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Abstract

Intermediate filaments have long been considered mechanical components of the cell that provide
resistance to deformation stress. Practical experimental problems, including insolubility, lack of good
pharmacological antagonists, and the paucity of powerful genetic models, have handicapped the
research of other functions. In single-layered epithelial cells, keratin intermediate filaments are
cortical, either apically polarized or apico-lateral. This review analyzes phenotypes of genetic
manipulations of simple epithelial cell keratins in mice and C. elegans that strongly suggest a role
of keratins in apico-basal polarization and membrane traffic. Published evidence that intermediate
filaments can act as scaffolds for proteins involved in membrane traffic and signaling is also
discussed. Such a scaffolding function would generate a highly polarized compartment within the
cytoplasm of simple epithelial cells. While in most cases mechanistic explanations for the keratin-
null or overexpression phenotypes are still missing, it is hoped investigators will be encouraged to
study these as yet poorly understood functions of intermediate filaments.

Introduction

Polarity (asymmetry) is an ubiquitous property of eukaryotic cells. In particular, simple (single-
layered) epithelial cells are polarized in apical (luminal) and basolateral domains. This polarity
is essential for life in metazoans, as it enables absorption and secretion from or to the external
(luminal) compartment. These properties permit the homeostasis of the internal millieu and
are well exemplified in the functions of the gut, liver, kidney, genital organs, and exocrine
glands. The mechanisms underlying the acquisition and maintenance of epithelial polarity have
been extensively reviewed [1,2,3], and include membrane traffic and sorting, especially at the
trans-Golgi network and specialized endosomal compartments, transport and fusion of
vesicles, and a system of polarized signaling molecules that include, among others, aPKC-
PAR3-PAR6 and PAR1-Lgl [3]. Central to the ability of cells to become polarized is the
cytoskeleton. The cytoskeleton comprises three major groups of filamentous structures:
microtubules, actin filaments, and intermediate filaments (IFs). It is widely recognized that
cellular asymmetries are, in some way, based on at least one type of cytoskeletal structure. In
fact, polarity may be sustained by different components of the cytoskeleton. For example,
asymmetry is based mostly on F-actin in budding yeast [4] while organized by microtubules
in fission yeast [5]. One can envision the contributions of each part of the cytoskeleton to cell
polarity in two possible ways. First, if the cytoskeletal component is polarized itself, it can
serve as an asymmetric scaffold for other cytoskeletal elements, membrane proteins or
components, or signaling cascades. Second, if a cytoskeletal component sustains molecular
motors and vectorial movements, it can carry vesicles, cytosolic components, or other
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cytoskeletal structures to either the apical or basolateral domains of the plasma membrane. The
latter is a well known function of microtubules and actin filaments and has been reviewed
before [6,7]. Intermediate filaments, on the other hand, do not sustain known molecular motors,
and, conceivably, can only contribute to the polarization process by creating polarized
scaffolds. While the role of microtubules and actin microfilaments in epithelial polarity has
been long and widely recognized, little attention has been paid to the function of intermediate
filaments in the generation of polarity and their participation in secretion. This review is
intended to summarize current published evidence that indicates that intermediate filaments
are an essential part of the complex machinery that generates and maintains epithelial
asymmetry, albeit their roles are different from those of their more popular tubulin and actin
counterparts.

Polarized subcellular distribution of cytoskeletal components in simple

epithelia

1. Actin and tubulin

Like in other non-muscle cells, F-actin is strictly cortical (submembrane) in simple epithelia.
Because it makes up the core of the apical microvilli, it is concentrated in the apical domain,
but a uniform thin layer of F-actin also decorates the inner surface of the basolateral membrane
[8] (Fig. 1A, arrowheads). While actin is not polarized, the organization of actin
microfilaments, on the other hand, shows examples of striking polarization. Specifically, the
actin cores of microvilli are uniquely apical. This is a consequence of highly polarized actin-
bundling proteins such as villin, fimbrin and espin [9]. Likewise, other actin-binding proteins
such as ezrin [10] and spectrin (fodrin) [11] also form very polarized scaffolds, attaching actin
filaments to the membrane. The mechanisms involved in the polarized recruitment of these
cytosolic proteins to a specific subdomain of the cortical F-actin network are poorly undestood.
It has been proposed that interactions with polarized membrane proteins are responsible for
the organization of these actin-based scaffolds [10]. In that case, their polarization should be
considered a consequence rather than a determinant of membrane polarity. On the other hand,
it has been shown that for some membrane proteins such as the apical anion transporter CFTR
[12] and the basolateral ammonium transporter RhBG [13], these actin-based scaffolds
represent true anchors that stabilize and enhance polarization.

