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How many lives does CLIMP-63 have?
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Abstract

In 1995, in the Biochemical Society Transactions, Mundy published the first review on CLIMP-63
(cytoskeleton-linking membrane protein 63) or CKPA4 (cytoskeleton-associated protein 4),
initially just p63. Here we review the following 20 years of research on this still mysterious
protein. CLIMP-63 is a type Il transmembrane protein, the cytosolic domain of which has the
capacity to bind microtubules whereas the luminal domain can form homo-oligomeric complexes,
not only with neighbouring molecules but also, in trans, with CLIMP-63 molecules on the other
side of the endoplasmic reticulum (ER) lumen, thus promoting the formation of ER sheets.
CLIMP-63 however also appears to have a life at the cell surface where it acts as a ligand-
activated receptor. The still rudimentary information of how CLIMP-63 fulfills these different
roles, what these are exactly and how post-translational modifications control them, will be
discussed.
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Introduction

CLIMP-63 (cytoskeleton-linking membrane protein 63), also known as CKAP4
(cytoskeleton-associated protein 4) was discovered independently by two groups in the early
1990s. Mundy and Warren [1] found CLIMP-63 as the most palmitoylated protein during
mitosis. Schweizer et al. [2] identified CLIMP-63 as the antigen of monoclonal antibodies
generated against a subcellular fraction enriched in Golgi membranes. Studies by both
groups suggested that CLIMP-63 affects endoplasmic reticulum (ER) to Golgi transport and
might interfere with coatamer assembly [3]. These findings were however challenged and
CLIMP-63 has since been established as an abundant ER protein.

CLIMP-63 is a non-glycosylated, devoid of any N-glycosylation consensus motif [1], type |1
transmembrane protein present in higher eukaryotes, expressed as a single isoform. No
homologues appear to be present in bacteria, yeasts, worms and insects. In human, it has a
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106 amino acid cytoplasmic tail, a single transmembrane domain and a large extra-
cytoplasmic segment of 474 residues, leading to a total molecular mass of about 63 kDa [2]
(Figure 1). The cytosolic tail contains a proline-rich region followed by seven glycine, six
serine and eight alanine repeats. Even though repeats may lead to genomic sequencing
aberrations, multiple sequence analysis indicates that the cytoplasmic domain is the most
variable region of CLIMP-63. As an example, rodent CLIMP-63 lacks a 15 amino acid
stretch in the G-S-A repeat region. Software predictions also suggest that the cytosolic
domain of CLIMP-63 is highly disordered (IUpred software [4]) whereas its ER luminal
domain contains 3-5 coiled coil domains (COILS software [5]).

Using immunofluorescence and immunoelectron microscopy, CLIMP-63 was proposed to
localize to the ER-Golgi intermediate compartment (ERGIC) [6]. Later it was reassessed by
the same group using different antibodies and improved techniques and it was established
that CLIMP-63 is resident protein of the rough ER (RER) [7]. The RER indeed consists of
membrane sheets and cisternae where ribosomes are anchored, ensuring synthesis of
membrane and secreted proteins, whereas the smooth ER (SER) is a meshwork of
membrane tubules that extent through the cell cortex [8]. Initial morphological studies on
the endogenous protein reported on the absence of CLIMP-63 at the plasma membrane [9].
Previous functional studies however reported a role for CLIMP-63 as a receptor for
extracellular ligands indicating that a subpopulation of the protein might reside at the cell
surface [10-12].

CLIMP-63 and ER architecture
CLIMP-63 is a very stable, abundant, protein of the ER

As shown in various cell types, CLIMP-63 is an abundant protein, with copy numbers per
cell varying from 100000 to 400000 possibly, reflecting the percentage of the cellular
volume occupied by the RER [13-15]. Moreover, CLIMP-63 is very stable, with a reported
half-life varying from 20 h in human embryonic kidney (HEK)293 [16], 42 h in HeLa and
up to 156 h in C2C12 [13] as determined using MS-based approaches or 35S metabolic
labelling. Immunofluorescence analysis indicates that despite its abundance, CLIMP-63
preferentially localizes to the perinuclear ER but is excluded of the nuclear envelope
[17,18]. This restrictive behaviour might be due to the fact that CLIMP-63 forms large
oligomers that cannot diffuse from the RER to the outer nuclear membrane [18].
Localization to the ER, as opposed to other cellular organelles depends on both the luminal
and the cytoplasmic domains and even possibly the transmembrane domain as indicated by
truncation studies in which removal of any of the domains led to significant mislocalization.
A variant of CLIMP-63 lacking the entire cytoplasmic tail was mainly observed at the
plasma membrane [9]. In the tail, amino acids 2-23, in particular pairs formed by positively
charged amino acid and a glycine (R7-G8, K10-G11, K21.G22) might act as a preponderant
motif for folding of the protein and ER localization [9]. Variants of CLIMP-63 lacking the
entire luminal segment or only portions of it were also found at the plasma membrane [9,18]
or in the ER including the nuclear envelope [18]. Altogether, these studies indicate that
multiple regions of the protein are involved in specifying the predominantly perinuclear ER
localization.
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CLIMP-63 oligomerization and ER morphology

