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Abstract

Tropomyosin isoforms contribute to generation of functionally divergent actin filaments. In the
nematode Caenorhabditis elegans, multiple isoforms are produced from /ev-11, the single
tropomyosin gene, by combination of two separate promoters and alternative pre-mRNA splicing.
In this study, we report that alternative splicing of /ev-11 is regulated in a tissue-specific manner so
that a particular tropomyosin isoform is expressed in each tissue. Reverse-transcription
polymerase chain reaction analysis of /ev-17 mRNAs confirms five previously reported isoforms
(LEV-11A, LEV-11C, LEV-11D, LEV-11E, and LEV-110) and identifies a new sixth isoform
LEV-11T. Using transgenic alternative-splicing reporter minigenes, we find distinct patterns of
preferential exon selections in the pharynx, body wall muscles, intestine, and neurons. The body
wall muscles preferentially process splicing to produce high-molecular-weight isoforms,
LEV-11A, LEV-11D, and LEV-110. The pharynx specifically processes splicing to express a low-
molecular-weight isoform LEV-11E, whereas the intestine and neurons process splicing to express
another low-molecular-weight isoform LEV-11C. The splicing pattern of LEV-11T was not
predominant in any of these tissues, suggesting that this is a minor isoform. Our results suggest
that regulation of alternative splicing is an important mechanism to express proper tropomyasin
isoforms in particular tissue and/or cell types in C. elegans.
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Introduction
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Tropomyosin is a major actin-binding protein in fungi and metazoans, which binds along the
side of actin filaments (Bailey 1946; Laki et al. 1962; Maruyama 1964) and is involved in

numerous biological events (Gunning et al. 2008; Gunning et al. 2015; Holmes and Lehman
2008; Perry 2001). Tropomyosin directly alters the biophysical properties of actin filaments:
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tropomyosin slows down actin filament dynamics by reducing the rates of polymerization
and depolymerization (Broschat 1990; Broschat et al. 1989; Hitchcock-DeGregori et al.
1988; Lal and Korn 1986) and increases the rigidity of actin filaments (Goldmann 2000;
Greenberg et al. 2008). In addition, tropomyosin indirectly modulates the actin functions by
recruiting or repelling other cytoskeletal proteins (Kuhn and Bamburg 2008; Wang and
Coluccio 2010). Furthermore, multicellular organisms express a large number of
tropomyosin isoforms to generate diverse cytoskeletal environments with different properties
(Choi et al. 2012; Geeves et al. 2015; Gunning et al. 2015; Gunning et al. 2005; Lees-Miller
and Helfman 1991; Lin et al. 1997; Pittenger et al. 1994; Schevzov et al. 2011). Changes in
the expression patterns of tropomyosin isoforms are associated with pathological conditions
such as heart disease (Karam et al. 2011; Rajan et al. 2010) and cancer cell transformation
(Hendricks and Weintraub 1984; Lin et al. 1985; Matsumura et al. 1983; Pawlak et al. 2004).
However, the regulatory mechanisms of tropomyosin isoform expression by alternative
splicing have been characterized only in limited cases (Gooding and Smith 2008). Mammals
have four tropomyosin genes producing more than 40 isoforms in total by alternative
splicing (Geeves et al. 2015; Schevzov et al. 2011), yet further studies on the expression
patterns of the tropomyosin isoforms will be necessary for understanding their isoform-
specific functions.

The nematode Caenorhabditis elegans has a single tropomyosin gene /ev-11 (also known as
tmy-1), which gives rise to multiple isoforms (Kagawa et al. 1995). The /ev-11 gene has two
promoters and multiple alternatively spliced exons (Fig. 1). Five isoforms have been
confirmed to date by cloning of full-length cDNAS, which include three high-molecular-
weight isoforms (LEV-11A, LEV-11D, and LEV-110) and two low-molecular-weight
isoforms (LEV-11C and LEV-11E) (Anyanful et al. 2001; Barnes et al. 2018; Kagawa et al.
1995) (Fig. 1). Severe /ev-11 mutants are paralyzed and arrested at an embryonic stage
(Williams and Waterston 1994). Some of /ev-11 mutants are resistant to levamisole, an
agonist for acetylcholine receptor that induces muscle contraction (Lewis et al. 1980a; Lewis
et al. 1980b), because slow muscle relaxation occurs while cholinergic neurons are active
(Hwang et al. 2016). Splicing of two mutually exclusive exon 7s is differentially regulated in
the head and body regions of the body wall muscle cells to express LEV-110 in the head
muscles and LEV-11A in the rest of the body wall muscles, where these isoforms
differentially regulate muscle contractility (Barnes et al. 2018). In addition, /ev-11is
important for sarcomere organization (Ono and Ono 2002; Yu and Ono 2006), muscle arm
development (Dixon and Roy 2005), ovulatory myoepithelial sheath contraction (Ono and
Ono 2004), and contractility of male sex muscle (Gruninger et al. 2006). However, isoform-
specific roles of C. eleganstropomyosins are largely unknown in these processes.

