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Summary

Coronin-1C (synonyms: coronin-3, CRN2), a WD40 repeat containing protein
involved in cellular actin dynamics, is ubiquitously expressed in human tissues. Here
we report on the identification and functional characterization of two novel coronin-1C
isoforms, referred to as CRN2i2 and CRN2i3. These isoforms, which arise from an
alternative first exon identified in intron 1 of the coronin-1C gene, associate with F-
actin. Gel filtration assays suggest that the largest isoform 3 exists as a monomer,
whereas the conventional isoform 1 and isoform 2 both form trimers. Structural
modelling predicts that this difference of the oligomerization state results from an
interaction of the elongated N-terminus of CRN2i3 with its C-terminal extension.
Analyses of the coronin-1C gene disclosed a single promoter containing binding sites
for myogenic regulatory factors. CRN2i3 is expressed in mature skeletal muscle
tissue and in differentiated myogenic cell lines. In human skeletal muscle CRN2i3 is
a structural component of postsynaptic neuromuscular junctions and thin filaments of
myofibrils. In addition, CRN2i1 and i2 are enriched within the F-actin core structure of
podosomes. Our findings postulate a role of CRN2 isoforms in the structural and

functional organization of F-actin in highly ordered protein complexes.
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Introduction

Phylogenetic analyses revealed twelve subfamilies of coronin proteins, comprising
seven vertebrate paralogs and five subfamilies in nonvertebrate metazoa, fungi and
protozoa, some of them unclassified so far *. Even though coronin protein
involvement in actin-dependent processes appears primordial, the individual
members of the coronin protein family contribute to largely different cellular functions
(for an extensive review on coronin proteins see 2). In general, coronins are widely
expressed in cells and tissues and are involved in signal transduction, transcriptional
regulation, remodelling of the cytoskeleton, and regulation of vesicular trafficking 3,
Coronin-1C is a short coronin protein * of 474 amino acids with a calculated
molecular mass of 53 kDa in human and murine cells. The apparent molecular mass
from SDS-PAGE analysis is approximately 57 kDa. At the subcellular level coronin-
1C exists in two different pools, an actin cytoskeleton associated non-phosphorylated
pool and a diffusely distributed phosphorylated cytosolic pool °. Coronin-1C has been
identified as an actin filament-crosslinking and bundling protein ° € involved in distinct
cellular functions like proliferation, migration, formation of cellular protrusions,
endocytosis and secretion ’. In addition, functional studies in human diffuse gliomas
revealed an association of coronin-1C with tumor cell proliferation, motility and
invasion, together contributing to the malignant phenotype of human diffuse gliomas
8 Coronin-1C has also been found to be aberrantly regulated in other types of
clinically aggressive cancers such as malignant melanoma °.

Two nomenclature systems are currently used for coronin proteins. Both do not cover
all coronin subfamilies and, moreover, do not allow unambiguous labelling of gene
duplications and isoforms. These disadvantages initiated a comprehensive revision
of the coronin protein nomenclature . Based on evolutionary history, structural

change and functional adaptation, the twelve coronin subfamilies were united and re-
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numerated. ‘CRN2’ has been proposed as the new symbol for coronin-1C (current
official symbol: CORO1C) or coronin-3 (most common synonym) '. Gene duplications
in some vertebrates, for example in Xenopus laevis, resulted in two different coronin-
1C proteins. Accordingly, they were named CRN2a and CRN2b '°. In this study, we
report on the functional and structural diversity of three human coronin-1C isoforms,

designated as CRN2i1, CRN2i2 and CRN2i3.



Results

Identification of three CRN2 proteins encoded by two mRNA species

CRNZ2 usually migrates as a diffuse band of approximately 57 kDa. Immunoblotting of
HEK293 and undifferentiated C2F3 cell lysates with the CRN2 specific monoclonal
antibody K6-444 ° revealed that the diffuse band can be separated into two closely
migrating bands of 57/58 kDa (later referred to as CRN2i1/CRN2i2 (coronin-1C
isoform 1/isoform 2)) (Fig. 1A). Moreover, a second slower migrating protein of

60 kDa (later referred to as CRN2i3 (coronin-1C isoform 3)) can be detected in
murine skeletal muscle and differentiating C2F3 myoblasts as well as in brain and
heart tissue (Fig. 1A; figure 2B in reference °). This protein is the only CRN2 isoform
present in mature murine, bovine and human skeletal muscle tissue.

Northern blot analysis from total RNA of different murine organs, ES-cells, and
undifferentiated C2F3 myoblasts employing a full-length CRN2 cDNA as a probe
resulted in a single band of about 4.0 kb. Highest expression levels were detected in
murine ES-cells as well as in thymus, testis, kidney, heart, and brain tissue. Lung
tissue and undifferentiated C2F3 myoblasts exhibited intermediate signal intensities.
Lowest expression levels were detected in mature skeletal muscle and spleen tissue
(data not shown). Consistently, during the differentiation process of C2F3 myoblasts
the amount of CRN2 specific RNA levels decreased markedly (Fig. 1B).

The possibility of posttranslational modifications of the CRN2 protein that could lead
to differences in the apparent molecular mass was investigated by means of high-
resolution two-dimensional gel electrophoresis. A protein spot containing CRN2i3
from bovine skeletal muscle was identified by mass spectrometry, but its very low
abundance resulted in only limited sequence coverage by peptide mass fingerprinting
and rendered a further analysis of posttranslational modifications impossible. Instead,

two-dimensional gel electrophoresis of protein samples from murine, bovine and
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human skeletal muscle in conjunction with immunoblotting was performed. Putative
ubiquitinylation and sumoylation (SUMO1-3) of CRN2i3 could not be detected. In
contrast, phosphorylations were present in CRNZ2i3, but they did not contribute to the
observed difference in the molecular mass (data not shown).