Early on, it was observed that CLIMP-63 has the capacity to form clusters in the ER in a
luminal domain-dependent manner [2,9]. Multimerization of the luminal domain is probably
responsible for the slow mobility observed for CLIMP-63 in ER membrane, which is in the
range of that of ER-bound ribosomes, as determined by FRAP [18]. Indeed a mutant of
CLIMP-63 lacking the luminal domain showed increased mobility and was able to diffuse
from the RER to the outer nuclear membrane [18].

That CLIMP-63 can multimerize was further supported by sedimentation experiments where
cells were solubilized in TX-100 at different pHs and then ultracentrifuged, showing that
CLIMP-63 remains insoluble in TX-100 at neutral pH and below [9]. Formation of
CLIMP-63 multimers is mediated by its luminal domain since dimers could be observed
using sucrose gradient centrifugation followed by non-reducing SDS/PAGE of cells
expressing a variant lacking major part of the tail but not the transmembrane domain [2,9].
Moreover, analytical ultra-centrifugation showed that recombinant CLIMP-63 luminal
domain forms large complexes probably stabilized by electrostatic interactions as indicated
by its high content in charged residues and the sensitivity to the complexes to NaCl [18].
Consistently, far ultraviolet CD (circular dichroism) spectroscopic analysis of its secondary
structure content and its thermal unfolding indicated this domain is almost entirely a-helical
and adopts a coiled-coil conformation [18]. Analytical ultracentrifugation did not allow
determining the stoichiometry of the complex due to the heterogeneity of the sample. The
heterogeneity in size, also visible by EM, led the authors to speculate that the luminal
domain of CLIMP-63 could potentially assemble both in the parallel and in the antiparallel
orientation and that specific proteins in the ER would control the multiplicity/orientation of
the oligomeric association [18]. Hauri and co-workers [18] also proposed that ‘the luminal
segments of CLIMP-63 molecules of opposing cisternal membranes may bind to each other
in an antiparallel or parallel manner ... an arrangement that would help to keep ER cisternae
flat’.

Consistent with this hypothesis, silencing CLIMP-63 was found to be sufficient to reduce
the intraluminal space of ER sheets as shown by EM [19] (Figure 2A). Whereas these
observations are consistent with CLIMP-63 playing the role of an ER spacer, it was
unfortunately not investigated whether expression of the double luminal CLIMP-63 mutant,
which harbours a tandem of luminal domains [18], in CLIMP-63 depleted cells, would lead
to ER sheets with increased sheet width. Overexpression of CLIMP-63 was however found
to greatly increase the abundance of ER sheets, an effect that could be counter-balanced by
co-overexpression of reticulon proteins, which promote membrane bending and ER tubule
formation [19,20]. Thus adjusting the relative expression of CLIMP-63 and tubule-
promoting ER proteins appears to control the sheet-to-tubule ratio, presumably to control ER
function upon demand, i.e. increase in protein secretion compared with lipid synthesis for
example.

CLIMP-63-microtubule interactions

The first proposed function of CLIMP-63 was its ability to bind microtubules, hence its
name cytoskeleton-linking membrane protein. Overexpression of wild-type (WT)
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CLIMP-63 was reported to induce a rearrangement of the ER and microtubule networks
with tubular bundles of membranes that co-aligned with microtubules, [7,17,21].
Interestingly, overexpression of a truncate CLIMP-63, lacking the cytosolic domain, still led
to ER rearrangement, but left the microtubule network intact [17]. The cytosolic tail of
CLIMP-63 alone was able to bind microtubules, promote tubulin polymerization in vitro but
not bundling in vivo [17]. The minimal identified sequence necessary for binding
microtubules, while conserving ER localization, was found to be residues 62-101 [21].
Interestingly, this domain shares some homology with polycystin-1, also shown to induce
ER rearrangement into membrane bundles [22]. Although it is well known that ER
membranes undergo massive cytoskeleton-dependent rearrangement during the cell cycle
[23,24], it is presently unclear whether CLIMP-63 is involved in this process.