Microtubules (MTs) are asymmetric structures with a plus- and a minus-end [14]. The
subcellular distribution of microtubules in simple epithelia is completely different from that
of actin. MTs are distributed throughout the cytoplasm in a parallel array, with the minus-ends
at the submembrane apical region [15,16] (Fig. 1B). The position of the plus-ends varies in
different tissues. In the intestinal epithelium MTs end above the nucleus (Fig. 1B), while in
kidney epithelia MTs circumvent the nucleus and the plus-ends are close to the basal aspect of
the plasma membrane [17]. In kidney epithelia, a thin, cortical network of MTs is observed at
the basolateral domain. These MTs, unlike the bulk of the apically-oriented MTs have both
their plus and minus ends attached to the basolateral membrane [18]. In both cases, plus-end
tethering molecules such as APC play an important role in polarizing the plus-ends to the
basolateral domain [19]. MTs are generally thought to represent the “tracks” that polarized
traffic uses to vectorially move to each one of the plasma membrane domains [20]. Because
MT-based molecular motors move in specific directions respect to the polarity of the MT
[21], the polarized positioning of plus- and minus-ends of MTs is of paramount importance in
polarized membrane traffic. A role of IFs organizing the position of minus-ends of MTs will
be discussed in the second part of this review.
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2. Location, location, location: Apical distribution of intermediate filaments in simple

epithelia

Almost 30 years ago, Franke and coworkers first recognized the apical distribution of IFs in
the intestinal epithelium [22]. A thick layer of IFs lies immediately below and within the
terminal web, at the rootlets of the microvilli [23]. Only thin, isolated bundles of IFs extend
along the apical-most half of the lateral domain (Fig. 1C, arrowheads), where they connect
with desmosomes [24]. Similar subcellular distributions have been shown in tissue culture cell
lines including Madin Darby Canine Kidney cells [25], MCF-10A (human mammary) and
CACO-2 (human colon carcinoma) cells [26] as well as in intestine, kidney, uterus, and vas
deferens in vivo [27,28,29,30,31]. In some cases, “cytoplasmic” (e.g. localized 1 um or more
away from the plasma membrane) IFs are observed in simple epithelia, for example in pacreatic
acini [32] and in hepatocytes [33]. On the other hand, we have failed to observe “cytoplasmic”
keratin IFs in enterocytes [34] (see also Fig. 1C), kidney epithelia [17], CACO-2 (human
intestinal) and MCF-10A (human mammary) cells in tissue culture [26]. The apical localization
of keratin (K) IFs (see [35] for current K nomenclature) in simple epithelial cells seems to be
conserved in evolution, because it is also observed in the gut of Caenorhabditis elegans [36].
It must be emphasized that the subcellular distribution of IFs in simple epithelial cells is very
different from that of keratin IFs in non-polarized, multi-layered epithelia, such as in
keratinocytes. The non-polarized distribution of IFs in those cells corresponds to the well-
known textbook perinuclear localization with IFs ubiquitously present throughout the
cytoplasm. Interestingly, IFs are dynamic in these non-polarized cells, moving from the cortical
region to the perinuclear area, possibly carried by MT-based motors [37]. Conversely, the
molecular basis of the apical polarization of keratin IFs in simple epithelial cells is currently
unknown. However, unlike in the case of keratinocyte IFs [37] or neurofilament IFs [38] that
move on microtubules, the steady-state, polarized, distribution of keratin IF in simple epithelial
cells is not affected by long and extensive depolymerization of MTs, such as in the case of
ATP depletion in tissue culture cells, ischemia-reperfusion in kidney proximal tubules [17] or
long incubations in anti-microtubular drugs [39]. Moreover, in simple epithelia IFs are not
perinuclear, with the exception of a few lateral bundles coming in contact with the lateral aspect
of the nucleus (Fig. 1C).