Therefore, 5-RACE, 5-RLM-RACE, and RT-PCR protocols were employed and
resulted in the identification of additional transcripts. An alternative exon, exon 1b,
contains two more start codons that are in frame with the known start codon of CRN2
(Fig. 2) potentially elongating the ‘conventional’ CRN2 transcript (referred to as
isoform 1, CRN2v1, accession no. NM _014325) by addition of either 6 (referred to as
isoform 2, CRN2v2, accession no. AM849477) or 53 codons (referred to as

isoform 3, CRN2v3, accession no. AM849478). The longer isoform 3 encompasses
the sequence of the shorter isoform 2. On the genomic level, the novel exon 1b is
located within the previously proposed 30 kb intron 1 present between the 5’
untranslated exon, exon 1a, and the first coding exon, exon 2, of the ‘conventional’
CRN2 sequence. Sequence derived predictions suggest three potential CRN2
protein isoforms (Tab. 1), with molecular masses of 53 kDa and a pl of 6.7 (CRN2i1,
NP_055140), 54 kDa and pl 6.9 (CRN2i2, AM849477), 59 kDa and pl 7.9 (CRN2i3,

AM849478), that correspond to the protein bands detected by mAb K6-444.

Evolutionary insight into CRN2 regulation

Three atypical ESTs initiating from within 3' intron 1 were detected for CRN2 from
human but not other species. Comparison of their common 5’ segment, up to 282 bp
in gb:DC377708, with 39 orthologous mammalian promoters identified a putative
alternative exon 1b encoding the N-termini of CRN2i2 and CRN2i3 in five catarrhine
primates separated by less than 25 million years of evolution (viz. human,

chimpanzee, gorilla, orangutan and gibbon). All earlier diverging primates (i.e.
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macaque, baboon, marmoset, tarsier, lemur and galago) and other mammals
(eutherian, metatherian and prototherian) harboured either start codon mutations,
frame shift deletions or splice site changes in their genomic sequences that
precluded the generation of transcripts encoding CRNZ2i3. Only 3 of 11 primates
(macaque, baboon and galago) and 6 of 19 other mammals (tree shrew, dog, horse,
alpaca, rabbit and pika) retained the capacity to generate transcripts encoding the
shorter CRN2i2.

High throughput techniques of physically isolating chromatin-bound pre-initiation
complex proteins followed by DNA microarray sequencing and mapping to

5’ transcript regions of the genome have previously identified a single active
promoter in CRN2, despite evidence for alternative promoters in many other genes
(”, supplemental data). We mapped over 200 human &’ ESTs (Hs.706390) to this
primary transcription start site (TSS) in CRN2 exon 1a with only minor variation
among 40 other ESTs at sites £9 bp (Fig. 2A). Data on 5 cDNA sequences derived
from CAGE tag clusters for CRN2 provided reliable high throughput statistics to
confirm the same unique TSS (http://gerg01.gsc.riken.jp/cage_analysis/). A
prominent CpG island (G+C 64%) located from -900 to +1485 bp relative to this well-
punctuated TSS supported this promoter characterization, while further upstream
regions and intron 1a are replete with closely spaced repetitive elements such as Alu,
MIR and Line1 that are more likely to disrupt gene regulation.

Sequence conservation of the core promoter among mammals established the
functional importance of this region and highlighted several sequence motifs relevant
to both general and specific transcriptional regulation. A profile hidden Markov model
(PHMM) logo of the aligned sequences (Fig. 2B) illustrates the manner by which
“phylogenetic footprinting” can localize evolutionary functional constraint through

column height (i.e. probability of occurrence) and nucleotide frequencies. Myogenic
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regulatory factors such as MyoD, Myf5, MRF4 and myogenin are known to control
muscle-specific gene expression by forming hetero-dimers with E-proteins that bind
E-box motifs (e.g. CACCTG) with candidate sites located in the CRN2 promoter
region. Evolutionary analyses using the VISTA browser and rVISTA '2 identified other
conserved, functionally relevant regulatory elements, including double representation
of a prominent and strategically located motif UF1H3beta_Q6. This DNA element
(TGCGGGGGAGGGGC or CGCGGGGGCGGGGCL) contains internal subsites for
NGFIC (EGF4), KIf4 and Sp1 (common to many core promoters defined by CpG
islands) with conspicuous G-rich stretches. This may bear directly on MyoD
regulation of CRN2 transcription as recent evidence identifies guanine-rich
quadruplex structures of regulatory sequences as key binding elements for homo-
dimeric MyoD ™.

The region between the upstream promoter and coding exon 2 was also subjected to
comparative genomic analysis to investigate the origin of an alternative transcription
start site near the 3’ end on intron 1 (Fig. 2C). The genomic sequence capability was
restricted to modern primates and the most 5’ of three human ESTs came to within
36 bp of a well-conserved CAG motif, possibly reflecting the true end of intron 1a and
a novel splice site demarcating alternative exon 1b of 291-317 bp in these primates.
Evidence of exon-specific transcript expression can be visualized and quantified for
individual cell types by exon chip microarray at the UCSC genome browser
(http://genome.ucsc.edu/), but CRN2 alternative transcripts were not at a detectable
level from these data. Finally, only 2 of the 1,100 single nucleotide polymorphisms
catalogued for human CRN2 affect the coding sequence by aa change (Asp85Tyr) or
frame-shift deletion (P203/Q204) and at present there are neither known splice site
variations, regulatory SNPs nor disease associations among HapMap screened

populations.



CRN2i3 is part of the myogenic differentiation program

While the ubiquitous CRN2i1/2 (“diffuse” band) appears to be expressed
constitutively, expression of the largest isoform CRN2i3 is specifically up-regulated
during myogenic differentiation. In contrast to undifferentiated C2F3 myoblasts,
differentiated C2F3 myotubes (eight days of differentiation) display mostly CRN2i3,
with only a trace of isoforms 1 and 2 (Fig. 1A). We monitored the switch from the
faster to the slower migrating isoforms by a time course experiment of differentiating
C2F3 cells. At day 0, before induction of differentiation, CRNZ2i1 and 2 were detected
in the C2F3 myoblasts. Low amounts of CRNZ2i3 were observed after three days of
differentiation, with a wide and diffusely migrating band corresponding to CRNZ2i1 and
2 below a thin band of CRN2i3 (Fig. 1C). Detection of annexin A7 was used as
control, since the large isoform of annexin A7 (51 kDa) is a marker of late (in vitro)
myogenesis and also appeared at day three '*. CRN2i3 was exclusively found in
mature skeletal muscle (see below). To validate the specificity of CRN2i3 in the
myogenic differentiation program, we converted NIH3T3 fibroblasts, which only
express the CRN2i1 and 2, into myogenic cells by ectopic expression of MyoD .
Converted cells initiated expression of CRN2i3 (Fig. 1D). Similarly, MyoD expression
in C2F3 cells grown under non-differentiating conditions led to an expression of

CRN2i3.