Profiling of their expression patterns is necessary to understand functional significance of
tropomyosin isoforms in C. elegans. Previous studies have demonstrated tissue-specific
activities of the two /ev-11 promoters: the upstream promoter (promoter 1) drives
transcription from exon 1 (E1) to express high-molecular-weight isoforms in the body wall
muscle, vulva, and anal muscle, whereas the downstream promoter (promoter 2) drives from
exon 3b (E3b) to express low-molecular-weight isoforms in the pharynx and intestine
(Anokye-Danso et al. 2008; Anyanful et al. 2001; Kagawa et al. 1995). However, a pattern
of alternative splicing has been characterized only for alternative exons 7a (E7a) and 7b
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(E7b) (Barnes et al. 2018). In this study, we determined /n vivo selection patterns of
alternative exons 4 (E4a and E4b), 5 (E5a, E5c, and E5b), and 9 (E9a, and E9b) in major C.
elegans tissues using reverse transcription-PCR and transgenic alternative splicing reporters
(Kuroyanagi et al. 2006; Kuroyanagi et al. 2010). We further identified a new sixth
tropomyosin isoform LEV-11T. The results indicate that C. e/egans has a mechanism to
express different tropomyosin isoforms by tissue-specific alternative splicing, suggesting
that evolution of tropomyosin isoforms is functionally relevant to tissue-specific functions of
the actin cytoskeleton even in this relatively simple multicellular organism.

Reverse transcription-PCR analysis of lev-11 reveals specific exon combinations and
identifies a novel tropomyosin isoform

To analyze the processing patterns of the LEV-11 mRNAs, we performed reverse
transcription (RT)-polymerase chain reaction (PCR) analyses using the L1-stage cDNAs
with a forward primer on either E1 (the first exon for high-molecular-weight isoforms) or
E3b (the first exon for low-molecular-weight isoforms) and a reverse primer on E9c, the
most downstream exon that is included in all known transcripts either as coding or non-
coding region (Fig. 1), to amplify full-length coding regions of cDNAs (Fig. 2). With the
E1/E9c primer pair, we detected a single band (Fig. 2, lane 3), which contained LEV-11A/
CeTMI (Fig. 1A) as the only detected isoform by direct sequencing. As the promoter
upstream of E1 is most active in the body wall muscles, anal muscles and sex muscles
(Kagawa et al. 1995), the representation of LEV-11A suggests that E4b, E5b, E7b, and E9c
are mostly selected in these muscles. LEV-110, which also contains E1 and E9c (Fig. 1),
was not detected in this assay but was detected when it was specifically enriched and
amplified (our unpublished observations), consistently with our recent observations that
LEV-110 is a very minor isoform that is expressed in a subset of head muscle cells (Barnes
et al. 2018). With the E3b/E9c primer pair, we detected a major lower band and a minor
upper band (Fig. 2, lane 6). Cloning and sequencing of the RT-PCR products revealed that
the major lower band was LEV-11E/CeTMIII, which includes E4a, E5a, E7b, and E9a,
whereas the minor upper band was a mixture of LEV-11C/CeTMIV, which includes E4a,
E5c, E7b, and E9b, (Fig. 1A) and a novel isoform LEV-11T that included E4a, E5a, E7b,
and E9b (DDBJ accession number LC215398) (Fig. 1A). No cDNA containing E9c as a part
of a coding region was detected when the E3b primer was used.

