-coil; NPF: Asparagine-proline-phenylala-
nine motif.

ment™. In polarized cells, MICAL-1.2, is an effector of
both Rab8 and Rab13, and mediates transport of tight
and adherens junction proteins from the TGN to the
plasma membrane™">”,

MICAL-1 is also a Rabl effector that plays a role in
vesicular trafficking between the endoplasmic reticulum
(ER) and Golgim’w’m'“]. However, unlike other Rab1 ef-
fectors (such as the Golgi-membrane associated GM130),
MICAL-1 generally displays a predominantly cytosolic
localization™".

THE MICAL PROTEIN FAMILY

MICALSs are large multi-domain proteins that are ex-
pressed in specific neuronal and non-neuronal tissues
both during development and in adulthood® . Much
information on the function of MICAL proteins comes
from studies of Drosophila melanogaster, which contains a
single MICAL ortholog known as D-MICAL. MICAL
proteins are also Rab effectors for various Rab proteins[()5J
This suggests a complex regulatory role for MICAL pro-
teins in endocytic trafficking. Since MICAL proteins are
comprised of multiple functional domains, in this review,
we define the various domains of the MICAL family
members and describe their functional significance.

DOMAINS OF MICAL FAMILY MEMBERS

MICAL family members all contain calponin homology
(CH), LIM and coiled-coil (CC) domains, which share
a high level of homology between the family members.
These domains are all known for their involvement in pro-
tein-protein interactions. CH and LIM domain-containing
proteins have been implicated in signal transduction and
cytoskeletal organization. MICAL-1, MICAL-2 and MI-
CAL-3 have an FAD (flavin adenine dinucleotide binding
mono-oxygenase domain) domain at their N-terminal re-

glon, which is absent in the MICAL-like proteins.

CH domains

In MICAL-like proteins, the CH domain is localized near
the N terminus, whereas in MICAL proteins, this domain
is localized very close to the FAD domain (Figure 1). The
CH domain is a structurally conserved 100-110-residue do-
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main that is mainly found in actin-binding proteins such as
calponin, Cdc42, and actinin®”. MICAL family members
have been classified as having type-2 CH domains, similar
to those found in proteins such as smoothelin and mi-
crotubule-associated RP/EBs (end binding proteins) .
Although type-2 CH domains cannot interact directly with
F-actin, they can abet the F-actin binding activity of type-1
CH domains®. Type-2 CH domains also possess the abil-
ity to interact with phosphatidylinositol-(4,5)-bisphosphate
(PIP2) and certain cytoskeletal proteins. Based on their
nuclear magnetic resonance structures, the MICAL-1 and
MICAL-3 CH domains are highly conserved with other
known CH domains”. The MICAL-1 CH domain is com-
prised of six a, helices and one 310 helix (a type of helical
structure with three residues per turn). Folding dynamics
studies have indicated that the MICAL-1 CH domain is
comprised of four distinct cooperative unfolding units
with a hydrophobic core™. The conserved hydrophobic
character indicates that the three-dimensional structure of
the MICAL-1 CH domain is maintained by hydrophobic
interactions.

LIM domains

In MICAL family proteins, CH domains are followed by
LIM domains. However, the distance between the CH
and LIM domain varies between the family members,
with MICAL-2 having the largest gap between the two
domains”". The LIM domain has been described as a
cytoskeletal interaction element that is also capable of in-
teracting with different types of motifs/ domains™. This
domain was identified and named after the three LIM-
domain-containing homeo-domain proteins Linl-1, Isl-1
and Mec3. LIM domains contain two zinc finger motifs
that are separated by two amino acids. Each zinc finger
domain consists of a cluster of eight cysteine and histi-
dine residues at conserved locations. Some LIM-domain-
containing proteins are localized in the nucleus and play a
role in the regulation of gene expression, whereas others
are localized in the cytoplasm and regulate cytoskeletal
organization. LIM-domain-containing proteins have been
classified into four groups, based on the arrangement
of their LIM domains and the overall structure of the
proteins. The first group, which generally localizes to the
nucleus and serves as transcription factors, consists of the
N-terminal tandem LIM-domain-containing proteins. The
second group, which localizes both to the nucleus and to
the cytoplasm, includes proteins that consist primarily of
multiple LIM domains. The third group consists of the
C-terminal LIM domain proteins, which also contain vari-
ous other protein-protein interaction motifs. The MICAL
family and the LIM kinase family of proteins, belong to
the fourth group, known as the mono-oxygenase or kinase
catalytic motif groupmm.