Identical subcellular distribution, but different oligomerization state of the
CRN2 protein isoforms

Sucrose gradient fractionation of lysates of differentiated C2F3 myotubes
demonstrates a co-distribution of the three CRN2 isoforms (Fig. 3A). They were

present in fractions of low density (fractions 4-9) that contained part of the
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membrane-associated cortical F-actin as well as Golgi membranes (3-COP staining).
A second pool of CRN2 was detected in fractions 15-18 that contain heavy
membranes like ER-membranes indicated by the presence of BiP/GRP78.

CRNZ2 (isoform 1) like other short coronin proteins forms homo-trimers.
Oligomerization is mediated by the C-terminal coiled coil domain % ' '®. Gel filtration
analysis of soluble fractions derived from murine kidney and skeletal muscle tissue
indicates that CRN2i1/2 of kidney is mainly present in fractions corresponding to a
molecular mass of 180 kDa, indicating the presence of at least a part of CRN2 in a
trimeric state. In contrast, CRN2i3 derived from skeletal muscle is present mostly in

fractions of approx. 60 kDa, corresponding to a monomer (Fig. 3B).

Structural models of CRN2 isoforms

The N-terminal domain of short coronin proteins consists of a seven-bladed -
propeller, originally proposed by " and 7, known from other WD40 proteins, and
finally confirmed by the crystal structure of truncated CRN4 (synonyms: coronin-1A,
coronin-1) 18, Using the structural information for CRN4, a refined alignment for
CRNZ2 has been produced, see figure 2 in '®. Following the typical topology of WD40
repeat domain proteins, the first f-strand of a blade is provided by the last -strand of
the preceding WD40-repeat '® ?°. The N-terminal B-strand formed by residues 17-22
in CRN4 provides the first B-strand of the last propeller blade of the protein (Fig. 4A).
Therefore, we suggest that in CRN2i3, which harbors an N-terminal 53 amino acid
extension, residues 69-74 map onto this motif of CRN4, thus aligning residues 66-
402 of CRN2i3 with the seven-bladed 3 propeller fold (Fig. 4A).

Using PSIPRED 2, the additional amino acid sequence in CRN2i2 (aa 1-6) and
CRN2i3 (aa 1-53) is predicted to consist of one (isoform 2) or three (isoform 3) p-

strands (Fig. 4A). It is highly unlikely that the additional peptide will form an eighth
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blade within the B-propeller. We rather suggest that the additional 3-strands either

form an independent domain or they interact with accessible secondary structure
elements of the 'core' protein, for example by annealing to existing -strands. Based
on the three-dimensional structure of CRNZ2, in which the N- and C-termini of the
coronin [3 propeller are in spatial vicinity (Fig. 4B; aa 7-400 of CRN2i1 are visualized),
the additional secondary structure elements at the N-terminus may interact with a j3-
strand in the C-terminal extension or with residues of the coiled coil domain, and thus

interfere with oligomerization.

GFP-fusion proteins of CRN2 isoforms localize to F-actin structures

The three isoforms of CRN2 were expressed as GFP-fusion proteins and their
distribution was studied in HEK293 cells and in undifferentiated C2F3 myoblasts and
differentiated C2F3 myotubes. Expression of the fusion proteins was confirmed by
western blotting. Each fusion protein was visible as a single band and did not present
tagged variants. C2F3 myotubes expressing CRN2i1 or CRN2i2 GFP-fusion proteins
additionally displayed the endogenous CRNZ2i3 (data not shown). In general, all
isoforms localized in a diffuse and punctuated manner in the cytosol (Fig. 5A-C,
arrows), at the leading edges of lamellipodia and filopodia (double-arrows), at the
submembranous area (arrowheads), and to F-actin fibers (double-arrowheads). In
C2F3 myotubes the GFP-fusion proteins mainly localized to F-actin fibers. CRN2 was
highly enriched in F-actin rich areas, with high signal intensities of CRN2 matching
high signal intensities of F-actin. Significant differences of the CRN2 isoforms with
regard to F-actin association or a general contribution to cellular function could not be
observed as assessed by differential centrifugation and cell motility assays (data not

shown).
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CRN2 is a novel component of podosomes

Immunoblotting of podosome-enriched cell fractions from primary human
macrophages indicated expression and potential podosomal localization of CRN2i1/2
(Fig. 6A). Immunofluorescence images using mAb K6-444 confirmed endogenous
CRNZ2 as a novel component of podosomes (Fig. 6B). A comparable distribution of
CRNZ2 proteins was seen in macrophages transfected with constructs encoding
isoforms 1, 2, and 3 fused to GFP (Fig. 6C; only CRNZ2i1 is shown). Every podosome
displayed an enrichment of CRN2 within the F-actin-rich core structure (arrows). In
addition, CRN2 co-localized to submembranous F-actin structures of macrophages
(Fig. 6D, arrowheads).

To address the question whether CRN2 is essential for the formation of podosomes a
pool of CRN2-specific siRNAs was transfected into primary human macrophages. In
contrast to cells transfected with a control (scrambled) siRNA, a significant reduction
of the CRN2 protein started three days after transfection (Fig. 7A).
Immunofluorescence images of macrophages still expressing (day 1 after
transfection, Fig. 7B) and completely lacking endogenous CRN2 (day four after
transfection, Fig. 7C) demonstrate normal podosomes. CRN2 knockdown did neither

influence number, size, distribution, nor fluorescence intensity of podosomes.