To further analyze the processing patterns of the LEV-11 mRNASs containing E9a and E9b,
we utilized reverse primers on E9a and E9b. With the E1/E9a or E1/E9b primer pair, no
detectable band was amplified from the L1-stage cDNAs (Fig. 2, lanes 1 and 2). However,
when RT-PCR was performed using cDNAs from mixed-stage worms, a single band was
amplified from the E1/E9b pair, which encoded LEV-11D/CeTMII (Fig. 2, lane 8),
suggesting that LEV-11D is a developmentally regulated minor isoform. With the E3b/E9a
primer pair, we detected a single band that included E4a, E5a and E7b (Fig. 2, lane 4),
indicating that LEV-11E/CeTMIII is the major isoform in tissues where E9a is selected.
With the E3b/E9b primer pair, a single band was detected (Fig. 2, lane 5) and it was a
mixture of LEV-11C/CeTMIV and LEV-11T (Fig. 1A). Both the E3b/E9a and E3b/E9b RT-
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PCR products were consistent with the three E3b/E9c RT-PCR products including E9c as an
untranslated region (Fig. 2, lane 6). Indistinguishable results were obtained with mixed-stage
cDNAs for E3b/E9a, E3b/E9b, and E3b/E9c primer pairs (our unpublished observations).

In summary, our RT-PCR analyses demonstrated that: (1) the alternative exons of the /ev-11
gene are selected in a limited number of combinations, and (2) a new splicing pattern
produces a novel low-molecular-weight tropomyosin isoform LEV-11T.

Alternative exons of the lev-11 gene are selected mostly in a tissue-type-specific manner

To examine /n vivo selection patterns of the /ev-11 alternative exons, we utilized
fluorescence reporter systems (Kuroyanagi et al. 2006). A choice of E1/E2/E3a or E3b was
not examined here because these are determined by two alternative promoters (Kagawa et al.
1995). To examine selection patterns of E4a/E4b and E5a/E5c/ESb /n vivo, we constructed a
pair of fluorescence reporter minigenes (Fig. 3A and B). In the enhanced green fluorescent
protein (EGFP) minigene (E3b-E6-EGFP), a /ev-11 genomic fragment spanning from E3b
through E6 was connected in-frame with the EGFP cDNA so that the cells were forced to
use E3b (Fig. 3A). In the monomeric red fluorescent protein (mRFP) minigene (E4b-E6-
mMRFP), a fev-11 genomic fragment spanning from E4b through E6 was connected in-frame
to mRFP1 cDNA so that the cells were forced to use E4b (Fig. 3B). As each tissue can select
any E4 (in the EGFP minigene) and any ES5 (in both of the minigenes) without constraint, we
anticipated that both EGFP and mRFP would be uniformly detected in all the tissues when
the minigenes were ubiquitously expressed by the eef-1A.1 promoter. However, expression
of the fluorescent proteins in the transgenic reporter worms exhibited striking tissue
specificity: the pharyngeal muscle preferentially expressed EGFP (Fig. S1A), whereas the
body wall muscle predominantly expressed mRFP (Fig. S1B). Although these and other
reporter constructs contain small portions of the LEV-11 proteins fused with the fluorescent
proteins, we did not observe any dominant phenotypes due to expression of reporters in
terms of morphology of tissues and cells and locomotive activity of the transgenic worms.

