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RXR cDNA cloning from three Uca species led to the identification of 4 conserved isoforms, indicative of
alternative splicing in the hinge and ligand binding domains (LBD). Sequencing of overlapping clones
from a Uca pugilator genomic library identified EcR isoforms matching previously identified cDNA vari-
ants; in addition, a cryptic exon in the LBD was detected and evidence for expression of this new isoform
was obtained from next-generation sequencing. RNA-seq analysis also identified a new amino terminal
EcR variant. EcR and RXR transcript abundance increases throughout ovarian maturation in U. pugilator,
while cognate receptor transcript abundance remains constant in a related Indo-Pacific species with a dif-
ferent reproductive strategy. To examine if crab RXR LBD isoforms have different physical properties
in vitro, electromobility shift assays were performed with different EcR isoforms. The cognate crab and
fruit fly receptors differ in their responses to hormone. Ecdysteroids did not increase DNA binding for
the crab heterodimers, while ecdysteroids stimulate binding for Drosophila melanogaster EcR/USP hetero-
dimers. In swapping experiments, UpEcR/USP heterodimers did not show ligand-responsive differences
in DNA binding; both crab RXR LBD isoforms, however, conferred ligand-responsive increases in DNA
binding with DmEcRs. These data indicate that both UpRXR LBD isoforms can heterodimerize with the
heterologous DmEcR receptors and promote ligand and DNA binding. Unresponsiveness of the cognate
receptors to ecdysteroid, however, suggest additional factors may be required to mediate endogenous,
perhaps isoform-specific, differences in EcR conformation, consistent with previously reported effects
of UpRXR isoforms on UpEcR ligand-binding affinities.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Studies in arthropod experimental systems provided some of
the first clues that a primary mechanism of steroid hormone action
occurred via transcriptional control of gene expression (Tata,
2002). In arthropods, two members of the nuclear receptor (NR)
superfamily form a heterodimer complex, transducing the effects
of ecdysteroids. The ecdysteroid receptor (EcR), interacts directly
with steroid, while the retinoid-X receptor/ultraspiracle protein
(RXR/USP), is required for efficient hormone binding to EcR and
confers the ability of the receptor complex to interact with DNA
(Riddiford et al., 2001; Heinrich, 2004; Nakagawa and Henrich,
2009; Hill et al., 2013).

RXR homologs occur in animal groups ranging from sponges to
mammals (Mangelsdorf and Evans, 1995; Kostrouch et al., 1998;
Wiens et al., 2003). RXR can regulate as an unliganded dimeriza-
tion partner for a cognate nuclear receptor molecule, or by confor-
mation-driven signal transduction resulting from binding a ligand.
In vertebrates, RXR binds with retinoids (Egea et al., 2000), and has
been implicated in a variety of physiological functions including
growth, reproduction and development (Kastner et al., 1995; Lu
et al., 1997). In mice, heterodimerization of RXR with the retinoic
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acid receptor (RAR) is essential for accomplishing effective retinoid
signaling (Kastner et al., 1994; Rechavi et al., 2003). Although the
significance of liganded retinoid receptors in hormone signaling
has been examined in detail in vertebrates, the role of an RXR
ligand is still ambiguous in invertebrate signaling, especially non-
insect invertebrates. A crustacean retinoid-X receptor was first
cloned and sequenced (UpRXR) in the fiddler crab, Uca pugilator
(Durica and Hopkins, 1996; Chung et al., 1998a,b). Subsequent
investigations have revealed that UpRXR forms heterodimers with
the U. pugilator ecdysteroid receptor (UpEcR), that the EcR/RXR
heterodimer complex binds to canonical hormone response ele-
ments (HRE) and that these complexes can transactivate in
response to an ecdysteroid signal (Durica et al., 2002; Wu et al.,
2004). In both Uca (Hopkins et al., 2008) and Daphnia (Wang and
LeBlanc, 2009) exposure to putative RXR ligands can affect the
binding of ecdysteroids by EcR.

The NRs share similarities in organization and domain struc-
ture. They are comprised of a variable N-terminal domain, appar-
ently related to transcriptional activation, a highly conserved
DNA-binding domain (DBD), a flexible linker hinge domain and a
conserved ligand-binding domain (LBD); a carboxyl terminal F
domain is also seen in some species (Koelle et al., 1991;
Riddiford et al., 2001; Hill et al., 2013, for review). In addition, N-
terminal isoform variants have been identified in a variety of
organisms (Kamimura et al., 1997; Wang et al., 2000; Laflamme
et al., 2002; Kato et al., 2007) and differential patterns of isoform
expression are observed in both vertebrates (Mark et al., 2006)
and invertebrates. Expression studies, mutant analysis and rescue
experiments in invertebrates suggest that the functional specificity
of isoforms is linked to their ability to perform a discrete physio-
logical function (Bender et al., 1997; Schubiger et al., 1998;
Schubiger and Truman, 2000; Lee et al., 2000; Choi et al., 2006;
Parthasarathy and Palli, 2007; Tan and Palli, 2008).

In addition to the more common N-terminal domain RXR iso-
forms observed in insects and vertebrates, atypical isoforms arising
through differential splicing in the RXR hinge and LBD domain
have been identified in several brachyuran crabs (Chung et al.,
1998a; Durica et al., 2002; Kim et al., 2005; Nagaraju et al.,
2011; Techa and Chung, 2013), and in the hinge domain of the
prawn, Marsupenaeus japonicus (Asazuma et al., 2007). In U. pugila-
tor, sequencing studies and ribonuclease protection assays (RPA)
have shown the existence of two regions of variability in UpRXR
protein, differing in the inclusion or omission of a five amino acid
sequence in the hinge region, and a 33 amino acid sequence in the
LBD domain. (Durica et al., 2002; Wu et al., 2004).