CRN2i3 is a structural component of neuromuscular junctions and myofibrils
Based on our observation that mature skeletal muscle fibers exclusively express
CRN2i3, transverse sections of human skeletal muscle were immunolabelled with
mAb K6-444. In general, the antibody showed a relatively uniform distribution
throughout the muscle fibres (data not shown). However, in a subset of muscle fibers
subsarcolemmal enrichments of CRN2 were visible. Co-staining with FITC-labelled

a-bungarotoxin demonstrated that these areas correspond to the postsynaptic area
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and the junctional sarcoplasm of motor end-plates (Fig. 8, arrow). Longitudinal optic
sections of single human muscle fibers labelled with CRN2 mAb revealed a striated
CRNZ2 staining pattern. Co-stainings with an antibody against the M-band component
myomesin (Fig. 9A) and an antibody against actin (Fig. 9B) showed that CRN2i3 is a

component of the thin-filament of myofibrils.
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Discussion

In the present study we identified two novel isoforms of CRN2 (synonyms: coronin-
1C, coronin-3), named CRN2i2 and CRN2i3. They do not arise from post-
translationally modified ‘conventional’ CRN2i1, but they are encoded by a common,
alternatively spliced transcript. A novel alternative exon, exon 1b, which contains two
more start codons, replaces an untranslated exon, now termed exon 1a, preceding
the normal start codon present in exon 2 of the CRN2 gene. Accordingly, two
transcripts differing at the 5’ end code for three protein isoforms of CRN2 that vary in
their N-terminal length. Expression of the largest CRN2 protein, CRN2i3, can be
specifically induced by MyoD as part of the myogenic differentiation program, while
the two smaller isoforms are repressed. CRN2i3 is the only CRN2 isoform present in
mature skeletal muscle tissue and is expressed in low abundance.

The possibility that MyoD homo-dimers could bind directly to guanine-rich core
promoter elements in CRN2 ™ might explain how it alters, directly or indirectly, the
transcription start site specificity within the unique CRN2 promoter. The prospect that
the novel protein isoforms 2 and 3 may originate from alternative processing of a
single primary transcript requires validation by the eventual isolation of a composite,
elongated transcript encoded by both exons 1a and 1b.

The mechanism by which myogenic regulatory factors operate on a single promoter
to enhance transcript diversity by alternative processing of the primary transcript is
known to involve RNA binding proteins such as MBNL and CELF, which have been
genetically linked to several neuromuscular disorders . The possibility should
therefore be considered that such alternative splicing regulators play an accessory
role downstream of MyoD to (de)stabilize or reconfigure a primary transcript

comprising exons 1a, 1b and flanking introns (i.e. containing splicing factor binding



15

motifs) resulting in the excision of different segments and the formation of distinctly

processed CRN2 transcripts during myogenic differentiation in primates.

The elongated N-terminus in CRN2i3 changed the oligomerization state of the
protein. While CRN2 derived from kidney tissue (isoforms 1 and 2) forms trimers,
CRN2i3 from skeletal muscle tissue eluted as a monomer from gel filtration
experiments. Within the three-dimensional structure, the N- and C-terminal ends of
the coronin [ propeller are in spatial vicinity (Fig. 4A,B). From this, two scenarios for
an interaction can be envisioned; (i) an interaction of the additional secondary
structure elements in the elongated N-terminus of CRN2i3 with the -strand formed
by residues 438-442 in the C-terminal extension causes conformational changes and
prevents the following helical domain from engaging in a coiled coil; (ii) amino acid
residues 1-47 from the additional N-terminal peptide directly interact with residues
489-527 in the coiled coil domain and thus prevent formation of a coiled coil.

It remains to be seen how an interaction suggested in (ii) may be structurally
achieved. Obviously, any direct interaction with a critical residue in 489-527 can
potentially prevent formation of the coiled coil. Alternatively, despite no helix or coiled
coil formation is predicted for residues 1-47, there are two intriguing motifs in the N-
terminal domain of CRN2i3, namely NSWAKER (14-20) and APSIGER (37-43) (Fig.
4A). Both motifs conform to (abcdefqg),, frequently found in coiled coils. As such,
either one of the two motifs might interact with a region in the coiled coil domain,
thereby preventing the formation of an inter-molecular coiled coil.

The current model depicting coronin function shows a dual regulation in the F-actin
turnover 3. ‘Coronin’ recruits the Arp2/3-complex to the barbed end and protects
growing actin-filaments from depolymerisation, but promotes cofilin-dependent actin

sequestration at the pointed end of actin filaments. Additionally, CRN2 >° CRN4 %*,
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and further coronins ' have been shown to bundle and crosslink F-actin in vitro. It is
tempting to speculate that the oligomerization state of coronin proteins turns out as a
mechanism controlling actin-related cellular functions. Intriguingly, both hepta-peptide
motifs in the N-terminal domain of CRNZ2i3 contain predicted phosphorylation sites,
where post-translational modifications might assist in regulation of the CRN2

activities.

Confocal analysis of endogenous CRN2 and of GFP-fusion proteins in various cells
as well as differential centrifugation assays indicated a similar subcellular localization
of the CRN2 isoforms. The GFP-fusion proteins associated with F-actin structures at
cellular extensions and cytosolic F-actin fibers. In a previous study, we had reported
that CRN2 is important for the induction of invadopodia in human glioblastoma cells
(Thal et al., 2008). Related small dot-like dynamic structures at the cell-matrix border
involved in cell invasion are podosomes. They also are enriched with F-actin and
matrix degrading enzymes (Gimona et al., 2008; Linder, 2007)
(www.invadosomes.org). Here, we used substrate-attached human primary
macrophages that constitutively form well-defined podosomes ?° and could
demonstrate that CRN2 is a novel component of the F-actin-rich core structure of
podosomes. While CRN2 does not seem to be essential for the formation of
podosomes, it may affect their lifetime, internal actin turnover or function such as in
matrix degradation. The finding that CRN2 is essential for formation and function of
invadopodia, but not for the formation of podosomes, points to a different regulation
of these complex invasion-mediating structures.