To obtain further insight into the tissue-specific splicing patterns, we generated transgenic
reporter worms expressing these reporter minigenes in four major tissues. Pharynx, body
wall muscles and intestine are the tissues in which activity of the /ev-11 promoters have
been detected (Anyanful et al. 2001; Kagawa et al. 1995). Neurons were also analyzed
because they constitute >30% of the somatic cell population at the adult stage. We then
analyzed fluorescent protein expression by fluorescence microscopy (Fig. 3C-F) and major
MRNA species by RT-PCR (Fig. 3G). From the E3b-E6-EGFP reporter, EGFP was strongly
expressed in the pharynx (Fig. 3C), and intestine (Fig. 3E), and moderately in neurons (Fig.
3F). Sequencing of the RT-PCR products revealed that, in the pharynx, a single band
containing E3b/E4a/E5a/E6 (LEV-11E/T type) was predominantly produced (Fig. 3G, lane
1), whereas, in the intestine and neurons, two bands were produced (Fig. 3G, lanes 3 and 4).
The lower bands in the intestine and neurons contained E3b/E4a/E5¢/E6 isoform (LEV-11C
type) (Fig. 3A and G, lanes 3 and 4), but the upper bands contained E3b/E4a/E5c/ESb/ES,
which includes a premature stop codon to prevent translation of EGFP (Fig. 3A and G). The
body wall muscles, however, processed the mRNAS in an unexpected manner; E4b and E5b
are specifically selected as expected from the LEV-11A/O-type splicing, yet E4b is fused
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with E4a with a short intron between them retained in the mature mRNA (E3b/E4a-
E4b/E5b/E6 isoform) (Fig. 3A and G, lane 2). This mRNA also includes a premature stop
codon to prevent translation of EGFP (Fig. 3A). Nonetheless, weak expression of EGFP was
detected in the body wall muscles (Fig. 3D), and an exon combination for this mMRNA
remains unknown. The intron between E4a and E4b could not be excised probably because
it is too short (36 nt) for the spliceosome (Lander et al. 2001). From the E4b-E6-mRFP
reporter, mRFP was strongly expressed in the body wall muscle (Fig. 3D), intestine (Fig.
3E), and neurons (Fig. 3F). RT-PCR analysis showed that these tissues primarily expressed
E4b/E5b/E6 isoform (LEV-11A/0 type) (Fig. 3B and G, lanes 6-8). The pharynx
predominantly selected E5a, yet the intron between E4b and E5a was retained in the mature
mMRNAs (E4b-E5a/E6 isoform) (Fig. 3B and G, lane 5) although the intron (123 nt) appears
to be long enough for the spliceosome. These results suggested that (1) each E5 is selected
in mutually exclusive and tissue-specific manners, (2) E4b can be properly recognized only
in the body wall muscles, and (3) intron 3b (between E3b and E4a) can be excised in any
tissues if exon 3b is forced to be included.

To further determine the selection patterns of E5s /n vivo, we constructed a trio of reporter
minigenes in which a /ev-11 genomic fragment spanning from E4a through E6 is connected
in-frame to one of three fluorescent protein cDNAs (Fig. 4A-C). To focus on the mutually
exclusive selection from three E5s, we disrupted the 5’-splice site of E4b (Fig. 4A-C, red
crosses) so that all the tissues are forced to use the 5’-splice site of E4a. Artificial
termination codons were then introduced into two of the three E5s in each of the minigenes
(Fig. 4A-C, red diamonds) so that each fluorescent protein is expressed upon selection of a
specific E5 (Kuroyanagi et al. 2013a). When these minigenes were expressed under the
control of the common, ubiquitous eef-1A.1 promoter, we detected preferential expression
of one fluorescent protein in each of the three major tissues: the pharynx predominantly
expressed E5a-enhanced cyan fluorescent protein (ECFP) (Fig. 4D), the body wall muscles
expressed E5b-Venus (Fig. 4E), and the intestine predominantly expressed E5c-HcRed (Fig.
4F). None of the reporters were detected in the neurons for an unknown reason. As these
expression patterns were consistent with the RT-PCR analyses (Fig. 3G), we concluded that
E5a, E5c and E5b are preferentially selected in the pharynx, the intestine, and the body wall
muscles, respectively.

As determined by the RT-PCR analysis (Fig. 2), alternative splicing of E9s is somewhat
complex. Although each of E9a, E9b, or E9c is selected as a translated region, E9c is also
used as an untranslated region when E9a or E9b is selected (Fig. 1). Thus, E9a and E9b are
classified as tandem cassette exons, which are either included or skipped. We examined
patterns of inclusion or exclusion of E9a /n vivo using a pair of reporter minigenes in which
a lev-11 genomic fragment spanning from E8 through E9b is connected in-frame to one of
two fluorescent protein cDNAS (Fig. 5A and B) to detect inclusion of E9a (E9a-mCherry) or
exclusion of E9a (AE9a-EGFP). When these minigenes were ubiquitously expressed, only
the pharynx and the excretory cells expressed E9a-mCherry (Fig. 5C), whereas the other
tissues expressed AE9a-EGFP (Fig. 5D). Since LEV-11E is the only known isoform
containing E9a (Fig. 1), these results suggest that this isoform is expressed specifically in
these limited tissues.
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Tropomyosin isoforms are expressed in a tissue-specific manner by alternative splicing