While in most simple epithelial tissues keratin IFs are highly polarized to the apical domain,
some exceptions must be noted. Aside of the IFs extending along the lateral membrane, a faint
but distinct basal network was originally shown by Franke and coworkers at the basal pole of
enterocytes [22] (Fig. 1C, arrowhead), and may be related to the presence of hemidesmosomes
[40]. Alternatively, it has been shown that focal adhesions may act polymerizing keratin IFs
[41]. It is difficult to conceive how this mechanism may be related to the bulk of the apical
IFs, but it may be related to the small basal population of IFs.

It is well known that keratins are obligate heterodymers of one type | and one type Il keratin.
In simple epithelia, the most common type | keratins are K18 and K19, and the most common
type Il is K8 [42]. It is worth noting that the subcellular distribution of K8-18 pairs is slightly
different from that of K8-19 pairs. The former are less polarized and form the IFs present at
the lateral domain, and, when present (e.g. in pancreatic acinar cells) cytoplasmic IFs as well
[32]. The K8-19 pairs, on the other hand, are better polarized to either the apical domain in
CACO-2 tissue culture cells [43], mouse enterocytes [44], or to the apico-lateral cortical region
in acinar cells [32].

Simple epithelia are not always polarized. In tissue culture they acquire polarity after seeding,
in vivo they polarize after proliferation from a pool of stem cells, such as in the intestine or
they polarize during embryo development. In all three instances, examples are known to show
that the apical distribution of IFs precedes the polarization of actin filaments or microtubules.
In a tissue culture cell line that polarizes slowly through a period of several days, such as
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CACO-2 cells [45], keratin IFs are apically polarized by day 3 after seeding, while the brush
border begins to be organized after day 5 [34]. Likewise, MTs acquire their polarized
orientation only at a late stage of MDCK cell polarization [46]. In the small intestine, the
epithelium is maintained by a small population of stem cells located near the bottom of the
crypts. Epithelial cells migrate along the crypt and then along the villi to desquamate from the
tip of villi 3-4 days after leaving the stem cell niche. During that period they polarize and
differentiate [47]. All the stages of differentiation are, therefore, visible along the cryptvillus
axis. In this system, keratin IFs are apically polarized from the very early stages at the bottom
of the crypts, while the brush border organizes later, when the cells exit the crypts. In parietal
cells in the stomach epithelium, IFs are polarized before the formation of apical actin-based
canaliculi during fetal development [48].

Functional significance of intermediate filaments in epithelial polarity and
exocytosis

The understanding of the functions of IFs has lagged behind our knowledge of microtubules
or actin filaments because of three experimental difficulties inherent to IFs: 1) lack of good
anti-IF pharmacological agents; 2) lack of mainstream biochemical approaches; and 3) lack of
powerful genetic model systems such as yeast and Drosophila, and with the exception of C.
elegans discussed below.

In the last decades of the 20t Century, the basic functions of microtubules and actin filaments
were extensively explored using highly specific, powerful anti-microtubular drugs such as
colchicine or nocodazole, or anti-F-actin drugs such as cytochalasins or latrunculin. In contrast,
anti-1F agents, including anti-phosphatases [49] or acrylamide [50], have too broad or too
restricted effects respectively to be useful for functional experiments.

Standard biochemical procedures such as immunoprecipitation, pull-down, co-sedimentation,
and chromatography, are normally applied to soluble supernatants and not to insoluble pellets.
Microtubules readily disassemble during standard cell or tissue extraction in the cold due to
their dynamic instability [51] and, thus, MT-associated proteins become available to
biochemical approaches. Likewise, at least 30% of total actin is soluble in epithelial cells and
a fraction of cortical actin filaments depolymerize rapidly when ATP is depleted [52]. IFs, on
the other hand, are highly insoluble [53] and resistant to ATP depletion [17]. As a consequence,
most of the IF-associated proteins are expected to remain in pellets and to be unavailable for
immunoprecipitation, pull-down, co-sedimentation, or chromatography in regular cell
homogenates. Our laboratory developed a technique to immunoprecipitate large (up to 1500
S) multiprotein complexes from the cytoskeletal pellet by fine homogenization with ultrasound.
The procedure is not quantitative, but we demonstrated that the complexes are a representative
random sampling of the insoluble cytoskeletal fraction [43]. More importantly, although it does
not provide information on whether co-immunoprecipitating proteins interact directly or
indirectly, it allows to differentiate between proteins in the actin scaffolds from proteins in the
IF-based scaffolds, specially when applied to cells treated with actin depolymerizing drugs
[34].