Given the described affect of CLIMP-63 on the architecture of the ER and microtubule
networks, its association with microtubules must be regulated. Hauri and co-workers [21]
indeed found that microtubule binding was negatively regulated by phosphorylation. Using a
variant of CLIMP-63 lacking the last C-terminal luminal coiled-coil domain and 32P—
labelling, the authors observed CLIMP-63 phosphorylation, in particular during mitosis.
Consistently phosphor-mimicking mutants at positions 3, 17 and 19 were unable to bind
microtubules, inducing collapse of the ER around the nucleus [25] (Figure 2C). Ser3, Ser1?
and Ser101 are potential protein kinase C (PKC) sites whereas Serl” could be modified by
casein kinase Il (CKII) [21]. CLIMP-63 phosphorylation might thus allow rapid ER collapse
at the entry of mitosis, bypassing the slow process of microtubule depolymerization.

CLIMP-63 probably neither acts alone nor is the only ER—cytoskeleton anchoring protein.
Indeed, the long form of the SNARE protein syntaxin 5 was found to interact with
CLIMP-63 and its overexpression induced co-alignment of the ER membranes with
microtubules [26]. Similarly, overexpression of the valosin-containing protein/p97-
interacting membrane protein (VIMP), which can also interact with CLIMP-63, led to
alterations in ER architecture [27]. Finally, in rat hippocampal neurons, a direct interaction
between CLIMP-63 and the cytosolic microtubule-binding protein MAP2 has been observed
[28] and this interaction was proposed to control the microtubule-dependent positioning and
concentration of RER membranes in the somato-dendritic compartment of neurons, the RER
being absent from axons. Interestingly, through its effect on ER architecture, CLIMP-63
controls ER export kinetics of synaptic receptors [29]. In particular trafficking of AMPA-
type glutamate receptors from the ER to the dendritic plasma membrane is rate-limited by
their mobility in the ER, showing a dwell time of several hours in low diffusion and high
complexity local ER regions beneath dendritic spines. Upon stimulation by selective agonist
of glutamate receptor, PKC activity is triggered. Consistently, expression of a phospho-
mimic CLIMP-63 mutant led to increased ER complexity, thus further reducing receptor
mobility in the ER. By affecting ER architecture, CLIMP-63 was proposed to influence
dendritic branching.

CLIMP-63—translocon interactions

High-resolution native electrophoresis combined MS revealed that CLIMP-63 is recruited
early during the assembly of ribosome-translocon complexes [30] (Figure 2B). Moreover,
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expressing a CLIMP-63 mutant lacking the microtubule-binding domain or silencing
CLIMP-63 led to a significant increase in the mobility of the translocon complex [31],
which is rather static under control conditions [32]. Association of CLIMP-63 with ER-
bound ribosomes is further supported by the observation that treatment of cells with
puromycin (which disassembles the polysomes) leads to the re-localization of CLIMP-63
from the RER to the entire ER, with the exception of the nuclear membrane [19].

Unconventional ER-functions of CLIMP-63

CLIMP-63 was recently reported to interact with the ribonuclease dicer [16]. Unexpectedly
given the well-documented role of dicer in cytosol [33], the interaction was mapped to the
luminal domain of CLIMP-63 [amino acid (aa) 192-258]. The authors proposed that a
subpopulation of dicer is imported into the ER, undergoes glycosylation (dicer accumulates
in the ER lumen in the absence of CLIMP-63), binds to CLIMP-63 and is secreted with
CLIMP-63 into the extracellular environment. The CLIMP-63—dicer complex showed pre-
microRNA processing activity. Equally intriguingly, although consistent with the membrane
topology, CLIMP-63 was proposed to act as a receptor for mMRNAs to specific ER
subdomains in a ribosome and translation independent manner [34].

CLIMP-63 at the plasma membrane

CLIMP-63 as a surface receptor

During the last decade, several studies report the presence of CLIMP-63 at the plasma
membrane. CLIMP-63 was first identified, in a single report, as a receptor for tissue
plasminogen activator (tPA), which increases the activation of cell-associated plasminogen
in human vascular smooth muscle cells [10] (Figure 2D).

CLIMP-63 was then proposed to act as a plasma membrane receptor for the surfactant
protein A (SP-A) which mediates surfactant turnover (Figure 2E), in rat pneumocytes type Il
and human A549 cells [11] as reviewed previously [35]. SP-A binds to CLIMP-63 in a
calcium-dependent manner, is internalized via clathrin-coated pits, enhances extracellular
liposome uptake and inhibits the ATP-stimulated secretion of phosphatidylcholine and
surfactant lipids [35]. This function would be reinforced by a positive feedback loop since
CLIMP-63 was observed to be enriched at the plasma membrane following SP-A or cAMP
treatment, in a phosphoinositide 3-kinase (P13K)-dependent manner [36].