We report here the isolation and characterization of recombinant
DNA RXR and EcR clones, verifying hinge and LBD region isoforms in
both NRs in three Uca species. Hinge and LBD region isoforms have
also been identified in UpEcR, suggesting differences in isoform
combinatorial function in the cognate receptor. From U. pugilator
genomic DNA library sequencing, an EcR contig was assembled,
identifying eight exons and nine introns. Hinge region isoforms aris-
ing through alternative splicing were identified that corresponded
to the previously recovered EcR cDNAs; in addition, a cryptic vari-
able exon in the LBD was identified. The presence of an intron within
the A/B domains suggested alternative amino terminal variants; two
amino terminal variants were identified by RNA-seq. This is the first
report of the genomic organization of an EcR gene in a crustacean,
confirming that the alternative forms of the receptor result from
alternative splicing from a single gene locus.

Evidence for the expression of these putative splicing variants
during limb regeneration was obtained from RNA-seq analysis
and RT-PCR. In two Uca species that differ in their temporal repro-
ductive cycling, we have also examined EcR and RXR steady-state
mRNA abundance during ovarian maturation using RPA and quan-
titative RT-PCR. RPA analysis of U. pugilator ovarian tissue detects
all four RXR isoforms across the maturation cycle. Although EcR
and RXR transcripts are present throughout ovarian maturation
in both species, steady-state mRNA levels increase in U. pugilator
over time, while Uca annulipes transcripts remain constant.

To test for differences between the UpRXR receptor LBD vari-
ants, EMSA analyses were performed between the Uca receptors
and the Drosophila cognate receptors. Although both UpRXR LBD
isoforms could heterodimerize with UpEcR and promote DNA
binding, neither crustacean isoform heterodimer exhibited
increased DNA binding on hormone exposure. Alternatively, an
increase in hormone-responsive DNA binding was observed when
either of the UpRXR LBD isoforms was paired in heterologous
UpRXR/DmEcR heterodimers, suggesting additional factors con-
tributing to ligand-responsiveness for the cognate crab ecdysteroid
receptor complex.
2. Materials and methods

2.1. Collection and maintenance of animals

U. pugilator (�16 mm carapace width; �2.5 g wet weight) were
purchased from Gulf Specimen, Panacea, Florida, acclimated to the
laboratory (25–27 �C, 12:12 L/D) and fed cat food, tropical fish
food, oatmeal and carrots every other day. Staging of animals
throughout limb regeneration was performed following multiple
autotomy as previously described (Chung et al., 1998a,b). The
Indo-Pacific fiddler crabs (U. annulipes and Uca triangularis) used
for the present study were collected from the intertidal zone of
Muzhupilangad estuary (N. Kerala, India). The crabs were brought
to the laboratory (approximately 8 km from the collection spot)
and were either sacrificed immediately for the purpose of extract-
ing total RNA, or were maintained in cisterns containing natural
seawater and wet sand brought from the collection site. The ani-
mals were fed ad libitum on clam meat.

2.2. Ovary dissection and classification of vitellogenic stages

The ovary was removed by cutting open the carapace from the
dorsal side using a sterilized pair of scissors; dissections were car-
ried out in 0.9% physiological saline. Stages of vitellogenesis in all
three species were determined by observing the color of the ovary
and microscopic measurement of the oocyte diameter using an
ocular micrometer. For U. pugilator, ovaries were characterized as
previously described from summer animals (Durica et al., 2002).
Indian species ovary samples were collected over their longer
breeding period (August–December). In U. annulipes, ovaries in
early vitellogenic stage appear white, with an oocyte diameter of
80–140 lm. Ovaries in mid stage of vitellogenesis appear yellow/
orange, with an oocyte diameter between 141 and 200 lm, while
the late stage ovaries have a deep brown hue, and an oocyte diam-
eter of 201–280 lm. The early vitellogenic stage ovaries of U. tri-
angularis are yellow–brown in color, with an oocyte size <90 lm.
Mid stage ovaries of U. triangularis are brown in color, with an
oocyte diameter ranging between 91 and 150 lm; late stage ova-
ries appear dark brown with a 151–200 lm oocyte diameter. Only
intermolt females were used in the present study, with the molt
stages characterized by observing the setagenic events in the
endopodite of the third maxilleped (Sudha and Anilkumar, 2007).

2.3. Nucleic acid extraction

Total RNA was extracted from whole ovaries (at various stages of
vitellogenesis) using Qiagen RNAEasy kits. To remove residual DNA,
an on-column DNAse digestion was performed as described by the
manufacturer. The integrity of the isolated (total) RNA was tested
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by formaldehyde/formamide agarose gel electrophoresis, and
amounts of RNA were estimated relative to control samples that
had previously been quantified by fluorometry (RiboGreen, Molecu-
lar Probes). RNA aliquots were stored in water at�80 �C. Total geno-
mic DNA was isolated from testes using standard phenol extraction
and ethanol precipitation, resuspended in TE buffer, and stored at
4 �C. DNA preparations were quantified by spectrophotometry.

2.4. cDNA preparation, PCR amplification, cDNA/genomic cloning and
detection of alternative exons