It is well known that microtubules and actin filaments are conserved in evolution in all
eukaryotes. Cytoplasmic IFs (i.e. non-lamins), on the other hand, are present only in metazoans,
with the notable exception of arthropods [54]. In the last two decades, a bounty of knowledge
about functions of microtubules and actin filaments, their mechanisms of polymerization and
related proteins, was obtained in yeast and Drosophila. Conversely, functional experiments
with cytoplasmic IFs have been restricted to the phenotype of transgenic mice and human
disease resulting from IF protein mutations [55,56]. These experimental and observational
analyses lack the power of genetics in model systems. In addition, and especially pertinent to
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epithelial IFs, keratins are encoded by a large family of genes [35] commonly expressed in
redundant patterns [42] which, along with plasticity in the expression of keratins, may obscure
the knock-out phenotype [57]. Therefore, phenotypes may not become appartent in transgenic
knock-outs, even when the protein under study is, indeed, functionally important. Moreover,
in transgenic systems it is often difficult to obtain detailed mechanistic information about the
molecular events that result in a particular phenotype. Most of the information described in the
next sections related to the functions of IFs in the subcellular localization of Microtubule
Organizing Centers (MTOCs), the organization of the apical domain, and exocytosis, was
obtained analyzing the phenotype of transgenic mice.

1. Role of keratin IFs in the subcellular localization of Microtubule Organizing Centers
(MTOCs) and the polarized architecture of microtubules

MTs are known to facilitate apical exocytosis and secretion, possibly because vesicles involved
in apically-bound membrane traffic use minus-end directed motors. KIFC3 carries Annexin
XI111b apically-bound vesicles for constitutive exocytosis [58]. Minus-end directed kinesins
and dyneins are also involved in apical secretion [59,60,61]. Therefore, the apical localization
of the minus-ends of microtubules is expected to be functionally more important for apical
exocytosis and secretion than the apico-basal architecture of the microtubular apparatus, that
has been shown to be dispensable for apical polarization [46]. Furthermore, it must be pointed
out that the minus-ends of microtubules are unstable and need to be capped [62]. Although
there is consensus that the microtubules in simple epithelial cells are non-centrosomal, how
they are nucleated (i.e. what type of MTOC generates the minus-ends) and how the minus-
ends are stabilized has been a matter of an as yet unsolved controversy. The original model
proposed by Karsenti and coworkers based on very compelling evidence depicted epithelial
microtubules nucleated away from the centrosomes, in multiple cortical nucleation sites [63].
Cytoplasmic, non-centrosomal nucleation of microtubules has been reported by other groups
as well [64,65]. Such a cytoplasmic nucleation is thought to be carried out by isolated (i.e. non-
centrosomal) y—tubulin ring complexes (y—TurC), multiprotein 27 S complexes that contain y—
tubulin as well as other proteins, and can nucleate one single microtubule [66]. In addition, y-
TurCs can also cap and stabilize the minus-ends of MTs [67]. An alternative model has been
proposed, suggesting that acentrosomal MTs are released from the centrosome [68] and then
the minus-ends are stabilized by ninein [69].