Based on the splicing patterns, tissue-specific expression of LEV-11 isoforms are
summarized in Table 1. Most of the body wall muscle cells express the high-molecular-
weight isoforms LEV-11A or LEV-11D, which includes E4b (Fig. 3A), E5b (Fig. 4E), and
E7b (Barnes et al. 2018) but excludes E9a (Fig. 5D). A subset of head muscle cells
predominantly express LEV-110 that includes E7a (Barnes et al. 2018). The pharynx
expresses LEV-11E that includes E4a (Fig. 3A), E5a (Fig. 4D), E7b (Barnes et al. 2018), and
E9a (Fig. 5C). The intestine and neurons express LEV-11C, which includes E5c (Fig. 4F)
and E7b (Barnes et al. 2018), and excludes E9a (Fig. 5D). The excretory cells are likely to
express LEV-11E, since this is the only known isoform containing E9a (Fig. 5C). Expression
pattern of LEV-11T remains unclear because selection of E5a and E9b is to be
simultaneously elucidated. Additional analysis using the reporters under the control of
tissue-specific promoters will be required to determine /ev-11 splicing patterns in the
excretory cell as well as in other minor tissues.

Discussion

In the present and previous studies, we demonstrated that selection patterns of alternative
exons of the /ev-11 gene are regulated specifically in certain tissues and cell types by
utilizing fluorescence splicing reporters (Barnes et al. 2018). It should be noted that there are
technical limitations to detect low-level expression of the splicing reporters by fluorescence
microscopy. It is also likely that minor fluorescent signals are false-positives due to artificial
structure or intense promoter activity of the reporter minigene. Therefore, this technique is
highly effective in characterizing major splicing patterns, but occurrence of minor splicing
events remains ambiguous. Nevertheless, our study showed remarkable preference in
tropomyosin isoform expression in major C. elegans tissues. To date, a splicing factor for the
lev-11 gene has not been identified. For several other alternatively spliced genes in C.
elegans, combinatorial regulation by multiple factors such as ASD-1, FOX-1, SUP-12,
ASD-2, UNC-75 and PTB-1 have been characterized as the basis of tissue- and cell-type-
specific alternative splicing (Anyanful et al. 2004; Kuroyanagi et al. 2006; Kuroyanagi et al.
2007; Kuroyanagi et al. 2010; Kuroyanagi et al. 2013a; Ohno et al. 2008; Ohno et al. 2012;
Tomioka et al. 2016). The fluorescence splicing reporter worms generated in this study
should be useful tools for future genetic screening and characterization of splicing regulators
in vivo, as well as determination of c/s-elements critical for the tight regulation of
tropomyosin isoform expression in nematodes.

Organized regulation of multiple alternatively spliced exons can potentially contribute to
production of a number of tropomyosin isoforms. High- and low-molecular-weight /ev-11
tropomyosin isoforms are encoded by nine and seven exons, respectively, and only E6 and
E8 are used constitutively as protein-coding regions in all known isoforms (Fig. 1). With the
two promoters and alternative choices of exons 4, 5, 7, and 9, up to 72 tropomyosin isoforms
could be theoretically produced. This indicates that the C. eflegans lev-11 gene is more
extensively alternatively spliced than any mammalian tropomyosin genes: human
tropomyosin isoforms are similarly encoded by nine or seven exons, and each of the four
tropomyosin genes has five constitutively used exons (Geeves et al. 2015; Schevzov et al.
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2011). Therefore, extensive alternative splicing of the /ev-11 gene might be an adaptation to
produce many tropomyosin isoforms from a single gene to fulfill a variety of tropomyosin
functions.