Randomly primed reverse-transcribed cDNA was synthesized
using a high capacity cDNA archive kit (ABI) and the reactions
stored at �200C. The cDNA was then PCR amplified (Eppendorf
Mastercycler) using primers flanking the EcR/RXR DBDs and the
RXR hinge/LBD variant regions. Degenerate primer design and
amplification conditions for the EcR and RXR DBD regions have
been described (Durica and Hopkins, 1996). Primers were synthe-
sized commercially (Integrated DNA Technologies). For the RXR
hinge/LBD regions, a forward (ACCTCGAGAGGAACCGCTGCCAATA)
and reverse (ACGAATTCAAAGCGTCCAGGTTCATC) primer were
designed using Primer 3 software (Rosen and Skaletsky, 2000)
and cDNA amplified through touchdown PCR (Don et al., 1991).
Starting at a denaturation temperature of 95 �C for 30 s, an anneal-
ing temperature of 60 �C for 20 s and an elongation of 72 �C for
30 s, two cycle intervals were run, dropping the annealing temper-
ature 1 �C until an annealing temperature of 53 �C was reached.
This annealing temperature was then used for 20 cycles, followed
by a 10 min final extension at 72 �C. The PCR products were sepa-
rated using agarose gel (0.8%) electrophoresis, the bands visualized
by staining in ethidium bromide, and the appropriate fragments
excised from the gel and purified using Qiagen column chromatog-
raphy. The PCR products were digested with EcoRI and XhoI, repu-
rified by Qiagen chromatography, and ligated to pBluescript
vectors (Stratagene) linearized with EcoR1 and XhoI. The ligation
mixtures were transformed into competent XL-1 cells (Stratagene),
and clones containing inserts purified and sequenced (Durica et al.,
2002, 2006). Sequence alignment and analysis were performed as
previously described (Chung et al., 1998a; Durica et al., 2002).

A U. pugilator genomic recombinant DNA library, using genomic
DNA isolated from testes, was constructed in bacteriophage kFIXII
(Stratagene) according to the protocols of the supplier. The library
consisted of approximately 6 � 105 individual isolates with an
average size of �15 kb. Following library amplification, the library
was screened using both DNA-binding domain (DBD) and ligand-
binding domain (LBD) probes for UpEcR. 22 positive clones were
identified; while all clones showed hybridization to the UpEcR
LBD probe, only two showed hybridization to the DBD probe. The
DBD positive clones (kE19, kE10) and one of the LBD positive
clones (kE2) were further characterized. Restriction digestion anal-
ysis indicated that the DBD clones were similar, with kE19 repre-
senting a slightly larger insert; both clones overlapped maps of
kE2. Clones kE19 and kE2 were then sequenced on an ABI Prism
3100 capillary sequencer, using synthetic primers designed from
information obtained from cDNA clones and primers derived from
previous sequencing runs.

To test whether the putative alternative UpEcR LBD 6b exon was
transcribed into RNA, total RNA was isolated from zoae larvae and
blastemal tissue from various stages of limb regeneration, and con-
verted into cDNA. A primer set from the putative 6b exon diverged
from exon 6a (forward: 50-ATTACGAAATAAGTGATGACGACTC-30;
reverse: 50-CGGCAGAAACGGAAGAGTAT-30) was used to amplify
this cDNA and the resultant amplification products resolved by
agarose electrophoresis.

Construction of staged regenerating limb bud transcriptomes
using the Illumina HiSeq 2000 platform will be described
elsewhere (Das et al., in preparation). Limb regeneration staging
was done on the basis of limb bud growth and circulating ecdyster-
oid titer as previously described (Chung et al., 1998a,b). To identify
EcR and RXR splice variants using RNA-seq analysis, BLAST string
searches (Altschul et al., 1990; Camacho, 2013) were conducted
using the SOAP assembly (Li et al., 2009) on the combined limb
bud database located at http://www.genome.ou.edu/crab.html.

2.5. mRNA quantification studies

Ribonuclease protection assays (RPA) were performed on 10 lg
of total RNA and quantified using electronic autoradiography as
previously described (Durica et al., 2002; Wu et al., 2004). For Q-
RTPCR, random-primed RT reactions were run on the total RNA col-
lected from the ovaries of early, mid and late stages of vitellogen-
esis in U. annulipes as described (Durica et al., 2006). Primers for
the study were designed from conserved regions of the EcR and
RXR LBD coding regions and the 18S ribosomal subunit of U. pugi-
lator using the ABI Primer Express software package. The forward
and reverse primers were, respectively, EcRF: CCAAGCAACTAC-
CAGGTTTCGT; EcRR: TCGGATGAGCAAGCCTTGA; RXRF: AACGAGT
TGCTTATTGCCTCATT; RXRR: CCAGCACGATGCCATCCT; 18SF:
GCAGCAGGCACGCAAATTA; 18SR: GGATGAGTCTCGCATCGTTAT
TTT. Validation experiments were performed to verify that these
primers could be used for relative quantification studies with the
Indo-Pacific species. Q-RTPCR was performed on an ABI 7500
Sequence Detection System and analyzed using the integrated soft-
ware package as described (Durica et al., 2006). Statistical analyses
were performed using the SPSS software package (SPSS). Q-RTPCR
assays quantifying UpEcR amino terminal isoform A transcript
abundance in limb bud regeneration stages A+4, D0, and D1–4

(Chung et al., 1998b) were performed as described above using
the following primer sets: EcRAF: CGGTCACCTACTCCCCACTCT;
EcRAR: TGGTAGGAGAATGGTCCATCTTG. Reactions were run using
at least 4 biological replicates/stage and 3 technical replicates/
sample.

2.6. Electrophoretic mobility shift assays (EMSA)

The B, +4 hinge, 6a LBD isoform of UpEcR (Durica et al., 2002)
and �5+33 and �5�33 LBD variant isoforms of UpRXR used for
EMSA studies were cloned into the pBSIISK plasmid as described
(Wu et al., 2004); the UpRXR�5�33 construct was re-cloned when
a deletion was detected in a previous construct (Wu et al., 2004)
taken from freezer culture. Drosophila USP, EcRA, EcRB1, and EcRB2
clones, in pCR1, were the kind gift of Peter and Lucy Cherbas.
Receptor proteins were transcribed and translated in vitro using
the TNT reticulocyte lysate system (Promega), and EMSA analyses
were performed as previously described (Durica et al., 2002; Wu
et al., 2004).
3. Results

3.1. RPAs in U. pugilator detect RXR hinge and LBD variants in ovarian
tissues that increase in abundance during oocyte maturation