Without making any argument in favor of any particular model, it is clear that, in any case the
localization of MTOCs will be a factor in the localization of the minus ends. In the first model,
minus ends would be fully localized by the position of the y—TurCs. In the second model, the
minus-end generator, the centrosome, would be expected to spread newly nucleated MTs in
its vicinity. Thus, the position of the putative minus-end protein cap would be of paramount
importance. Centrosomes are known to be located under the apical domain in simple epithelial
cells, instead of a perinuclear localization as in other cell types [43,70,71,72,73]. Equally
important, apical layers of non-centrosomal y—tubulin, presumably y—TurCs, have been
observed in vivo in kidney epithelia [17], in intestinal epithelia [28] and in epithelial cells in
tissue culture [43] (Fig. 2A). This predominantly apical distribution of non-centrosomal y—
tubulin is also observed in the gut of C. elegans [74] indicating conservation in evolution. In
the villus enterocytes, only 20% of the cells have centrosomes [75], yet all of them display an
apical layer of non-centrosomal y—tubulin (Fig. 2A). Only a few y—tubulin puncta are visible
in the basolateral domain (Fig. 2A, arrowheads) and have been shown to cap the minus-ends
of a small subpopulation of basolateral MTs [18]. Therefore, the apical localization of the caps
of the minus-ends, either isolated y—TurCs, centrosomes, ninein, or, perhaps other proteins, is
likely to be a major determinant of the positioning of the minus-ends (Fig. 2B) and, thus, an
important determinant of polarized membrane traffic.
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In general, a case has been made that IFs mediate cross-talk among other components of the
cytoskeleton [76]. Several laboratories have shown that centrosomes colocalize with IFs in
various cell types [43,77,78,79]. Likewise, overexpressed keratin accumulates around the
centrosome [80]. Furthermore, this colocalization can be disrupted by phosphorylation
mediated by recombinant active Cdk1(p34°4¢2)/cyclin B in interphasic cells, and is naturally
lost in mitotic cells. Cdk1 phosphorylates a 190 kDa protein that co-immunoprecipitates with
y—tubulin [39]. In addition, the apical localization of centrosomes and non-centrosomal y—
TurCs is abrogated by keratin knock-down in tissue culture cells [43] as well as in villus
enterocytes in K8-null mice [28]. In both cases, the apico-basal orientation of MTs is severely
disrupted. GCP6, a 190 kDa component of the y—TurC in vertebrates [81], was found to interact
directly with K8 and K19 in yeast two-hybrid assays and blot overlays. GCP6 knock-down,
overexpression of the keratin-binding domain, and a point mutation in the Cdk1
phosphorylation site disrupt the localization of MTOCs as well as the architecture of MTs in
epithelial cells in culture, making it a good candidate to mediate the attachment of MTOCs to
IFs [44]. Other interactions between intermediate filaments may participate in the organization
of the microtubular architecture. For example, molecular motors (kinesins and cytoplasmic
dyneins) have been found associated to type 111 IFs [82]. Such an interaction has not been
demonstrated for keratins yet, but remains an interesting possibility. Likewise, plectin is a well
known cytolinker expressed in epithelia that can connect microtubules to IFs [83]. One can
only speculate that the order and stability achieved by epithelial microtubules must include
complex interactions with other proteins. This area of Cell Biology is still poorly understood
and will require future investigations. What is clear is that IFs not only participate, but are
strictly necessary for the apical distribution of MTOCs and the organization of MTs in simple
epithelial cells. Keratin knock-downs in tissue culture cells [43] and the phenotype of the K8-
null mice enterocytes [28] coincided to show loss of the apical y—tubulin layer and
disorganization (not depolymerization) of MTs with loss of the apico-basal arrangement. Yet,
full mechanistic explanations for these phenotypes are still missing.

2. Role of keratin IFs in epithelial polarization

Various groups have shown that K8-null mice show decreased expression of apical proteins
in the apical membrane. In some cases, mispolarization or intracellular localization was
observed, suggesting that membrane traffic, rather than transcriptional/translational defects,
was at culprit. In general, the effects were observed in epithelia where K7, a type 1l keratin
redundant to K8, was not expressed. In villus enterocytes, we observed lack of apical syntaxin
3, and intracellular localization of CFTR, sucrase isomaltase, and alkaline phosphatase [28].
Partial loss of H*,K*-ATPase, and basolateral redistribution of AE1/2 and EnaC-y was
observed in the colon [84]. Reduction of apical membrane proteins was also found in the bile
canaliculus [28,85]. Endothelial cells in a vimentin-null phenotype, show aberrant expression
and distribution of surface molecules [86]. Once again, the phenotypes are striking, but the
underlying mechanistic explanations remain obscure.