Analyses of normal human skeletal muscle tissue showed a localization of CRN2i3
within the thin filament region of the sarcomere. Identification of novel components of

the sarcomere is not uncommon. For example, myomesin-3 %, CAP-2 #" and


http://www.invadosomes.org/
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leiomodin ?® have been described recently. The physiological role of CRN2 within the
thin filament structure is currently unclear. CRN2i3 may play a role either structurally,
by organization of the sarcomere such as stabilization of the sarcomeric F-actin
bundles, or functionally, e.g. in force development.

CRNZ2i3 further co-localized with the postsynaptic area and the junctional sarcoplasm
of motor end-plates. Actin is also a known component of this structure °, which is
characterized by folds of the sarcolemma and clustered ligand-gated Na*/K"-
channels 3!, The actin cytoskeleton directly or indirectly seems to be involved in
the formation and stabilization of the motor end-plate 2% 3% 3 however, the details are
unknown. CRN2i3 presents as a novel candidate possibly involved in the formation of
this part of the neuromuscular junction.

ADF/cofilin and related proteins have been identified as binding partners of coronin
proteins "% together regulating the sequestration of actin monomers. In skeletal
muscle cofilin-2 is thought to be involved in muscle function and regeneration .
Mutations of cofilin-2 lead to rare congenital nemaline myopathy (OMIM 601443)
characterized by severe proximal muscle weakness and the presence of nemaline
rod bodies *°. The latter finding provides a possible pathophysiological link between

cofilin-2 mutations and CRN2i3.

Our present study demonstrates the expression of three isoforms of CRN2. A single
promoter comprising binding sites for myogenic regulatory factors and an alternative
first exon are involved in their regulation. The isoforms differ in the N-terminal length
and display an unequal oligomerization state and tissue specificity. The newly
identified CRN2 isoforms localize at and possibly regulate F-actin rich structures
such as podosomes and sarcomeres, and are therefore likely to play essential roles

in cell adhesion/invasion and skeletal muscle function.
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Materials and Methods

Western blotting and antibodies

For western blot analysis primary human macrophages, mammalian cell lines, tissue
samples, and fractions of differential centrifugation and gel filtration experiments
were mixed with SDS-sample buffer, sonicated, centrifuged, and samples of the
supernatants were subjected to standard SDS-PAGE and western blotting %", Two-
dimensional gel electrophoresis in conjunction with immunoblotting was performed
according to 38 Incubation with primary antibody was followed by incubation with
goat anti-mouse IgG coupled to horseradish peroxidase (Sigma); visualisation was
done by enhanced chemiluminescence and exposure to X-ray films (Kodak).

CRN2 was detected with mAb K6-444 °; mAb 203-217 specifically recognized
annexin A7 *. B-COP was detected using mAb maD “°, sarcomeric actin was
recognized by mAb 5C5 (Sigma), and anti-BiP/GRP78 was from Transduction
Laboratories. Furthermore a rabbit polyclonal antibody against myomesin (1:200; a
gift from Peter van der Ven, Bonn), a rabbit polyconal antibody against desmin
(1:200; 2203PDE; Euro-Diagnostica), a sheep polyclonal antibody against the
skeletal muscle ryanodine receptor (RyR1; 1:100; 70372(27); Upstate Biotechnology;
developed by Kevin P. Campbell), and a monoclonal antibody against actin (1:100;

AC40; Sigma) were used.

Immunofluorescence and immunohistochemistry

Immunofluorescence imaging of cultured cell lines was performed according to 2. All
human skeletal muscle samples were taken from diagnostic biopsies that were found
not to be abnormal by standard histological work-up. Isolation of human myofibers
was performed by manual separation of fresh muscle biopsies in “relaxation solution”

*1_The fibres were then dried on glass slides and fixed in a 1:1 methanol acetone
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mixture for 5 minutes at —20°C as were the 6 pm transversal cryo-sections of skeletal
muscle. The sections used for double labelling with FITC-a-bungarotoxin (Sigma),
however, were not fixed as this reduces the bungarotoxin signal intensity. For the
detection of the primary antibodies Texas-Red-conjugated goat-anti-rabbit and
donkey-anti-sheep secondary antibodies from Jackson Immunoresearch Lab (dilution
1:80), as well as isotype specific goat-anti-mouse antibodies from Molecular Probes
conjugated with Alexa 555 or 488 (diluted 1:800 and 1:400, respectively) were
employed. All staining and antibodies solutions were prepared in PBS, incubation
with primary antibodies was overnight at 4°C, with secondary antibodies or FITC-
alpha-bungarotoxin for one hour at room temperature. A Nikon H800 microscope
equipped with a CCD-camera (Sony DXP-9100P 3CCD Color Video) and Lucia
imaging software (LIM Laboratory Imaging Ltd), and a Leica TCS NT confocal
microscope with Leica confocal software (version 2.00, build 0871) were used for
analysis and documentation. Podosomes were visualized according to %5 F-actin was

stained with Alexa 568-labeled phalloidin (Molecular Probes).

Mammalian cell culture

HEK293 human embryonic kidney cells (ATCC: CRL-1573), C2F3 murine myoblasts
(** a subclone of C2C12 myoblasts, ATCC: CRL-1772), NIH3T3 murine fibroblasts
(ATCC: CRL-1658), Bruce 4 ES-cells (C57BL/6J), and phoenix ecotropic packaging
cells (DNX-E; gift of G. Nolan, Stanford University) were grown in standard nutrition
media at 5% CO2 and 37°C. To induce differentiation of C2F3 myoblasts 0.2% horse
serum replaced the fetal calf serum. Human peripheral blood monocytes were
isolated and differentiated into macrophages as described previously ?°.

For myogenic conversion of NIH3T3 fibroblasts a retrovirus derived from plasmid

BMN-hMyoD-IRES-GFP (transfected into ®NX-E cells) containing a cassette coding
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for human MyoD was used '*. Highly efficient transfection of primary human
macrophages with a CRN2 specific siRNA-pool (Dharmacon siGENOME siRNA # M-
017331-00) was performed according to ” using a Microporator device (Peglab). In

vitro wound healing was performed as described earlier °.