Screening of U. pugilator oligo-dT and random primed cDNA
libraries synthesized from late proecdysial limb bud tissues previ-
ously identified alternate cDNAs that potentially encoded 4 differ-
ent RXR protein isoforms; an insertion/deletion of five amino acids
in a highly conserved region adjacent to the DBD, and an insertion/
deletion of 33 amino acids in the H1–3 loop region of the LBD
(Chung et al., 1998a; Durica et al., 2002). Kim et al. (2005) also
found isoform variants at these locations in the land crab, Gecarci-
nus lateralis, in addition to a second LBD isoform within the H7/8

http://www.genome.ou.edu/crab.html
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region of the LBD, representing a 35 amino acid insertion/deletion.
To examine isoform distributions during ovarian development, we
first conducted RPA experiments using probes spanning the three
observed sites of variation. Protected fragments representing all
four possible transcript sizes for the hinge and H1–3 loop isoforms
were detected in both regenerating limb and ovarian tissues
(Fig. 1A and B). In ovarian tissues, the abundance of these tran-
scripts increased during the maturation cycle; RXR levels were
very low in early ovary. In a second set of RPA experiments, probes
were designed to detect both H1–3 loop and H7/8 isoforms. These
experiments, however, did not detect a protected fragment migrat-
ing at the expected length for a H7/8 deletion; only protected frag-
ments corresponding to the H1–3 loop isoforms were observed,
corresponding to the cDNA clones recovered from previous screen-
ings (Fig. 1C). This second set of experiments also indicated tran-
script abundance for UpRXR increased during U. pugilator ovarian
maturation, as observed above for the hinge region probe and in
previous experiments (Durica et al., 2002).

3.2. Cloning of RXRs from related Uca species indicates conservation of
RXR isoforms, although transcript abundance for RXR and EcR remains
constant during oocyte maturation

Primers flanking the variant regions of the RXR hinge and LBD
were used to amplify cDNAs derived from RNAs obtained from
ovarian tissues from two related Indo-Pacific species, U. annulipes
and U. triangularis. Bands representing the amplification products
from the two Indo-Pacific Uca species were excised, the DNA
cloned in bacteria and sequenced. These cDNAs encoded represen-
tatives of all four previously identified U. pugilator isoforms and
encoded very similar proteins (Fig. 2A). In concordance with the
earlier RPA results in U. pugilator, no H7/8 isoforms were identified
in either U. annulipes or U. triangularis. The U. annulipes sequence
encoded a protein that differed from the other two LBDs at two
adjacent amino acid residues within a relatively non-conserved
region of H9 (Fig. 2A, gray shading); the first of these substitutions
encodes a cysteine residue found at that position in the G. lateralis
sequence. In addition to the bands representing the major iso-
forms, cloning of a minor U. annulipes amplification product
yielded a sequence that would produce a truncated protein, miss-
ing the terminal 186 amino acids of the LBD. Analysis of this
sequence indicated that a shift of one base in frame and the dele-
tion of 180 bases (Fig. 2A; term +1�180), would produce a
sequence missing the next 60 amino acids of the LBD, suggesting
that this transcript arises from a defect in splicing. The cDNA
encoding the UtRXR �5+33 isoform had a single nucleotide substi-
tution in the +33 insert, leading to a non-conservative (S to N)
amino acid substitution (Fig. 2A). The recovered U. triangularis
�5�33 isoform clones encoded LBD isoforms identical to those
observed in U. pugilator. Fewer U. triangularis clones were
sequenced, and no +5 isoforms were identified among the
sequenced clones. One sequence variant in the hinge region, how-
ever, representing a single nucleotide substitution (Fig. 2A) was
observed; this could represent potential differential splicing within
the hinge region of the UtRXR gene. The overall degree of nucleo-
tide sequence relatedness between these three species is summa-
rized in Fig. 2B. The sequences are approximately equally
divergent from one another; over the region of the LBD sequenced,
the sequences showed approximately 3% sequence divergence.

The relative level of EcR/RXR receptor transcripts for the cognate
ecdysteroid receptor was examined in individual animals from var-
ious stages of U. annulipes ovarian development. Unlike the situa-
tion in U. pugilator, where RXR transcript levels increased during
oocyte maturation, transcript levels in U. annulipes ovaries for both
the cognate ecdysteroid receptor genes were relatively constant.
When normalized against total 18S ribosomal RNA, UaEcR and
UaRXR mRNA abundance levels showed no statistical differences
(one way ANOVA) between stages (Fig. 3).

As noted above, screenings of clones isolated from cDNA
libraries identified only hinge and LBD isoforms, and produced
no evidence for A/B domain isoforms for the fiddler crab RXR gene.
U. pugilator limb bud transcriptome libraries from different stages
of the molt cycle have recently been created and annotated (Das
et al., in preparation); these libraries contain �3 � 106 sequence
assemblies covering �6 � 108 nucleotides. In an RNA-seq analysis
of this dataset, only the A/B domain previously isolated from cDNA
clone screening was identified, suggesting a single Uca RXR N-ter-
minal domain.

3.3. The UpEcR gene also encodes hinge and LBD domain isoforms and
additionally contains alternative A/B domains

Genomic clones hybridizing to the DBD and LBD domains of
UpEcR were recovered from a lambda bacteriophage library and
overlapping clones identified by restriction analysis. A single con-
tig spanning 14,562 nucleotides was sequenced from two overlap-
ping clones (Fig. 4A). The extreme 50 region of the first clone could
not be sequenced due to the presence of a repeat close to the
boundary of the genomic insert. Southern blot and PCR analysis,
however, indicated that this region did not contain sequences
homologous to the first 121 N-terminal amino acids identified
from cDNA clones (data not shown). Previous studies recovered
cDNA clones that contained only a single A/B coding region, includ-
ing 246 nt of 50 non-coding sequence (GenBank AF034086.2). We
were unable to amplify a fragment spanning the 50 intron from
genomic DNA, and re-screenings of the genomic library with 50UTR
and N-terminal coding sequence probes did not yield any positive
plaques.