FAD domains

The FAD domain comprises two subdomains: the FAD-
binding subdomain and the mono-oxygenase subdomain.
It is a catalytic domain that is localized to the N terminus
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of MICAL-1, MICAL-2 and MICAL-3. However, this
domain is absent in the MICAL-like proteins. The FAD
domain contains an FAD permanently bound in the in-
terface between the mono-oxygenase and FAD-binding
subdomains, with its catalytic activity dependent on
NADPH"™"™. MICAL-1 FAD domain structure resembles
that of a flavo-enzyme, p-hydroxybenzoate hydroxy-
lase™™. In the presence of NADPH and oxygen, the
MICAL-1 FAD domain uses the reducing equivalent of
NADPH to produce H202. Recently, it has been demon-
strated that the FAD domain of D-MICAL (D. melanogaster
MICAL) binds filamentous actin 7 vitro and is required for
actin filament destabilization i »ivd””. In addition, the cata-
Iytic activity of the FAD domain is required for MICAL

. . . 64
proteins to act as neuromuscular junction regu.lators[) A

Additional MICAL domains

Another protein-protein interaction domain that is local-
ized to the C terminus of some MICAL family proteins
is the CC domain, also known as an ezrin/radixin/moe-
sin o-like motif. One of the hallmarks of some MICAL
family proteins is that they localize to a striking array of
tubular membranes™™*¥ that participate in the recycling
of surface receptorsm. Indeed, a recent study has dem-
onstrated that the CC domain is required for the associa-
tion of MICAL-L1 to tubular membranes™, MICAIL-I.1
recruits both EHD1 and Rab8a to tubular structures and
these tubular membrane associations are required for effi-
cient recycling of receptors such as transferrin and B1 in-
tegrinsm] (Figures 2 and 3A). Mutations within the CC do-
main affect its ability to associate with tubular membranes,
thus affecting MICAL-L1 function™. Based on a recent
proteomic study that has demonstrated the interaction
of various Rab proteins with MICAL family members, it
has been postulated that CC domains are required for the
binding of MICAL proteins to Rabs'®. In contrast, how-
ever, Rab13 interacts with the region of MICAL-L2 that
is adjacent to its CC domain”

MICAL-1 has a proline-rich ‘PPKPP’ motif that inter-
acts with the src homology 3 (SH3) domain of CasL 7 a
multi-domain docking protein localized at focal adhesions
and stress fibers.

FUNCTIONAL ROLES OF MICAL-1, 2
AND 3

Initial studies have identified MICAL-1 as an interaction
partner of CasL [a member of the p130™ (Cas) family]
and vimentin (an intermediate filament interacting pro-
tein)*". Hence, the name MICAL is an abbreviation of
either molecules interacting with CasL. or microtubule
associated CH and LIM domain containing proteins. It is
of interest that nocodazole-induced loss of microtubules
causes a change in the localization of MICAL-1 and MI-
CAL-3 and their absence from tubular membranes™.
MICAL-1, MICAL-2 and MICAL-3 are expressed
both during development and in adulthood in various tis-
sues such as lung, heart, brain and thymusm. In particular,
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Figure 2 Endogenous MICAL-L1 localized to tubular recycling endosomes.
A and B: Hela cells were grown on coverslips, fixed with 4% paraformal-
dehyde in PBS, immunostained with anti-MICAL-L1 antibody, followed by
568-conjugated goat anti-mouse antibody. A: MICAL-L1; B: MICAL-L1 (inset).
Bar, 10 um.

however, MICAL proteins have been best characterized
in neuronal systems. Their protein expression levels are
elevated in oligodendrocytes and in meningeal fibroblasts,
at the sites of spinal cord injury, and also in muscular tis-
sues. In mammals, various splice variants exist for each
MICAL protein. MICAL-2 isoforms (MICAL-2-PVa and
MICAL-2-PVb) are highly expressed in the progression
of prostate cancer. Given the high Gleason score for MI-
CAL-2, indicating that cancer cells are more proliferative
and become more invasive when expressed, this suggests
MICAL-2 involvement and its potential use as a marker
and/or target for prostate cancer!”