RNA purification, northern blotting, 5’-RACE, 5°-RLM-RACE, and RT-PCR
RNA-samples: Total RNA from cells was extracted using the RNeasy Mini kit
(Qiagen); total RNA from murine tissues was prepared using a TRIzol (Invitrogen)
protocol *?; total RNA from samples of human skeletal muscle biopsies was prepared
with RNA-Magic (Bio-Budget) following the manufacturer’s protocol. In addition, a
pool of RNA from adult human skeletal muscle was obtained from Clontech.
Northern blotting: 30 pg of total RNA from murine ES-cells, undifferentiated C2F3
myoblasts, differentiated C2F3 myotubes, various murine organs, and samples of
human skeletal muscle tissue were analyzed by northern blotting using either a full-
length murine CRN2 cDNA (accession no. AF143957) or a 160 bp PCR product
specific for CRN2i3 (amplified by primer pair hCoro3cF/hCoro3cR, see below), and a
R-actin cDNA as probes.

5-RACE: Standard 5’-RACE was performed on various samples of total RNA
extracted from human skeletal muscle tissue. Reactions were carried out according
to the manufacturer’s protocol (Roche, 5/3° RACE Kit 2nd Generation,
#03353621001). Primers used were: SP1 primer (reverse, for cONA synthesis)

ACTAAGAAGCACATTGCGGGCCGT; Oligo d(T)-anchor primer (forward)

GACCACGCGTATCGATGTCGACTTTTTTTTTTTTTTTT; SP2 primer (reverse, for
1st PCR with Oligo d(T)-anchor primer) CCATACCATGACCGTGCAGTCCTC; PCR

anchor primer (forward) GACCACGCGTATCGATGTCGAC,; SP3 primer (reverse, for
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2nd nested PCR with PCR anchor primer) TCGACCAGTCTTGTGCAGAGGGAG.

The PCR products were cloned into pGEMTeasy vector (Promega) and sequenced.
5-RLM-RACE: RLM (RNA-Ligase Mediated)-RACE allows the amplification of cDNA
only from full-length capped mRNA and determines the real 5-prime end of an
mMRNA. 5’-RLM-RACE was performed on various samples of total RNA extracted
from human skeletal muscle tissue and reactions were carried out according to the
manufacturer’s protocol (Ambion, FirstChoice RLM-RACE Kit, #1700). Reverse
transcription using random decamers was carried out at 49°C. Primers used are 5'-
RACE outer primer GCTGATGGCGATGAATGAACACTG, 5-RACE inner primer
CGCGGATCCGAACACTGCGTTTGCTGGCTTTGATG, in combination with various
reverse primers for the first PCR (hCoro3R16 GATCGTTATGTGGGCACCAG,
hCoro3R170 TCCAACGCGTGTGTGAAAGTGG, hCoro3R180
TGGCCTCTCTCCAATGCTGG) and second (nested) PCR (hCoro3R13
TGGTCATTTTTCACCGCTTGC, hCoro3R19i TGAAGTAAGAGACCCTTGGCAGG,
hCoro3R20i TTGGCAGGCAATTGAGCATCC). PCR products were cloned into
pGEMTeasy or purified and sequenced directly.

RT-PCRs: cDNA from human skeletal muscle total RNA was obtained using p(dN6)-
oligomers and M-MLYV reverse transcriptase (Promega) at 37°C for 1 h. PCRs were
performed to confirm or expand the sequences of the different CRN2 clones
identified by RACE. PCRs were carried out at 63°C annealing temperature; primers
used were: hCoro3R13 TGGTCATTTTTCACCGCTTGC, hCoro3R16
GATCGTTATGTGGGCACCAG, hCoro3R170 TCCAACGCGTGTGTGAAAGTGG,
hCoro3R180 TGGCCTCTCTCCAATGCTGG, hCoro3R19i
TGAAGTAAGAGACCCTTGGCAGG, hCoro3R20i TTGGCAGGCAATTGAGCATCC,
hCoro3F20c GGATGCTCAATTGCCTGCCAA, hCoro3F21c

CTCAAAATGTATGGCCCTGGTAGTC, hCoro3F22c
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TGGCCACGAATCATTTGCCATC, hCoro3F23c CAGCGGTTGGAGGCTTCG,

hCoro3F24c CTTTGCAGCGGGGACTTCG. Fragments obtained were cloned into
pGEMTeasy and sequenced or the PCR-products were purified and sequenced

directly using a 377 ABI DNA-sequencer (Applied Biosystems).

Differential centrifugation, subcellular fractionation, and gel filtration

Differential centrifugation was done according to °, isopycnic separation on a
discontinuous sucrose gradient according to * For gel filtration analysis 100 mg of
murine skeletal muscle or kidney tissue were lysed in 20 mM HEPES, pH 7.2, 1 mM
EDTA, protease inhibitor cocktail, and sonicated. The lysate was centrifuged for 30
min at 10,000 g, followed by centrifugation of the supernatant at 100,000 g for 1 h.
The latter supernatant was adjusted to 0.6 M KCI, incubated for 1 h at 4°C, and re-
centrifuged at 100,000 g for 1 h. KCI minimizes interactions between CRN2 and other
proteins as well as interactions between actin and myosin 3 The supernatants were
adjusted to 1 pg/ul protein, and 50 pl were separated on a Superdex G200 gel

filtration column using the SMART system (Amersham Biosciences).

Plasmids for expression of CRN2 isoforms

To express human EGFP-CRN2i1 (‘conventional’ coronin-1C isoform 1,

accession no. NM _014325) in C2F3 myoblasts, an Agel/BamHI EGFP-CRN2i1-
837bp3’'UTR cassette was retrieved from EGFP-CRN2i1 °), blunt ended and cloned
into the BamHI/Notl backbone of pPBMN-Z (Nolan, Stanford University). Retroviruses
derived from the resulting plasmid EGFP-CRN2i1-BMN transfected into ®NX-E cells
were used to infect C2F3 target cells according to '*. For expression of EGFP-
CRN2i1 in HEK293 cells construct EGFP-CRN2i1 ° was used; stably expressing cells

were obtained after neomycin selection. Primary human macrophages were



23
transfected with EGFP-CRN2i1 using a microporator device (PeqgLab; Erlangen,

Germany) according to the manufacturer’s instructions.