The genomic sequence indicates that the hinge region isoforms
identified from cDNA sequencing arise through alternative splicing
of the EcR transcription unit (Fig. 4B). Although most of the splice
junctions contain canonical sequences (Green, 1986; Black, 2003),
the alternative splice junctions in the hinge region are atypical. The
nucleotide sequence encoding VSKD, as well as an alternative 27
amino acid-encoding exon embedded in intron 4a, have previously
been observed to be absent from some recovered cDNAs, and pres-
ent in others (Chung et al., 1998a).

In addition to the hinge region splicing variants, a cryptic exon
in the ligand binding domain of UpEcR was also detected. Two
alternative exon sequences (6a, 6b) are found in the genomic
DNA (Fig. 4B). Although LBD isoforms are unusual among NRs,
two alternative EcR isoforms in this region were previously identi-
fied in prawn (Asazuma et al., 2007), lobster (Tarrant et al., 2011)
and recently in blue crab (Techa and Chung, 2013).

To determine if there was evidence of transcription of the puta-
tive alternative exons identified from genomic sequencing, we per-
formed BLAST searches of the limb bud transcriptome libraries.
These RNA-seq database searches identified cDNAs representing
all previously identified hinge isoforms, as well as the two LBD iso-
forms suggested from the genomic cloning (Fig. 5A). We also
designed a primer set to discriminate the putative LBD alternative
exon. This primer set should produce a 304 nt fragment if a com-
plementary sequence to exon 6b were present in mRNA. RT-PCR
experiments using RNAs derived from regenerating limb buds
and early zoae larvae all produced a comparably sized amplifica-
tion product (data not shown) suggesting this alternatively spliced
transcript is present in developing ovary as well as regenerating
limb buds.

As discussed above, although A/B variants were not recovered
from cDNA libraries, the intron observed within the A/B region of
the EcR gene opens the possibility for alternative A/B splicing.
Two distinct amino terminal variants were identified in the RNA-
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Fig. 1. RPA assays detect all RXR isoform variants during Uca pugilator limb regeneration and ovarian maturation. (1A) RPA experiment using a probe spanning the hinge and
H1–H3 loop region of the LBD. A schematic representation of the U. pugilator RXR gene is depicted; N-terminal domain (diagonal stripe), DBD domain (black), hinge domain
(gray), LBD domain (horizontal stripe), variant exons (white). The antisense probe (spanning the indicated regions of the hinge and H1–H3 loop LBD region) used in the
hybridization is indicated under the diagram. The first three lanes represent protected fragments at three different concentrations using a synthetic control mRNA missing the
hinge exon and containing the H1–H3 exon (�5+33). The next 4 lanes represent protected fragments from total RNAs representing regenerating limb buds harvested: 4 days
following limb loss by autotomy (A+4); 8 days following autotomy (A+8); early premolt limb buds (D0); late premolt limb buds (D1–4). Positions of protected RXR isoforms are
as indicated: +5+33; containing both hinge and H1–H3 loop exons; �5+33; missing hinge exon;+5�33, missing H1–H3 loop LBD exon;�5�33, missing both hinge and H1–H3
loop LBD exon. (1B) Quantification of relative amounts of RXR isoform transcripts from RPA experiment shown in 1A. Electronic autoradiography was used to determine the
amount of radioactivity in each protected fragment, and the relative percentage of radioactivity (counts in specific protected fragments/total counts in all isoforms)
determined for each measurement. (1C) RPA experiment using a probe spanning the H1–3 loop LBD exon and testing for putative H7/8 LBD exon region. Schematic
representation of LBD variant exons indicated by boxes as in 1A, with H1–3 LBD exon indicated by white box and putative H7/8 LBD variant exon indicated by stippled box;
antisense probe indicated below the diagram. First and last lanes represent protected fragments from synthetic control mRNAs containing both (+33+31) or missing both
(�33�31) regions of the LBD.
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Fig. 2. Sequence of RXR hinge and LBD isoforms from Indo-Pacific Uca Species. (2A) Amino acid sequences of RXR variants; Ut prefix represents Uca triangularis, Ua prefix
represents Uca annulipes. Isoform variations are indicated by black boxes; amino acid substitutions are indicated by gray boxes. Putative splicing artifact representing the
UaLBD (+5, +1�180) sequence indicated in blue. (2B) Nucleotide substitutions and percent dissimilarity are shown in matrix; neighbor-joining analysis based on Clustal
alignments shown in 2A. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Quantitative Real-Time PCR Analysis of EcR and RXR expression during U. annulipes ovarian maturation. Ovaries were isolated from individual animals, total RNA
isolated and EcR and RXR steady-state transcript levels quantified by Q-RTPCR. Graph represents relative quantification experiments from 8 individual animals, normalized to
18S ribosomal RNA and displayed relative to transcript abundance in early ovaries. Early ovary isolates (gray); mid ovary isolates (stripped); late ovary isolates (white). Error
bars represent ±S.E. from three technical replicates. Inset represents means (±S.E.) for all samples run at the three given stages.
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seq data set (Fig. 5A and B). The isoform previously identified from
cDNA cloning shares limited sequence similarity to the ‘B’ isoform
from Drosophila melanogaster and we have used that designation
for this variant; the alternative Uca A/B sequence is indicated as
isoform A in Fig. 5B. In D. melanogaster, the DBD exons are sepa-
rated from the amino terminal exons by >25 kb. Attempts to
recover Uca genomic DNA fragments spanning this region using
long range PCR were unsuccessful.