MICALs and axonal guidance in Drosophila

It has been demonstrated that the D. melanogaster ortholog,
D-MICAL, has a functional role in neuronal develop-
ment™, This involves the interpretation of a myriad of
guidance cues present within the neuronal environment
by the neuron to reach its target. Semaphorins are one
of the largest families of guidance cues known for axon
path finding, fasciculation, branching, and neuronal cell
migrationm. Semaphorin signaling is enabled through its
interaction with plexin proteins, an event that initiates vari-
ous cellular changes, including rapid growth cone collapse,
which is accompanied by the depolymerization of F-actin
and a decreased ability to polymerize. The mechanism of
plexin-mediated effects was unclear until the identifica-
tion of D-MICAL as a plexin-A-interacting protein and
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Figure 3 MICAL-L1 and MICAL-L2 regulate endocytic recycling. A: MICAL-L1
recruits Eps15 homology domain 1 (EHD1) and Rab8A to endocytic membranes
and regulates recycling of transferrin and 1 integrin receptors; B: MICAL-L2/
Rab13 interactions control transport of claudin-1 and occludin to the plasma
membrane, whereas MICAL-L2/Rab8 complexes regulate recycling of E-cadherin.
EE/SE: Early endosome/sorting endosome; RE: Recycling endosome; AEE: Api-
cal early endosome; CRE: Common recycling endosome; ARE: Apical recycling
endosome.

a mediator of semaphorin 1-plexin A signaling[48]. The
D-MICAL-plexin A interaction and D-MICAL mono-
oxygenase activity are required for semaphorin-1-induced
motor axon repulsion in neuronal development. Muta-
tions in the D-MICAL mono-oxygenase domain lead to
abnormally structured neuromuscular junctions[sﬂ. Recent
studies have shown that D-MICAL is a crucial regulator
of F-actin instability that is sufficient to reorganize F-actin
networks both # vive and in vitrd™. D-MICAL is both nec-
essary and sufficient for semaphorin-plexin mediated actin
filament dynamics. In other words, D-MICAL acts as an
F-actin disassembly factor, which provides spatiotemporal
cell morphological changes in response to semaphorins,
thereby regulating neuronal growth. It has also been es-
tablished that D-MICAL acts as a cytoskeletal regulator of

. . . . 641
myofilament organization and neuromuscular junctions'”.
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Mutations within the MICAL proteins show high penetra-
tion defects in the patterning and arrangements of synap-
tic structures. Moreover, Sox14, a transcription factor that
1s sufficient to induce dendrite severing, functions by regu-
lating the expression level of its target gene, D-MICAL™,

The ability of D-MICAL to destabilize both individual
and bundled actin filaments is dependent on its FAD and
CH domains, which are highly homologous to the mam-
malian orthologs™. Like D-MICAL, both MICAL-1 and
MICAL-2 bind to the cytoplasmic region of plexin A via
their C terminus that contains the CC domain™.

Collapsin response mediators and MICALs

Another family of proteins implicated in plexin-mediated
signaling is the collapsin response mediator protein (CRMP)
family. CRMP1 and MICAL-1 physically associate, which
is induced upon semaphorin signaling. In addition to its
role as an upstream MICAL activator, CRMP functions
downstream of MICAL, which inhibits the activity of the
MICAL FAD domain™. Plexin/CRMP/MICAL interac-
tions transduce semaphorin signaling into axon guidance.
The expression pattern of MICAL-1, MICAL-2 and MI-
CAL-3 in embryonic, postnatal and adult neurons'™ rein-
forces the notion that these proteins play significant roles
in neuronal development and plasticity.

THE ROLE OF MICAL-L1 IN ENDOCYTIC

RECYCLING

MICAL-L1 contains a single CH domain at its N ter-
minus, followed by a LIM domain, and two asparagine-
proline-phenylalanine (NPF) motifs at residues 425-427
and 633-635". The first of these two NPF motifs, which
is followed by a cluster of acidic residues”™ ™, is responsi-
ble for its interaction with the EH domain of EHD1"**"!
It has been demonstrated that EHD1 plays a key role in
receptor recycling and localizes to vesicular and tubular
membranes that emanate from RE!"*"*%**1 MICAL-LL1
and the endocytic regulatory protein EHD1 are highly
co-localized on these tubular membranes in Hel.a cells
and directly interact'*”. Moreover, upon MICAL-L1
depletion, there is both a significant delay in receptor re-
cycling, and the loss of EHDI1 localized to these tubular
membranes*”. This suggests that the interaction between
the two proteins is required for sustained localization of
EHD1 to membrane tubules, and consequently, the regu-
lation of receptor recycling,