CLIMP-63 was also found to be a receptor for alginate exopolysaccharides [37]. Treatment
with anti-CLIMP-63 monoclonal antibodies or CLIMP-63 RNA. reduced the binding of
alginate exopolysaccharides to human airway epithelial cells. Alginate exopolysaccharides
are especially secreted by Pseudomonas aeruginosa during lung infection [37]. Since SP-A
has an important role for the maintenance of innate immunity in the lung, P. aeruginosa
might produce alginate exopolysaccharides to compete with SP-A for CLIMP-63 binding as
a strategy to reduce the cellular response and avoid host defences. CLIMP-63 might thus be
an interesting drug target to restore surfactant homoeostasis in P. aeruginosa infected
patients.
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Finally, CLIMP-63 was described as a high affinity receptor for a small sialoglycopeptide
called anti-proliferative factor (APF; Figure 2G) [12]. APF is uniquely secreted by bladder
epithelial cells of patients with interstitial cystitis disorder where the bladder epithelium
undergoes ulceration or is inhibited in its growth. APF peptide sequence has 100%
homology to the sixth transmembrane domain of frizzled-8 [38,39]. The APF induced
inhibition of Akt (on Ser4’3 and The308) and GSK3 phosphorylation (Tyr216) and increase
in S-catenin phosphorylation was found to depend on CLIMP-63 [40].

CLIMP-63 palmitoylation

CLIMP-63 was found to be a substrate of DHHC2 [palmitoyl-acyltransferase 2 (has a
DHHC motif)] palmitoyl-transferase, a putative tumour suppressor [41,42] that localizes to
the plasma membrane and in cytosolic vesicles [32,43]. SPalmitoylation is the only
reversible lipid modification and consists of the addition of a 16-carbon fatty acid chain on
cytosolic cysteines [44]. In human, palmitoylation is mediated by 23 different multi-
spanning integral membrane Palmitoyl-acyl transferases that contain a highly conserved
DHHC moatif, which catalyse the reaction and at least 3 acyl protein thioesterases which
remove the palmitic acid moiety. CLIMP-63 was found to be a DHHC2 target in a MS-
based screen after capture of palmitoylated proteins in DHHC?2 silencing compared with
mock control cells. Palmitoylation of CLIMP-63 occurs on a sole cytoplasmic cysteine
(Cys190) [1,3,6,45]. Using immunofluorescence, the authors found that the population of
endogenous CLIMP-63 residing at the plasma membrane was redistributed to the peripheral
ER after DHHC2 knockdown [41]. In control cells, addition of APF led to the relocalization
of CLIMP-63 from the plasma membrane to bright clusters in the nucleus observable by
immunofluorescence [46]. This APF-induced CLIMP-63 relocalization neither occurs upon
DHHC2 knockdown nor for a palmitoylation deficient CLIMP-63 mutant. In contrast, a
phospho-mimic, palmitoylation-deficient CLIMP-63 mutant was uniquely observed in the
nucleus [47]. These observations led to the proposal of a scenario where palmitoylation
mediates the export of CLIMP-63 to the plasma membrane but upon APF binding,
CLIMP-63 is depalmitoylated and phosphorylated leading to translocation to the nucleus
(Figures 2G and 2H). How a transmembrane protein like CLIMP-63 can, in its full-length
form [48], relocalize to the interior of the nucleus is very mysterious. Once in the nucleus,
CLIMP-63 was found to bind DNA through its ectodomain [47,48]. More specifically, it
was found to bind the proximal promoter of the CCN2 gene, which acts on cell proliferation,
adhesion, migration, differentiation and survival.

DHHC2, which localizes to the plasma membrane, might however not be the only DHHC
enzyme capable of modifying CLIMP-63. CLIMP-63 palmitoylation is indeed highly
enhanced upon brefeldin-A treatment [1,6,45] and since this drug blocks ER to Golgi
transport, palmitoylation can probably also occur in the early secretory pathway. Thus
CLIMP-63 might undergo cycles of palmitoylation—depalmitoylation, by different sets of
enzymes, as it moves from the ER to the plasma membrane. How palmitoylation of
CLIMP-63 is regulated is unclear. Although it is not affected neither by its neighbouring
serines (Ser®® and Serl91), nor by the sequence of the transmembrane domain, it appears to
be sensitive to the distance between the target cysteine and the membrane (six residues in
human CLIMP-63), leading to a decrease in palmitoylation when bringing the cysteine to
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the lipid head groups [45]. For unclear reasons, these experiments were performed on
cytoplasmic truncation mutants of CLIMP-63 and therefore a role of the cytosolic domain
cannot be excluded.