Several non-excluding mechanisms may account for the loss of apical membrane polarity in
IF knockouts. One obvious possibility is that the changes in MT architecture and in the polarity
of y—TurCs, described in the previous section, may result in mis-targeted membrane traffic.
Vimentin seems to be involved in the incorporation of proteins into lipid rafts [87,88], a
mechanism deemed as an essential sorting pathway for apical membrane proteins [89].
Although an equivalent mechanism for keratin IFs has not been described, it remains a potential
mechanism to be tested in future experiments. Another possibility is that membrane proteins
may bind directly to IFs, which may be the case for polycystin-1 [90], a protein that, in addition
to its well-known apical cilium localization, also concentrates around desmosomes [91]. Other
examples are the interaction between aquaporin and filensin [92] and a 334-aa cancer-
associated protein with the structure of a membrane protein that colocalizes with IFs [93]. It
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is also conceivable, that IFs may serve as scaffolds for extrinsic membrane proteins that, in
turn interact with membrane proteins. An example of this possibility came from the observation
of the phenotype of transgenic mice overexpressing K8. Strikingly, those animals presented,
among other characteristics, an extensive atrophy of the intestinal brush border. An analysis
of the subcellular localization of ezrin showed it bound to the abnormal cytoplasmic IFs while
lacking under the apical membrane [34]. Ezrin is known to connect actin to the PDZ protein
EBP50, and to membrane proteins [10], interactions that aid in the retention of apical membrane
proteins such as CFTR [12]. More data will be necessary to determine the relevance of these
and other possible mechanisms in the function of IFs.

Caenorhabditis elegans provided the original data that led to the discovery of Partitioning
Deficient genes (PAR-1 to 5), now considered essential determinants of epithelial polarity
[94]. Unlike arthropods, nematodes have IF genes encoding cytoplasmic products [95]. C.
elegans has six known IF genes coexpressed in the intestine (B2, C1, C2,D1, and D2). Although
single knock-downs lack phenotypes, possibly because of the usual keratin redundancy, double
or triple knock-downs show intriguing phenotypes: the B2/D1/E1 RNAI phenotype strongly
resembles the LET-413 (an ortholog of Scribble) knock-down. In addition, it also has common
features with the pep-2 mutant (PEP-2 protein is an apical peptide transporter in the nematode
intestine) [96]. Like in vertebrates, the phenotype strongly indicates a function in epithelial
polarity, but work on the mechanistic details is also missing.

3. Is there arole of keratin IFs in vectorial exocytosis and secretion in epithelial cells?

Exocrine vectorial secretion is carried out by some epithelial cells and involves protein
synthesis, packaging into vesicles, and vesicular transport / fusion to the apical domain, which
is often regulated by hormonal signals [97]. It is broadly accepted that vectorial secretion
requires the cytoskeleton. While this general statement would be understood by many as
relating to MTs, IFs may also play a still poorly charaterized functional role in secretion. Similar
considerations apply for vectorial exocytosis, that is the constitutive, apically-bound membrane
traffic. IFs are necessary for Golgi localization [98], although this function may be an indirect
consequence of the organization of MTs described in the first section. Keratin overexpression
models in transgenic animals have shown unexpected secretory phenotypes. Ectopic
expression of keratins in pancreatic endocrine cells critically affected the number of insulin
secretory vesicles [99]. More importantly, transgenic mice overexpressing K8 displayed drastic
decreases in trypsin secretion [100]. While the latter was accompanied by a strong
inflammatory reaction with loss of acini, the origin of the pancreatitis remains unexplained,
and the authors speculated that it may be related to the loss of polarized distribution of the
zymogen granules. In the light of the loss of polarity described in previous paragraphs, it seems
appropriate to ask whether loss of vectorial exocytosis may be part of the explanation of the
pancreatitis in K8-overexpressing animals. As in many other aspects of the issues described in
this review further investigation may be necessary. Keratin 8 and 18 knock-out mice, on the
other hand do not seem to be more prone to pancreatitis than control animals, and stimulated
enzymatic secretion was indistinguishable from controls [32]. Yet, the same authors found a
significant 3-fold increase in basal amylase secretion that also remains unexplained.
Interestingly, a report in adrenal tumor cells that express or not vimentin showed a similar
effect: the cells that express vimentin do not secrete apoE protein, while the vimentin-null cells
secrete. Because all the cells had similar levels of mMRNA, the authors concluded that the
difference was post-translational, perhaps due to rapid degradation of the apoE protein that
fails to be secreted in the vimentin-containing cells [101].