MICAL-L1 as a linker between EHD1 and Rab8a

Although EHDT1 and Rab8a co-localize to the same tubu-
lar membranes™”, they do not interact directly. Therefore,
the interaction between MICAL-L1 and EHD1 provides
an explanation for how Rab8a, which also plays a key
role in the recycling of internalized receptors, associates
with EHD1. The interaction of MICAL-L1 with GTP-
bound Rab8a facilitates bridging of an indirect interaction
between Rab8a and EHD1™. MICAL-1L1 is considered

an effector of Rab8a, therefore, it is surprising that Rab8a
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is dispensable for MICAL-L1 localization to the tubular
membranes™. Moteover, depletion of MICAL-L1 causes
dissociation of Rab8a from the tubular membranes, which
suggests the function of MICAL-L1 as an unusual effec-
tor of Rab8a, because it recruits Rab8a to EHD1-contain-
ing tubular REs".

Recruitment of MICAL-L1 to tubular membranes

How is MICAL-L1 recruited to the tubular membranes?
MICAL-L1 might be capable of interacting directly with
phosphoinositides, which is common to some Rab ef-
fectors, such as Rabenosyn-5 and EEA1. Both of these
Rab5 effectors are able to bind directly to PI3P through
their FYVE domains™'""”. Two sites within the CC re-
gions of MICAL-L1 are necessary for association with
membranes™”. The first site, which contains a hydropho-
bic stretch of amino acids, can allow membrane binding
and/or insertion, whereas the second site, which contains
positively charged residues, mighty allow its interaction
with phosphoinositides.

THE ROLE OF MICAL-L2 IN ASSEMBLY
AND RECYCLING OF TIGHT JUNCTIONS
AND ADHERENS JUNCTIONS

Regulation of occludin

MICAL-L2, which shares only 30% of homology with
MICAL-L1, also regulates endocytic recycling. A recent
study has shown that it controls the recycling of occlu-
din®**" "an integral plasma membrane protein that
is located specifically at tight junctions (Figure 3B). Un-
like MICAL-L1, however, MICAL-L2 does not mediate
recycling of TfR™. MICAL-L2, an effector of Rab13,
interacts with Rab13 through its C-terminal regionISO‘SG’Sg].
Rab13 regulates the recruitment of junctional complexes
that include tight junctions and adherens junctions from a
cytosolic pool after cell-cell contact formation®”. This Rab
protein localizes to perinuclear membrane structures, ve-
sicular structures in the cytosol, and the plasma membrane
in addition to tight junctions””
stitutively active Rab13 mutant as well as the N-terminal
region of MICAL-L2, which contains both the CH and
LIM domains, inhibits recycling of occludin, but not its
internalization from the plasma membrane®™. Rab13 is
not essential for MICAL-L2 localization to tight junctions,
because even upon deletion of the C-terminal region that
binds to Rab13, MICAL-L2 still localizes to the plasma

59
membrane™,

. Overexpression of a con-

Regulation of claudin and E-cadherin

MICAL-L2 is also requited for recycling of claudin-1%",
a member of the claudin protein family that serves as an
important component of tight junctions. Moreover, MI-
CAIL-1.2 regulates the recycling of E-cadherin®™, a type-1
transmembrane protein involved in cell adhesion. The
expression of the C-terminal region of MICAL-L2 inhib-
its the transport of claudin-1, occludin, and E-cadherin
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to the plasma membrane”™. However, Rab13 only regu-
lates the transport of claudin-1 and occludin to the plasma
membrane, but not E-cadherin (Figure 3B). Indeed, Rab8a
has been identified as a MICAL-L.2 interaction partner that
is responsible for transport of E-cadherin to the plasma
membrane (Figure 3B).

Interactions of MICAL-L2 with Rab8 and Rab13

One question is how the interaction between MICAL-L.2
and both Rab8 and Rab13 is regulated? Although the
subcellular distributions of Rab8, Rab13 and MICAIL-1.2
overlap at the perinuclear region and the plasma mem-
brane, the Rab8/MICAL-L2 interaction is primarily
detected at the perinuclear region, whereas the Rab13/
MICAL-L2 interaction is preferentially observed at the
plasma membrane®™. Furthermore, the interaction be-
tween Rab8 and MICAL-L2 is crucial for E-cadherin
recycling™. In contrast, the Rab13/MICAL-L2 com-
plex is required for recycling of occludin®™. Therefore,
Rab8/MICAL-L2 and Rab13/MICAL-L2 complexes are
regulated by their interactions with the corresponding
junctional proteins, and possibly by other proteins that

regulate their primary localization™.