Expression of different tropomyosin isoforms were detected in distinct types of muscles,
which might be related to the major function of tropomyosin to regulate muscle contraction
by mediating calcium-dependent conformational changes of troponin to actin filaments
(Ebashi 1984). In C. elegans, multiple isoforms of troponin components are expressed in
both striated and non-striated muscles (Barnes et al. 2016; Burkeen et al. 2004; Myers et al.
1996; Obinata et al. 2010; Ruksana et al. 2005; Terami et al. 1999), and there may be
isoform-specific interactions among tropomyosin and troponin components. The body wall
muscles are obliquely striated and have similarities to vertebrate cross-striated muscles (Ono
2014). A C. elegans hermaphrodite has total 95 mononucleated body wall muscle cells,
which contain indistinguishable sarcomere structures. However, eight muscle cells in the
head region (head muscles) exhibit a distinct pattern of gene expression from other posterior
muscle cells (Cao et al. 2017). Alternative splicing of /ev-11 exon 7s results in expression of
LEV-110 in the head muscles and LEV-11A in the other body wall muscle cells (Barnes et
al. 2018). This pattern is correlated with the expression patterns of two of the four troponin |
isoforms: TNI-3 is enriched in the head muscles, whereas UNC-27 is expressed in the other
body wall muscle cells (Burkeen et al. 2004; Ruksana et al. 2005). A previous study
suggests that LEV-11A and UNC-27 are a functional isoform combination of tropomyosin
and troponin | (Barnes et al. 2018), but compatibility among other isoforms remains
unknown. The pharyngeal muscles represent a unique type of muscle in which only a low-
molecular-weight tropomyosin, LEV-11E, is expressed together with distinct isoforms of
troponin components (Amin et al. 2007; Burkeen et al. 2004; Ruksana et al. 2005).
Typically, high-molecular-weight tropomyosins play a major role in the regulation of muscle
contraction. Therefore, this unique set of tropomyosin and troponin may have a specific
function in the pharyngeal muscle.

Tropomyosins are expressed in both muscle and non-muscle cells in animals (Gunning et al.
2015). In C. elegans, expression of LEV-11 isoforms have been characterized in major
tissues, including the body wall muscle, pharynx, and intestine (Anyanful et al. 2001; Barnes
et al. 2018; Kagawa et al. 1995; Ono and Ono 2002). However, the expression and function
of most of non-muscle LEV-11 tropomyosins have not been determined. The previous
promoter-reporter analyses reported that the /ev-11 gene has two promoters, which are active
only in limited tissues (Anyanful et al. 2001; Kagawa et al. 1995) and are unlikely to
represent all tropomyosin-expressing tissues. For example, LEV-11 is expressed in the
myoepithelial sheath and spermatheca in the somatic gonad and essential for ovulation (Ono
and Ono 2004; Ono et al. 2007), but the promoter activity has not been detected in these
tissues, suggesting that the examined promoter regions might not have included all tissue-
specific c/s-acting elements. Using heterologous promoters, we demonstrated that neurons
and excretory cell processed specific patterns of alternative splicing in the /ev-1.1 minigene
constructs. Additional profiling of /ev-11 splicing using other tissue/cell-type specific
promoters should help to determine distribution of tropomyosin isoforms in C. elegans.
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Among 16 exons in the /ev-11 gene, only E6, E8, and E9c are constitutively selected. We
therefore constructed atypical reporter minigenes in this study: alternatively spliced exons
were forced to be a part of constitutive exons (Fig. 3A-B, Fig. 4A-C, and Fig. 5A-B). These
experiments revealed some unexpected results. For instance, intron 3b in the LEV-11E3b-
E6-EGFP minigene was constitutively excised, and E4a was included even in body wall
muscles where only E4b should be selected (Fig. 3A and G). E5b in the LEV-11E4b-E6-
mRFP minigene was preferentially selected even in intestine and neurons (Fig. 3B and G)
that prefer E5c in other minigenes (Fig. 3A, 4F). These results imply that context-dependent
mechanisms play substantial roles in the tissue-specific alternative splicing of /ev-11 pre-
mRNA. This may be the reason why we did not detect any of the fluorescent proteins in the
nervous system with the three-color E5 reporter.

In conclusion, tropomyosin isoforms have evolved in the nematode C. elegans by increasing
the complexity of tissue/cell-specific alternative splicing of the single gene, which must have
accompanied functional differentiation of tropomyosin isoforms that support various actin-
based cytoskeletal structures. Further correlative studies on tropomyosin isoforms in C.
elegans using genetics, cell biology, and biochemistry should be useful in the future to
understand the basis of cytoskeletal differentiation in multicellular organisms.

Materials and methods

Worm culture

Worms were cultured following standard methods (Stiernagle 2006). Wild-type C. elegans
strain N2 was obtained from the Caenorhabditis Genetics Center (Minneapolis, MN) and
used in this study. Transgenic worms were generated as described previously (Kuroyanagi et
al. 2010). At least two independent lines with extrachromosomal arrays were established for
each combination of the /ev-11 reporter minigenes. The expression patterns of the
fluorescent proteins were reproducible and consistent within the lines as well as among the
independent lines as we have already reported for other reporters (Kuroyanagi et al. 2010).
Genotypes of the strains analyzed in the Figures are listed in Supplemental Table S1.