To examine relative differences in expression of the newly dis-
covered A isoform during regeneration, the RNA-seq databases
were searched using the A-specific isoform sequence and the num-
ber of overlapped reads expressed using the ‘reads per kilobase of
exon model per million reads’ (RPKM) measure (Mortazavi et al.,
2008). These results are presented in Fig. 5C. These results indicate
a trend towards a lowering of UpEcR A transcript levels for the D1–4

regenerates relative to the D0 stage; this is in line with previously
observed steady-state transcript measurements for UpEcR B
(Durica et al., 2002). To test if this trend might be observed using
an independent assay, Q-RTPCR from an independent sample set
was run using isoform A-specific primers (Fig. 5D). ANOVA indi-
cated a significant increase in UpEcR A transcript abundance in
the D0 stage relative to transcript levels in either the A+4
(p = 0.014) or D1–4 stages (p = 0.0004; Tukey-Kramer post-hoc test).
UpEcR A transcript levels between A+4 and D1–4 were not signifi-
cantly different (p = 0.121; Tukey-Kramer post-hoc test).

3.4. EMSA studies using heterologous cognate partners suggest
differences between isoforms in ligand-influenced DNA binding
properties

The experiments discussed above indicate that the crab cognate
ecdysteroid receptor partners, UpEcR and UpRXR, both show iso-
form variability within the LBD domain. Most nuclear receptors
(NR), including the Drosophila EcR receptors, do not exhibit iso-
forms in this region, but contain a common DBD and LBD spliced
onto variable A/B domains (e.g. DmEcRA, -B1, -B2). To investigate
whether isoform variability can affect physical differences in part-
ner interactions, EMSA heterodimer swapping experiments (Fig. 6)
were performed using reticulocyte lysate in vitro synthesized pro-
tein, using a canonical NR Hormone Response Element (HRE) pre-
viously shown to interact with these receptors (IRPER1; Durica
et al., 2002; Wu et al., 2004). Both UpRXR LBD isoforms (UpRXR-
33, +33) interact with UpEcR, (6A, lanes 3,5) but show no increase
in DNA binding upon hormone exposure, using either ponasterone
A (PonA; 6A, lanes 4,6) or 20-hydroxyecdysone (20E) (not shown).
In contrast, the Drosophila RXR homolog USP, when paired with its
homologous EcR partners, shows a strong increase in DNA binding
on hormone exposure (6A, lanes 13–17). Partner swapping exper-
iments indicate that both UpRXR�33 and UpRXR+33 are capable of
interacting with all three Drosophila A/B isoforms (6A, lanes 9–12;
6B lanes 7–14). Upon hormone binding to the DmEcRs, these het-
erologous cognate UpRXR receptors also promote an increase in
DNA binding. In the reciprocal experiment, where USP is paired
with UpEcR, no increase of heterologous cognate receptor binding
to HRE is observed upon introduction of ecdysteroid (6A, lanes 7–
8), as was the case with the both UpRXR LBD isoforms. These
experiments indicate that, although both UpRXR LBD variants do
not promote an increase in hormone-responsive DNA binding with
their native crab EcR isoform in this assay, they both can interact
with and affect a conformational change in the heterologous
DmEcR receptor, influencing both hormone and concomitant
DNA binding.

4. Discussion

Previous screenings of cDNA libraries derived from U. pugilator
late premolt limb bud RNA led to the recovery of clones that con-
tained variant coding regions located in the hinge and LBD
domains of the UpRXR receptor and within the hinge region of
UpEcR (Chung et al., 1998a; Durica et al., 2002). The structure of
the recovered cDNAs suggests that these isoforms arise from differ-
ential splicing; earlier genomic Southern blot analyses suggested
that both UpEcR and UpRXR were present in a single copy in the
genome (Durica and Hopkins, 1996). Although the genomic organi-
zation of a crustacean RXR has yet to be determined, it is likely that
the variants observed result from differential splicing. We detect
these same variants in cDNAs isolated from two related Uca spe-
cies. Kim et al. (2005) also identified hinge and ligand binding
domain isoforms for the land crab, G. lateralis. Three different hinge
region isoforms were observed, and two were identical to the Uca
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Fig. 4. DNA sequencing of UpEcR genomic region. (4A) Diagrammatic representation of the genomic region representing the U. pugilator EcR gene; restriction sites used for
overlapping clone alignment are located below nucleotide scale; exons are represented as vertical bars above nucleotide scale. (4B) Nucleotide sequence of genomic UpEcR
(GenBank No. KJ739727). The amino terminal end of the A/B domain was not recovered from genomic libraries and the UpEcR coding sequence begins at aa. 122 relative to EcR
isoform B; numbering of exons and introns represents recovered sequences based on recovery of alternative 50 A/B domains from RNAseq analyses (see below). Exon/intron
boundaries are as indicated; amino acid designations within exons are indicated below their codons; different domains of the encoded protein are specified to the right of the
encoded sequences.
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isoforms. Additionally, H1–H3 loop variants were also identified; a
set of variants identical to the UpRXR LBD isoforms, as well as three
cDNAs that diverged either at the beginning or near the end of the
presumed H1–H3 loop splice junctions, leading to cDNAs contain-
ing a truncation of the downstream LBD coding sequence. A similar
truncation was previously noted in one clone from the U. pugilator
cDNA library screens, which we attributed to a splicing artifact
(Chung et al., 1998a). In contrast to the Uca cDNA library screen-
ings, however, a second G. lateralis RXR LBD isoform was observed,
which contained a deletion of 35 amino acids in H7/8, but retained
the extreme carboxyl end of the LBD coding region. In the PCR
screens conducted here, we have not detected this variant in the
three Uca species, nor in subsequent RNA-seq analysis. Extensive
RNA-seq analysis from different stages of limb bud regeneration
also produced no evidence for alternate UpRXR A/B domain
isoforms.
RXR cDNAs from the two Indo-Pacific species showed high
sequence conservation with the U. pugilator sequence; a two
amino acid difference was detected in a non-conserved region
of the LBD in the U. annulipes sequence, and a single amino acid
substitution within the +33 H1–H3 insert was observed relative
to the U. triangularis sequence. A truncated variant deleted for
the COOH terminus, presumably arising from a defect in splicing,
was also detected in U. annulipes. The hinge and H1–H3 loop iso-
forms fall near intron–exon junctions for the mouse RXRc (Liu
and Linney, 1993) and human RXRa genes (Kastner et al., 1994)
and the hinge region splice site also is seen in a cnidarian RXR
homolog (Kostrouch et al., 1998). The German cockroach, Blattella
germanica, also has a 23 amino acid insertion/deletion in the H1–
H3 region of the LBD (Maestro et al., 2005). The sites of sequence
variation for the truncated U. annulipes variant and the G. lateralis
H7/8 variant do not directly correspond to characterized RXR
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splice junctions, suggesting additional, non-conserved introns
within these genes.