ROLE OF MICAL-L2 IN THE REGULATION
OF ACTIN REMODELING AND EPITHELIAL
CELL SCATTERING

Both Rab8 and Rab13 compete for their interactions with
MICAL-L2, therefore a crucial question is what controls
how these complexes are formed or stabilized? One pos-
sibility is related to actinin-4. Actinin-4 is a member of
the actinin protein family that contains two CH domains
that are needed for binding to F-actin, four spectrin-like
repeats, and two EF-hand (EFh) motifs. Actinin-4 func-
tions as an actin crosslinking protein and anchors integral
membrane proteins or scaffolding proteins to the actin
cytoskeleton. In MTD-1A cells, not only do actinin-4 and
MICAL-L2 co-localize at cell-cell junctions, but they also
exist in a complexm. Their direct interaction is mediated
through an uncharacterized domain of MICAL-L2 that is
located between the ILIM domain and the CC domain, and
the C-terminal domain of actinin-4 that contains two EFh
motifs®. Actinin-4 links MICAL-L2 to the actin cyto-
skeleton through its interaction with F-actin®™. Actinin-4
recruits MICAL-L2 and consequently, occludin to cell-cell
junctions, and its depletion leads to impaired recruitment
of occludin to tight junctionslw. Actinin-4 also recruits
MICAL-L2 from the cytosol to cell-cell junctions during
epithelial cell polarization®™

The maintenance of adherens junctions is required
for epithelial cell-cell adhesion. Therefore, endocytosis of
integral adherens junction proteins, such as E-cadherin,
coupled with actin cytoskeleton remodeling is needed to
decrease cell-cell adhesion. Consequently, cell motility is
regulated by actin cytoskeleton rearrangement and endo-
cytic recycling of plasma membrane proteins, such as inte-

144

&?s:iﬁm"* WIJBC | www.wjgnet.com

260

grins and integral adherens junction proteins, which leads
to membrane protrusion and adhesion to the extracellular
matrix. Rab13 is transiently activated during the scattering
of polarized MDCK cells in response to12-O -tetradec-
anoylphorbol—l3—acetate[ﬁm. This activation leads to redis-
tribution of Rab13 and MICAL-L2, along with remodel-
ing of the actin cytoskeleton from cell-cell contacts to the
lamellipodia at the leading edgem. Although the mecha-
nisms for the involvement of Rab13 and MICAL-L.2 in
epithelial cell scattering are still unknown, it is possible
that these proteins regulate the remodeling of the actin
cytoskeleton, which in turn induces epithelial cell scatter-
ing™!. Another possibility is that Rab13 and MICAT-1.2
regulate endocytic recycling of as-yet-unidentified mol-
ecules that are needed for epithelial cell scattering[ﬁm.

THE ROLE OF MICAL-L2 IN NEURITE

OUTGROWTH

In neuronal cells, such as PC12, the Rab13/MICAL-L2
interaction is required for neurite outgrowthm. Neurite
outgrowth is a process in which neuronal cells become
polarized and synaptic contacts are generated through
elongation of the axon and dendrites during develop-
ment, and it is crucial for neuronal differentiation and
regeneration. Overexpression of Rab13 induces neurite
outgrowth, whereas knock-down of Rab13 exhibits a sig-
nificant reduction in neurite outgrowth in PC12 cells”.
In addition, overexpression of MICAL-L2 inhibits neurite
outgrowth, but this effect can be rescued by overexpres-
sion of the constitutively active Rab13 mutant’”. This
phenomenon can be explained by the “open” and “closed”
conformational changes of MICAL-L2 that are induced
by its interaction with Rab13". Binding of Rab13 to the
C-terminal end of MICAL-L2 is required for the removal
of MICAL-L2 auto-inhibition by an intramolecular in-
teraction between the MICAL-I.2 CH and LLIM domains
and its CC regionm. Since the mechanism of neurite
outgrowth involves cytoskeletal rearrangement, the in-
teraction between MICAL-L2 and actinin-4 (enhanced
by the expression of the GTP-bound Rab13) provides
an explanation of the molecular cascade that leads to the
accumulation of molecules involved in actin dynamics at
the tips of neurites: the complex of MICAL-L.2/actinin-4
is induced and transported by Rab13 to the neurite tips,
which leads to the formation of fingerlike filopodia that
are important for neurite outgrowthm.