What the function CLIMP-63 palmitoylation in the early secretory pathway would be is
unclear. It has been reported, in a study on aminoglycoside-induced cytotoxicity [49] that
gentamicin induces multimerization of CLIMP-63 in a manner that requires its
palmitoylation, suggesting that palmitoylation may regulate CLIMP-63 oligomerization. As
a side note, gentamicin also induced association of overexpressed CLIMP-63 with 14-3-36),
forming a complex that could be involved in gentamicin-induced cytotoxicity.

CLIMP-63 in diseases

CLIMP-63 has been related to various cancer prognoses. Overexpression of CLIMP-63 was
observed in the majority of cholangio-cellular carcinoma and inter alia and correlated with
distant and lymph node metastasis presences [50]. Prognosis accuracy was improved when
considering protein expression levels of both CLIMP-63 and DHHC?2 in hepatocellular
carcinoma where carcinoma cells presented high amount of CLIMP-63 and low expression
level of DHHC2. Monitoring both levels correlated with the overall survival and the
cumulative disease recurrence prediction [51]. Finally, CLIMP-63 was shown to inhibit
growth and metastasis of hepatocellular carcinoma by binding extracellular growth factor
(EGF) receptor (EGF-R) and regulating EGF-R signalling [52]. In particular, expression of
CLIMP-63 might reduce SMMC-7721 and MHCC-LM3 cell proliferation. Moreover
expression of CLIMP-63 might reduce EGF-R activation, whereas CLIMP-63 knockdown
increases EGF-induced EGF-R phosphorylation levels. Again suggestive of a plasma
membrane population, upon EGF treatment, CLIMP-63 was found to dissociate from EGF-
R [52] (Figure 2F).

Concluding remarks

CLIMP-63 is a stable and abundant transmembrane protein predominantly localized to the
RER. There, through antiparallel homo-oligomerization in trans, it appears to act as a spacer
that defines the width of ER sheets. On the cytosolic side of the ER, it can bind microtubules
and thus anchors the RER to the cytoskeleton. Although already multifunctional in the ER,
CLIMP-63 appears to have additional functions at the cell surface where it has been
proposed to act as a receptor for different ligands (tPA, SP-A, APF and alginate
exopolysaccharides). Moreover, ligand binding was proposed to trigger translocation to the
lumen of the nucleus, a scenario that is potentially very interesting but would, in a simplistic
view, require either a change in membrane topology of CLIMP-63 or extraction from the
membrane. Thus CLIMP-63 appears to have multiple lives, at multiple cellular locations.
Understanding the molecular mechanisms that govern and coordinate, in time and space, the
function of this mysterious protein constitutes the challenge for the years to come.
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Abbreviations

APF anti-proliferative factor

CKPA4 cytoskeleton-associated protein 4

CLIMP-63 cytoskeleton-linking membrane protein

DHHC2 palmitoyl-acyltransferase 2 (has a DHHC motif)

EGF extracellular growth factor

EGF-R EGF receptor

ER endoplasmic reticulum

PKC protein kinase C

RER rough ER

SP-A surfactant protein A

tPA tissue plasminogen activator
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Figure 1. Topology of the protein CLIMP-63
CLIMP-63 is a type Il single transmembrane protein. In the cytosol, it has an ER-anchoring

sequence and a domain interacting with microtubules. In the ER lumen, CLIMP-63 has
several coiled-coil domains that are required for its multimerization.
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Figure 2. CLIMP-63 cellular functionsand interactions
(A) CLIMP-63 is an abundant RER resident protein and its multimerization maintains the

ER sheets thickness. (B) CLIMP-63 is involved in ribosome anchoring in the RER. (C)
Non-phosphorylated CLIMP-63 binds to microtubules whereas phosphorylation of the
CLIMP-63 tail leads to release of the interaction with microtubules. (D) CLIMP-63 is a
receptor for tPA at the plasma membrane. (E) CLIMP-63 is a receptor for SP-A at the
plasma membrane in pneumocytes Il. (F) CLIMP-63 interacts with EGF-R in absence of
EGF. (G) At the plasma membrane, CLIMP-63 acts as a receptor for APF. After binding
APF, CLIMP-63 might undergo depalmitoylation, phosphorylation and translocation/
trafficking to the nucleus. (H) In the nucleus, CLIMP-63 acts as a transcription factor for the
gene CCN2. Translocation/trafficking routes for CLIMP-63 from the ER to the plasma
membrane and its possible way back to the ER or into the nucleus remain completely
unknown.
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