The U. pugilator RXR receptor isoforms share strong sequence
similarity with the Indo-Pacific species, yet the expression pat-
tern of these genes during oocyte maturation differs. During U.
pugilator oogenesis, steady-state RXR transcript levels accumulate
over time; levels are low and increase during oocyte maturation
(Durica et al., 2002; this paper). In both U. annulipes and U. tri-
angularis, however, transcript abundance in the ovaries is uni-
form during oocyte maturation. Although all three species share
similar reproductive behaviors (Sturmbauer et al., 1996;
Blackwell and Passmore, 1996) they differ in terms of the dura-
tion (pattern) of their reproductive cycles. The Florida population
of U. pugilator has a short annual reproductive season (i.e., June
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through September), and the Indo-Pacific species, U. annulipes
and U. triangularis, breed continuously for 9 months of the year
(i.e., August through the succeeding May), releasing as many as
16–18 broods (Crane, 1975). Although both ecdysteroids and
methyl farnesoate have been implicated in the control of oogen-
esis in crustaceans, identification of responsive genes is just
beginning (Shechter et al., 2007; Soetaert et al., 2007; Hannas
and LeBlanc, 2010; Nagaraju et al., 2011; Tiu et al., 2012).
Whether the differences in expression pattern for the two com-
ponents of the ecdysteroid receptor in the ovaries of U. annulipes
and U. triangularis is related to the ability of these species to be
breed continuously awaits studies of the effects of receptor gene
knockdown on oogenesis, and what specific genes and gene net-
works are under hormonal control.
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Although their steady state abundance varies with tissue and
stage, both UpEcR and UpRXR are ubiquitously expressed in virtu-
ally all tissues and at all stages of the molt cycle, during limb
regeneration and throughout embryonic development (Chung
et al., 1998b; Hopkins, 2001; Durica et al., 2002; Das et al., in prep-
aration). The RPA studies reported here are capable of resolving
independent isoform variants on the basis of size and these exper-
iments indicate that all RXR receptor transcripts are detectable at
all stages examined during limb regeneration and during oogene-
sis. Since these assays require relatively large amounts of starting
material for analysis and the analyzed samples contain a variety
of cell types, cell-specific expression patterns cannot be detected,
and a more definitive analysis will require quantitative RT-PCR
analysis using isoform-specific primers, cell-type specific RNA-
seq analysis, and/or peptide antibodies directed against specific
isoforms. The interspecific conservation of atypical hinge and
LBD variants in both receptor partners, however, suggest discrete
biological functions amongst different isoform heterodimers.

The regions of the hinge and LBD where RXR isoforms have been
identified may have important roles related to receptor dimeriza-
tion and function. The T box (Lee et al., 1993, 1994), located at
the beginning of the hinge region, has been shown to be important
in homo- and hetero-dimerization properties with several different
NR pairing partners, as well as in DNA response element recogni-
tion (Zechel et al., 1994; Rastinejad et al., 2000; Zhao et al.,
2000). The function of the LBD in the invertebrate RXR homologs
– and its interaction with ligands – is less clear. The H1–H3 loop
region of the LBD has been implicated in maintaining an antagonis-
tic conformation in the Drosophila RXR homolog USP, suggesting
that USP does not engage in coactivator binding in the USP-EcR
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Fig. 5. Recovery of alternate EcR isoforms from Limb Bud Transcriptome Libraries. (5A) Representative variant alternative exons for the A/B, hinge and LBD for UpEcR from
individual RNA-seq assemblies. The library designator (stage-library number), library assignment number for assembly, and types of isoform encoded (in parentheses) are as
indicated. (5B) Diagrammatic representation of the two A/B isoforms recovered from RNA-seq analyses. Orientation is placed relative to Drosophila genome; long range PCR
was unable to produce contigs ordered relative to recovered genomic UpEcR (indicated by question mark; see text). (5C) RPKM analysis of UpEcR A amino terminal isoform.
(5D) QRTPCR analysis of UpEcR A amino terminal isoform. Asterisk represents significant (p > 0.05, ANOVA) difference in abundance between A+4, D0 and D1–4 stages (see
text).
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heterodimer (Billas et al., 2001; Clayton et al., 2001; Devarakonda
et al., 2003) while EcR does (Billas et al., 2003). X ray crystallo-
graphic and transactivation analyses of the beetle Tribolium USP
also suggest that this USP is a constitutively silent partner for
EcR that is not involved in ligand binding (Iwema et al., 2007).

Some invertebrate RXR homologs, however, including UpRXR,
have been shown to interact with retinoids. The RXR homolog of
the cnidarian, Tripedalia cystophora can bind 9-cis retinoic acid
(9cRA) with a Kd of 0.4 nM and can both complex with vertebrate
NRs and interact with both half-site and DR4 response elements
(Kostrouch et al., 1998). Similarly, gastropod RXR homologs have
been shown to bind 9cRA (Nishikawa et al., 2004) and transactivate
reporter gene expression in response to 9cRA (Bouton et al., 2005).
Gastropod RXR can also crystallize with ligand as a tetramer (De
Groot et al., 2005). Several environmental contaminants, such as
organotins and the juvenile hormone (JH) analog, pyriproxyfen,
have also been shown to interact with invertebrate RXRs and have
been implicated in programming male sexual development in mol-
lusks and branchiopod crustaceans (Nishikawa et al., 2004; Wang
et al., 2007). In Uca, exogenous treatment of animals with all-trans
retinoid acid following limb autotomy affects morphological devel-
opment (Hopkins and Durica, 1995) and can lead to an increase in
steady-state levels of UpRXR mRNA (Chung et al., 1998a). Endoge-
nous retinoids are also detected by HPLC/MS analysis in Uca blas-
temal extracts (Hopkins et al., 2008). The two characterized UpRXR
H1–H3 loop LBD isoforms can both bind 9cRA, as well as methyl
farnesoate and farnesoic acid with low affinity (see below). When
bound to ligand, the two UpRXR LBD isoforms can differentially
influence the affinity of ecdysteroid binding in the cognate hetero-
dimer partner, UpEcR-presumably through allosteric differences
mediated by their common dimerization interface (Hopkins et al.,
2008).