FUTURE DIRECTIONS

Interactions between Rabs and MICAL proteins

Through a large-scale yeast two-hybrid screening of MI-
CAL-1, MICAL-L1, MICAL-L2, and the C-terminal
region of MICAL-3, it has been demonstrated that these
MICAL proteins are capable of binding to Rab8a, Rab8b,
Rab10, Rab13, and Rab15. In addition, MICAL-1 and
MICAL-L1 interact with Rab35 and Rab36, whereas the
C-terminal region of MICAL-3 binds to Rab35. How-
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ever, unlike the MICAL-like proteins, MICAL-1 and the
C-terminal region of MICAL-3 interact with Rabla and
Rab1b via the MICAL protein CC domains. Furthermore,
as discussed eatlier, the C-terminal region of MICAL-L.2
is required for its interaction with Rab13. Indeed, the CC
regions of MICAL-1, MICAL-3 and the MICAL-like
proteins are highly conserved. Therefore, it is likely that
the interactions between MICAL proteins and the Rab
protein family are mediated through their CC domains.

The CC region of MICAIL-L2 is required for its inter-
action with Rab8a or Rab13; the latter being crucial for
the recycling of E-cadherin or junctional proteins, respec-
tively, in polarized cells™7 " However, the functional
significance of MICAIL-L2 in non-polarized cells remains
unknown. On the other hand, MICAL-L1 is important in
controlling recycling of cell surface receptors, such as TfR
and B1 integrin receptors in non-polarized cells*. How-
evet, a crucial line of research will be to determine the
role of MICAL-L1 in polarized cells. In addition, it has
been shown that MICAL-L1 interacts with Rab13 through
the yeast two-hybrid assays, but it is still unknown whether
the two proteins interact iz vivo, and what the significance
of their interaction might be.

Similarly, potential MICAL interactions with Rab10
and Rab15 7 vivo have yet to be explored. Rab10, which
1s involved in secretory transport from the Golgi to the
plasma membrane and Glut4 translocation to the plasma
membrane along with Rab8, might require MICAL inter-
actions for its activity. The interaction between Rab15 and
the MICAL protein family might mediate Rab15 function
in regulating transport of vesicles between EEs and REs.

MICAL-L1 as a putative Rab35 effector protein
MICAL-L1 is a strong candidate effector for Rab35. Both
proteins facilitate the transport of receptors from REs to
the plasma membrane. Like MICAL-L1, Rab35 is localized
to intracellular endosomal structures and localizes to the
plasma membrane and cytoplasm™. The putative interac-
tion between MICAL-L1 and Rab35 might link the latter
to Rab8 and Rab11, which are required for endocytic recy-
cling. If MICAL-L1 also serves as an effector of Rab35, it
would be important to determine whether Rab35 recruits
MICAIL-IL1 to intracellular REs, or whether MICAL-L1 is
needed for Rab35 localization to these structures.

MICALs as scaffolds for concentrating cytoskeletal
elements at neurite tips

As stated earlier, Rab13 is required to recruit MICAL-L2
and actinin-4 to the neurite tips in neuronal cells"™. Al-
though it remains unknown whether MICAL-L1 can
interact with actin or microtubule binding proteins, in-
teractions between MICAL-L1 and Rab proteins might
be required for cytoskeletal rearrangement at the neurite
tips and thus, neurite outgrowth. Through a different
mechanism, mammalian MICAL-1, MICAL-2 and MI-
CAL-3, which contain FAD and CH domains, might also
be involved in actin rearrangement and subsequently con-
trol neurite outgrowth. Both FAD and CH domains of
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D-MICAL are required for redox activity that alters actin
filament (F-actin) dynamics, as the homozygous mutant
adult flies (MicalJ ) have abnormally shaped bristle cells™,
Therefore, it is hypothesized that mammalian MICAL-1,
MICAL-2 or MICAL-3 carries out redox activity that
leads to F-actin rearrangement and neurite outgrowth.
Opverall, the interactions between MICAL and Rab pro-
teins may be crucial for F-actin rearrangement to occur at
the tip of the neuronal cells.