RT-PCR and sequencing

Total RNAs from synchronized L1 worms were extracted as described previously
(Kuroyanagi et al. 2010; Kuroyanagi et al. 2013b). Total RNAs from mixed-stage worms
were extracted using TRI Reagent® (Sigma-Aldrich). RT-PCR was performed essentially as
described previously (Kuroyanagi et al. 2010; Kuroyanagi et al. 2013b). Sequences of the
primers used in the RT-PCR experiments are available in Supplemental Table S2. RT-PCR
products were analyzed by using 2100 BioAnalyzer (Agilent Technologies, Santa Clara,
CA) or conventional agarose-gel electrophoresis and ethidium bromide staining. Sequences
of the RT-PCR products were confirmed by direct sequencing or by cloning and sequencing.

Construction of vectors for splicing reporters

Fluorescence /ev-11 splicing reporter minigenes were constructed essentially as described
previously (Kuroyanagi et al. 2010; Kuroyanagi et al. 2013a). Briefly, the /ev-11 genomic
DNA fragment was cloned into a Gateway pENTR-L1/R5 vector (Life Technologies,
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Carlsbad, CA). Mutagenesis in the exons were performed by utilizing PrimeStar GXL DNA
polymerase (Takara Bio, Inc., Shiga, Japan). Expression vectors were constructed by
homologous recombination between the genomic DNA cassette and a fluorescent protein
cassette in the pENTR-L1/R5 vector and a destination vector pDEST-eef-1A.1p, pDEST-
myo-2p, pPDEST-myo-3p, pDEST-gst-42p, or pDEST-rgef-1p (Kuroyanagi et al. 2006;
Kuroyanagi et al. 2010) by utilizing LR Clonase 1l Plus (Life Technologies, Carlsbad, CA).
Sequences of the primers used in the plasmid construction and mutagenesis are available in
Supplemental Table S3. Genotypes of the generated strains are listed in Supplemental Table
S1. Sequence information of the reporter minigenes are available upon request to HK.

We observed the expression patterns of the fluorescent proteins in at least 100 worms from
each strain using high-magnification epifluorescence stereomicroscopes (MZ16FA and
M205FA with Fluo Combi 111, Leica Microsystems, Wetzlar, Germany) and confirmed
consistent patterns in nearly all observed worms. Then, images of representative
fluorescence reporter worms were captured using a fluorescence compound microscope
(DM6000B, Leica Microsystems, Wetzlar, Germany) equipped with a color cooled CCD
camera (DFC310FX, Leica Microsystems, Wetzlar, Germany). Images were processed with
Photoshop CS2 (Adobe, San Jose, CA).
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Figure 1. Structure of the C. eleganslev-11 gene.
The /ev-11 gene structure is schematically shown on top with numbered boxes indicating

exons. Below, structures of spliced mRNAs of five previously characterized isoforms
(LEV-11A/CeTMI, LEV-11D/CeTMII, LEV-11E/CeTMIII, LEV-11C/CeTMIV, and
LEV-110) and a newly identified isoform (LEV-11T) are shown. Coding and non-coding
regions are shown in purple and light blue, respectively.
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Figure 2. Analysisof lev-11 mRNAs by RT-PCR.
(Lanes 1-6) Total RNAs from synchronized wild-type L1 larvae were subjected to RT-PCR

with indicated primer pairs (shown on top) and cycle numbers (shown on bottom), and the
PCR products were analyzed with an on-chip capillary electrophoresis system, 2100
BioAnalyzer (Agilent). Results are shown in gel-like presentations. (Lanes 7-9) Total RNAs
from mixed-stage wild-type worms were subjected to RT-PCR with indicated primer pairs
(shown on top) and cycle numbers (shown on bottom), and the PCR products were analyzed
with conventional agarose gel electrophoresis. Major cDNA species were cloned and
sequenced, and identified isoforms are indicated. DNA size markers are shown on the left of
lanes 1 and 7. The presented data are representative results from at least three separate
experiments.
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Figure 3. Fluorescence splicing reporter analysisfor lev-11 E4sand E5s.
(A, B) Schematic illustration of /ev-11 reporter minigenes, E3b-E6-EGFP (A) and E4b-E6-

mRFP (B). Structures of major mRNA isoforms expressed in the pharynx, body wall
muscles (BW Muscles), intestine, and neurons are indicated below each minigene. The
cDNA cassettes and the predicted open reading frames (ORFs) for EGFP and mRFP are
colored in green and magenta, respectively. Frames shown in cyan are not in-frame with the
fluorescent proteins and such mRNAs are likely degraded by nonsense-mediated mRNA
decay (NMD). Green circles indicate artificially-introduced initiation codons. (C-F)

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2019 November 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Watabe et al.