In vitro mutagenesis was employed to generate plasmids coding for the two
additional isoforms. Plasmids EGFP-CRNZ2i1-BMN and EGFP-CRNZ2i1 were used as
templates. Primer pair hCoro3bFmut
(CGAGCTCAAGCTTCGAATTCTATGCGTTGGAAGGACACGATGAGGCGAGTGGT
ACG) and hCoro3bRevmut
(CGTACCACTCGCCTCATCGTGTCCTTCCAACGCATAGAATTCGAAGCTTGAGCT
CQG) introduced or exchanged base pairs resulting in pEGFP- and pBMN-plasmids
coding for CRN2i2 (coronin-1C isoform 2, accession no. AM849477).

Two steps were carried out to generate CRN2i3. First, primer pair hCoro3cF
(GCCGAATTCGATGTATGGCCCTGGTAGTCAGC) and hCoro3cRev
(CGCGAATTCGTGTGAAAGTGGCCTCTCTCCA) was used to amplify a CRN2i3-
specific product with adjacent EcoRI restriction sites from a CRN2i3 5’-partial clone
(see RACE/RT-PCR above) which was inserted into the EcoRI cut EGFP-CRN2i1-
BMN and EGFP-CRN2i1 plasmids. Second, in vitro mutagenesis primer pair
hCoro3cFmut
(TGGAGAGAGGCCACTTTCACACATGCGTTGGAAGGACACGATGAGGCGAGTG
GTACG) and hCoro3cRevmut
(CGTACCACTCGCCTCATCGTGTCCTTCCAACGCATGTGTGAAAGTGGCCTCTCT
CCA) introduced or exchanged base pairs resulting in pEGFP- and pBMN-plasmids
coding for CRN2i3 (coronin-1C isoform 3, accession no. AM849478). All CRN2

expression constructs were verified by restriction enzyme digest and sequencing.

Bioinformatic analysis
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Genomic sequence data for CRN2 from 11 primates and 28 other mammals were
retrieved from NCBI (http://www.ncbi.nlm.nih.gov) and Ensembl
(http://www.ensembl.org/Homo_sapiens/geneview?gene=ENSG00000110880).
Regions encompassing the 5' promoter up to exon 2 were assembled, aligned by
CLUSTALW and scrutinized bioinformatically for promoter features such as repetitive
elements using REPEATMASKER (http://www.repeatmasker.org), CPGProD for CpG
composition (http://pbil.univ-lyon1.fr/software/cpgprod.html), transcription start sites
documented in dbTSS (http://dbtss.hgc.jp), coding regions and exon splice sites in
RefSeq (NCBI) and regulatory elements in the TRANSFAC and JASPAR databases.
Cap Analysis of Gene Expression (CAGE) tag clusters
(http://gerg01.gsc.riken.jp/cage_analysis/), the cDNAs in dbTSS and the expressed
sequence tag database (http://www.ncbi.nlm.nih.gov/dbEST/index.html) were
searched to identify 5’ transcripts and alternatively expressed exons by comparison
with genomic sequences. Aligned promoter sequences were converted to an HMM
model * and visualized as a sequence logo
(http://www.sanger.ac.uk/Software/analysis/logomat-m/). Regulatory elements were
mapped as species conserved regions by “phylogenetic footprinting” using
FOOTPRINTER 3.0
(http://genome.cs.mcgill.ca/cgi-bin/FootPrinter3.0/FootPrinterinput2.pl), WEEDERH
(http://159.149.109.9/modtools/) and rVISTA of the VISTA browser (http://genome-
test.Ibl.gov/vista/index.shtml), which identified potential DNA elements for

transactivation factors.

Accession numbers
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Nucleotide sequences of the two novel coronin-1C isoforms have been deposited at
the European Molecular Biology Laboratory (EMBL) database. Accession numbers

are AM849477 (isoform 2, CRN2v2) and AM849478 (isoform 3, CRN2v3).
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Table legends

Table 1

Isoforms of CRN2 due to different N-terminal extensions. Amino acid sequence
derived predictions suggest three different proteins with molecular masses (kDa) and
pl values of 53/6.7, 54/6.9, and 59/7.9, respectively. New symbols for protein (and

mRNA), CRN2i1 (CRN2v1), CRN2i2 (CRN2v2) and CRN2i3 (CRN2v3), according to

1

Figure legends

Figure 1

A slower migrating isoform of CRN2 appears during myogenesis. A, lysates of
HEK293 cells, murine skeletal muscle tissue, C2F3 myoblasts, and C2F3 myotubes
(diff.) were analyzed by SDS-PAGE followed by western blotting using mAb K6-444
specific for CRN2 °. B, 20 ug of total RNA from C2F3 myoblasts and 50 ug of total
RNA from myotubes (diff.) were subjected to gel electrophoresis under denaturing
conditions and analyzed by northern blotting using a full-length CRN2 cDNA as
probe; for control, the ethidium bromide stained RNA-gel is shown. C, time course of
differentiation of C2F3 myoblasts. Cells were harvested at the indicated time points
(day after initiation of differentiation) and analyzed by immunoblotting using mAb K6-
444 and mAb 203-217 specific for annexin A7 as a control of myogenic
differentiation. D, myogenic conversion of NIH3T3 fibroblasts using a retroviral vector
encoding human MyoD. CRN2 from hMyoD-transduced and untransduced NIH3T3
and hMyoD-transduced, differentiated and undifferentiated C2F3 myoblasts is
shown. Cells were harvested four days after transduction or after five days of
differentiation, and analyzed by SDS-PAGE followed by western blotting using the

CRN2 and annexin A7 specific antibodies.
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Figure 2