Phosphorylation of MICAL proteins

Through several mass spectrometry experiments, it has
been discovered that MICAL proteins are phosphorylated
at multiple sites. MICAL-1 undergoes phosphorylation
on Y483 (located between the FAD and CH domains)
and S818 (before the CC domain) (www.phosphosite.org),
whereas MICAL-2 is phosphorylated on Y653 (between
the LIM and CH domains) in some non-small lung cancer
cell lines and tumors””. Phosphorylation of MICAL-3 on
residues S649 and T684 is linked to mitosis™.

MICAL phosphorylation and potential requlation of the
cell cycle

MICAL-L1 phosphorylation: Human MICAL-L1 is phos-
phorylated on many of its serine and threonine residues lo-
calized between the LIM and the CC domains. Phosphot-
ylation of these residues is required for differentiation
of human embryonic stem cells, chemotaxis, and mito-
sis™"™. For example, phosphorylated residues S295, S391,
T547, and S578 of MICAL-L1 specifically interact with
the Polo-box domain (PBD) of Polo-like kinase 1 (Plk1)
during mitosis' ™. PBD is a specialized phosphoserine-
threonine binding domain that is postulated to target Plk1
to its substrate during mitosis and cytokinesis. MICAL-L1
contains several S[ST|P and [ED]X[ST|[FLIYWVM] mo-
tifs that are required for recognition and phosphorylation
by Plk1, respectively. In addition, residues T469, S470, and
S619 of MICAL-L1 are phosphorylated by cyclin-depen-
dent kinase 2, which regulates cell cycle progressionlmj.

MICAL-L2 phosphorylation: Human MICAL-L2 is also
phosphorylated at many of its serine and tyrosine residues.
For example, amino acid Y59 of MICAL-L2, which is
located within the CH domain, is phosphorylated by an
unidentified tyrosine kinase that might be implicated in
the development of lung cancer””. Residue $143, which is
located between the CH and LLIM domains of MICAL-1.2,
is involved in the eatly differentiation of human embryonic
stem cells”™. Phosphorylated serine residues 494, 504, 649,
658 and 660 of MICAIL-1.2, which ate located between the
LIM domain and CC region, play key roles in mitosis””.
Similar to MICAL-LL1, MICAL-L.2 also contains motifs
that are required for recognition and phosphorylation by
Plk1"™.

Many of their phosphorylated residues are required
for mitosis, therefore, the MICAL family of proteins
might play key roles in cell division. However, many ques-
tions still need to be answered, such as which kinases are
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involved in the phosphorylation? How do they target MI-
CAL proteins? What are the consequences of these phos-
phorylation events? At which steps of mitosis are the MI-
CAL proteins involved? At present, it is possible only to
speculate that phosphorylation of MICAL-L1 is required
for its interaction with Rab35, and that this interaction
regulates trafficking of proteins that are crucial for mito-
sis and subsequently, cytokinesis. Support for this notion
comes from studies that have demonstrated that Rab35
regulates cytokinesis, possibly by controlling trafficking of
phosphatidylinositol-4-phosphate 5 kinase to the cleav-
age furrow to generate PIP2 on the plasma membrane of
daughter cells”*"™,

In conclusion, despite recent advances, the MICAL
family of proteins remains poorly understood. Some of
its members function as molecular effectors of the Rab
proteins that regulate vesicular targeting and fusion. There-
fore, the MICAL protein family plays important roles in
vesicular trafficking, The interactions between MICAL-L1,
EHD1 and Rab8 are required for the recycling of TfR and
B1 integrin receptors. In contrast, the C-terminal domain
of MICAL-L2 is critical for its interaction with either Rab8
or Rab13, an association that is necessary for regulating the
recycling of junctional proteins. In addition, MICAL-1.2/
actinin-4 complexes are transported by Rab13 to the
neurite tips to regulate actin dynamics and subsequently,
neurite outgrowth. Although the C-terminal regions of
MICAL-1 and MICAL-3 (which are required for their in-
teractions with certain Rab proteins) share a high degree of
homology with the MICAL-like proteins, the putative roles
for MICAL-1 and MICAL-3 in vesicular transport remain
unknown. However, MICAL-1, MICAL-2 and MICAL-3
might control actin dynamics via a mechanism that differs
from that of MICAL-L2; through redox reactions by their
FAD and CH domains, as demonstrated for D-MICAL.
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