Page 16

Fluorescence images showing expression of E3b-E6-EGFP and E4b-E6-mRFP in L4 larvae
or adults under the control of the myo-2 (pharynx) (C), myo-3 (body wall muscle) (D),
gst-42 (intestine) (E), or rgef-1 (neurons) (F) promoter. Micrographs were taken with the
same exposure settings for the four strains. Merged images of EGFP in green and mRFP in
magenta and DIC images are also shown. Bars, 100 um. (G) RT-PCR analysis of
polyadenylated mRNAs from E3b-E6-EGFP (lanes 1-4) and E4b-E6-mRFP (lanes 5-8).
Major cDNA species were cloned, sequenced, and identified exon combinations are
indicated (also shown schematically in A and B). These reporters were analyzed in NMD-
deficient smg-2 mutant background. DNA size markers are shown on the left of lanes 1 and
5. The presented results were consistent in two independent transgenic strains.
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Figure 4. Fluorescence splicing reporter analysisfor lev-11 E5s.
(A-C) Schematic illustration of reporter minigenes for /ev-11 E5a (E5a-ECFP) (A), E5Sb

(E5b-Venus) (B), and E5c¢ (E5¢c-HcRed) (C). These reporters were expressed under the
control of the ubiquitous eef-1A.1 promoter. Structures of mMRNA isoforms that encode the
fluorescent proteins are indicated below each minigene. The cDNA cassettes and the
predicted ORFs for ECFP, Venus and HcRed are colored in cyan, green and magenta,
respectively. Green circles and red diamonds indicate artificially-introduced initiation and
termination codons, respectively. Red crosses indicate disruption of the 5’-splice sites for
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E4b. (D-G) Fluorescence images showing expression of E5a-ECFP (D), E5b-Venus (E) and
E5c-HcRed (F). A merged image with ECFP in blue, Venus in green, and HcRed in red, is
shown in G. Bar, 100 pm.
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Figure 5. Fluorescence splicing reporter analysisfor lev-11 E9s.
(A, B) Schematic illustration of reporter minigenes for inclusion (E9a-mCherry) (A) and

exclusion (AE9a-EGFP) (B) of /ev-11 E9a. These reporters were expressed under the control
of the ubiquitous eef-1A.1 promoter. Structures of mRNA isoforms are indicated below the
minigenes. The cDNA cassettes and the predicted ORFs for mCherry and EGFP are colored
in magenta and green, respectively. Green circles indicate the artificially-introduced
initiation codons. Green arrowheads indicate nucleotide substitutions for eliminating a
termination codon. (C-F) Fluorescence images showing expression of E9a-mCherry (C) and

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2019 November 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Watabe et al.

Page 20

AE9a-EGFP (D). A merged image with mCherry in magenta and EGFP in green is shown in
(E). A DIC image is shown in (F). Bar, 100 um.
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Table 1.

Summary of LEV-11 tropomyosin isoforms

Isoform Other name | Exons Length (amino acids) | Expression

LEV-11A | CeTMI E1/E2/E3a/E4b/ESH/E6/ETH/ES/E9C 284 Body wall muscle (main body)
LEV-11D | CeTMII E1/E2/E3a/E4b/E5b/E6/E7b/E8/E9b/(E9c)‘Z 284 Body wall muscle (main body)
LEV-11E | CeTMIII E3b/E4a/E5a/E6/E7h/E8/E9a/(E9C) 256 Pharynx, excretory cells
LEV-11C | CeTMIV E3b/E4a/E5c/E6/E7h/E8/EQb/(E9C) 256 Intestine, neurons

LEV-110 | - E1/E2/E3a/E4b/ESH/E6/E7a/E8/E9C 284 Body wall muscle (head)
LEV-11T | - E3b/E4a/E5a/E6/E7h/E8/E9b/(EIcC) 256 Unknown

1 . . .
E9c in parentheses only contains a 3’-untranslated region.
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