The literature offers a few clues for potential molecular links between keratin IFs and apical
exocytosis and secretion. One possibility is that the excessive and delocalized IFs retain
essential proteins away from the apical domain, as in the case of ezrin described in the previous
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section. To support this notion, it is worth pointing out, for example, that vimentin filaments
can be a reservoir for the SNARE protein SNAP 23 [102]. It is conceivable, although still
unproven, that enlarging a reservoir for SNARESs necessary for membrane fusion may deplete
the surface content of these proteins. Another intriguing interaction of vimentin filaments that
still remains to be tested for keratin intermediate filaments, is their capability to bind yet another
molecule involved in vesicular traffic, the adaptor complex AP-3 [103,104,105]. Whether IFs
could be a reservoir of molecules involved in traffic, or an interaction between trafficking
vesicles and IFs may be an as yet unsuspected step in their way to or from the apical domain
of epithelial cells remains the matter of future investigations.

Conclusions and future directions

Barely ten years ago, intermediate filaments were considered inert cords holding the cells
together because of their remarkable mechanical properties. Today, we know that they are
dynamic, mobile, and, in the case of simple epithelia, also polarized. Although the lack of
powerful genetic models has handicapped the field, the study of transgenic mice indicates that
IFs play roles in microtubule organization, apical polarization and secretion in epithelia. We
still lack detailed mechanistic models, but the data suggest that keratin IFs as well as other IFs
in other cell types, are also potent scaffolds, capable of compartmentalizing proteins within
the cytoplasm. For simple epithelia, such acompartment is highly concentrated under the apical
domain. The scaffolding properties of keratins may be direct, as in the case of dormant ezrin
[34] or the y—TurC component GCP6 [44], or mediated by heat-shock proteins that bind keratin
IFs [106]. Members of the 14-3-3 family also bind IFs [107,108], which, in turn, opens the
possibility that IFs may localize signaling molecules. In fact, the latter has been already reported
both in epithelia [109] and non-epithelial cell types [110]. Finally, RNA localization and
compartmentalization within the cytoplasm is yet another possible way to generate subcellular
asymmetry. IFs have been shown to play a role in RNA localization and polarization in neurons
[111], monocytes [112], and keratin-expressing frog oocytes [113,114,115].

The field of intermediate filaments in polarity is still in its infancy, and, therefore, we do not
know what combinations of these or other mechanisms will account for the polarity phenotypes
observed so far. Accordingly, this review is opening more questions than it answers. However,
it is hoped that it will serve to intrigue investigators, to induce them to include IFs in their

hypotheses and test them in their experiments. And above all, that it will stop researchers from
tossing IFs along with associated proteins in the insoluble pellet after every homogenization.
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F-actin

Keratins

Figure 1.

Subcellular localization of cytoskeletal components in mouse small intestine epithelium. Small
intestines were fixed in formaldehyde, embedded and frozen in OCT and sectioned at —19°C.
The sections were stained with fluorescent phalloidin (A), or specific antibodies against a-
tubulin (B) or mouse K8 (Troma I, C), all of which are shown in the red channel. The sections
were counter-stained with DAPI (blue channel), and villus enterocytes were imaged in a laser-
scanning confocal microscope. Bars, 10 pum.
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Figure 2.

Subcellular localization of y-tubulin (a marker of MTOCs) in mouse small intestine. (A) Mouse
intestine frozen sections were obtained, processed and imaged as described in Fig. 1, but using
an anti-y-tubulin antibody (red channel). Bar, 10 um. (B) A model of MT distribution and
minus-end cap localization modified from [63]. Depending on the still controversial
interpretation by different groups the caps can be either y-TurCs or a specific capping protein.
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