Promoter and splicing architecture of 5° CRN2. A, the current reference assembly for
CRN2 (NC_000012.10) was characterized for repetitive elements, CpG composition,
transcription start site(s) in dbTSS and known exon splice sites. B, promoter
sequences from -300 to +100 bp for CRN2 were aligned, converted to an HMM
model and visualized as a sequence logo representing 12 mammalian species (i.e.
human, orangutan, marmoset, macaque, cow, pig, vampire bat, guinea pig, mouse,
rat, dog and opossum). The transcription start site (TSS) was designated by genomic
mapping of external database CAGE, EST and full-length cDNA tags. Conserved
motifs in the core promoter were characterized by phylogenetic footprinting
programs, which identified the doubly represented element UF1H3beta_Q6. C, the
alternatively spliced region is shown as a genomic DNA sequence logo derived from
11 primates capable of generating transcripts for both isoforms 2 and 3 (human,
chimp, orangutan, gibbon), isoform 2 only (macaque, baboon, galago, tree shrew) or
neither (marmoset, lemur, tarsier). Three human ESTs encoded by exon 1b giving
rise to protein isoforms 2 and 3 are preceded by a putative, alternative intron 1a

splice site.

Figure 3

Subcellular localization of CRN2 isoforms. A, fractionation of cell lysates from
differentiated C2F3 myotubes by sucrose gradient centrifugation. Fractions were
collected and analyzed by SDS-PAGE followed by western blotting using the
antibodies K6-444 (CRN2), mAb AC 40 (B-actin; Sigma), anti-BiP/GRP 78
(Transduction Laboratories), and maD (B-COP; *°). Arrow heads indicate the position

of the slower migrating isoform 3. B, gel filtration analysis of cytoskeletal protein
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extracts (100,000 g supernatant) of murine kidney and skeletal muscle tissue using a
Superdex G200 column. Fractions were collected and analyzed by SDS-PAGE
followed by western blotting using mAb K6-444, mAb AC 40, and mAb 5C5

(sarcomeric-actin; Sigma). The molecular mass is given.

Figure 4

A, Structure-based sequence alignment of CRN2 with CRN4. The CRN4 (synonyms:
coronin-1A, coronin-1) amino acid sequence is sectioned according to the fold
observed in the crystal structure '®. The amino acid sequence of all three isoforms of
CRN2 is aligned to CRN4 using amino acid sequence similarity as well as predicted
secondary structure elements. The secondary structure of CRN2 was predicted using
PsiPred *° and is annotated in the lines shown as 'pred' (H: helix, E: strand, C: coil).
The first amino acids of CRN2i1, CRN2i2 and CRN2i3 are indicated. The motifs
printed in bold are similar to the heptad repeat motifs found in coiled coils. Potential
phosphorylation sites in the N-terminal region of CRN2 are underlined. B, Homology
model of CRN2 3 propeller and C-terminal extension domains. The homology model
of CRN2 (isoform 1; aa 7-400) was generated as reported earlier . The N-terminal
region is colored blue, the WD40 repeat domain (B propeller domain) is shown in
aqua, and the C-terminal extension domain is shown in brown. Additional amino
acids of isoforms 2 and 3 are fused to the N-terminal region and, in the case of
isoform 3, can possibly extend to interact with the C-terminal extension domain

and/or the coiled coil domain.

Figure 5
Subcellular localization of CRN2 isoforms expressed as GFP-fusion proteins. A,

undifferentiated C2F3 myoblasts expressing EGFP-CRN2i1; B, differentiated C2F3
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myotubes expressing EGFP-CRN2i3; C, HEK293 cells expressing EGFP-CRN2i2.

Cells were fixed with formaldehyde. Green, fluorescence signal of EGFP-fused
CRN2 isoforms, red, F-actin staining with TRITC-phalloidin. Arrowhead,
submembranous localization; double-arrow, lamellipodial and filopodial enrichments
of CRNZ2; arrow, dot-like structures at the bottom of the cell; double-arrowhead,

localization of CRN2 to actin fibers.

Figure 6

CRNZ2 is a component of podosomes. A, fractions of human primary macrophages
enriched in podosomes, bovine skeletal muscle tissue, control fractions devoid of
podosomes “¢, C2F3 myotubes, macrophages, and 10T1/2 fibroblasts were analyzed
by SDS-PAGE followed by western blotting using mAb K6-444 specific for CRN2. B,
confocal images demonstrate an enrichment of endogenous CRN2 at podosomes of
primary human macrophages, fixed with formaldehyde and stained with mAb K6-444.
C, primary human macrophages transfected with EGFP-fused CRNZ2i1. D, enlarged
view of a GFP-CRN2i1 positive human primary macrophage. Arrow, localization of

CRN2 in podosomes; arrowhead, submembranous enrichment of CRN2.

Figure 7

CRN2 knockdown does not affect podosome formation. A, effective siRNA-mediated
knockdown of CRNZ2 in human macrophages. Western blotting confirms a strong
reduction in the expression level three days after transfection, and no CRN2 is
detectable at four days. B-actin staining used as control. B,C, confocal images of
double-labelled human macrophages. B, cells one day after transfection expressing
CRN2 and C, cells four days after transfection lacking CRN2 both show normal

patterns of podosomes.
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Figure 8

CRNZ2i3 co-localizes with the motor end plate. Immunostaining for endogenous
CRNZ2 in transversal cryosections of mature human skeletal muscle frequently
indicates subsarcolemmal enrichments. Double stainings with FITC-labelled
a-bungarotoxin indicate a co-localization of CRN2 at postsynaptic area and the
junctional sarcoplasm of the motor end plate (arrow). Note that the intensity of CRN2-
staining as well as background levels in both channels differ from normal staining

procedures by the lack of fixation to preserve a-bungarotoxin reactivity.

Figure 9

CRN2i3 targets to thin filaments of myofibrils. Human myofibers were isolated,
double-labelled, and images were taken by confocal microscopy. A, co-staining with
myomesin indicates a gap (arrows) between CRN2 and the M-band. B, co-staining

with actin demonstrates a specific co-localization of CRN2 with sarcomeric actin.
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