Methyl farnesoate (MF), an unepoxidated sesquiterpenoid
related to insect juvenile hormone (JH), accumulates in Drosophila
(Jones et al., 2013), has been reported to bind to USP with nanomo-
lar affinity (Jones et al., 2006), and RNAi-mediated suppression of
farnesoid production in Drosophila induces larval lethality and
defects in molting (Jones et al., 2010). MF is widely distributed in
crustaceans, and implicated in a variety of endocrine signaling
functions during embryonic and larval development, growth, sex
determination and reproduction. MF biosynthesis and release from
the crustacean mandibular organ correlate with both in vivo and
in vitro manipulations of the X organ sinus gland complex (XO-
SG), which produces neuropeptides implicated in the negative con-
trol of MF synthesis and release (see Nagaraju (2007)). Surgical
removal of the XO-SG by eyestalk ablation can lead to an increase
in hemolymph levels of MF (Borst and Laufer, 1990). MF has been
reported to stimulate testicular development in U. annulipes and
ovarian maturation in U. triangularis (Nagaraju, 2007). MF and
related farnesoids can also synergize the actions of ecdysteroids
in transactivation assays using the Daphnia NRs, although at high
concentrations which may not correlate to biological activities,
such as male sexual development (Wang and LeBlanc, 2009). Nev-
ertheless, in insect systems, USP/RXR ligand-dependent reporter
gene activation via JH, MF or other analogs has not been observed
(Iwema et al., 2007; Beck et al., 2009). Further studies in crusta-
ceans on the ability of retinoids/terpenoid ligands to influence
DNA binding, or transactivate reporter gene expression via an
RXR intermediate, are clearly warranted. A Uca ortholog of the
insect JH receptor, methoprene tolerant, (Jindra et al., 2013) has also
recently been identified in limb bud transcriptomes (Das et al., in
preparation), and the role of this molecule in transducing reti-
noid/terpenoid signaling remains to be investigated.

As reported here, analysis of recovered genomic DNA clones for
UpEcR confirms that the EcR isoforms observed in cDNA (Chung
et al., 1998a) result from alternative exon utilization within a sin-
gle gene; we have also detected an alternative LBD isoform that is
expressed in a variety of tissues. Two isoforms showing sequence
similarity to these UpEcR LBD variants have been identified in
the prawn, M. japonicus (Asazuma et al., 2007), the lobster
(Tarrant et al., 2011) and the blue crab (Techa and Chung, 2013).
The presence of an intron within the 50 A/B domain of UpEcR also
suggested the possibility of alternative amino terminal exons and
RNA-seq analysis provided evidence for two alternative A/B
domains. Two A/B EcR isoforms have been observed in Daphnia
magna (Kato et al., 2007) and two distinct EcR sequences have been
detected in the annotated genome of Daphnia pulex (Thomson
et al., 2009).

The formation of a cognate Drosophila EcR/USP heterodimer
leads to an increase in the affinity of EcR for ecdysteroid (Grebe
et al., 2004) and an increase in DNA binding of the complex in
EMSA analyses. This is not the case for the cognate U. pugilator
receptor complex containing the B isoform – no increase in DNA
binding is observed upon addition of hormone with either UpRXR
LBD variant. Nevertheless, both UpRXR LBD receptor isoforms can
complex with DmEcR, and these heterologous complexes show
an increase in DNA binding upon hormone exposure. On hormone
exposure, the UpRXR LBD variants specifically affect DNA binding
affinities for all DmEcR isoforms. Whether, on hormone exposure,
the newly identified A isoform of UpEcR may undergo conforma-
tional changes with different RXR isoforms that influence DNA
binding remains to be tested.

To summarize, we have detected isoform variants in both het-
erodimer partners of the crustacean ecdysteroid receptor. As in
many NRs, an amino terminal UpEcR isoform was identified, in
addition to isoforms in both UpEcR and UpRXR where NR isoform
variation is uncommon – the hinge and ligand-binding domains. In
most instances, isoform variations in NRs result from alternative
promoter usage or differential splicing of variant amino-terminal
domains (A/B domain) onto common DNA-binding, hinge and
ligand-binding domains, as in the case of the Drosophila EcR recep-
tor (Riddiford et al., 2001, 2003). In Drosophila, these amino termi-
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Fig. 6. EMSA heterodimer swapping experiments: EcR mediates heterodimer binding in response to hormone. Heterodimer swapping experiments were performed using
reticulocyte lysate in vitro synthesized protein and analyzed by EMSA, using a canonical NR HRE previously shown to interact with these receptors (aga-
gacaagAAGTCAaTGACCTtgtccaat). The first two lanes of 6A, 6B are controls that represent TNT lysate without added T7 promoter/receptor encoding plasmid, or lysate
that has synthesized just one member of the receptor complex (UpEcR); no binding of radiolabeled probe is observed. For template swapping experiments, the receptor
combinations added to each assay are indicated above their respective lanes; addition of hormone (PonA = ponasterone A; 20E = 20-hydroxyecdysone; 750 nM) to reactions is
also noted by a plus sign.
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nal isoforms occur in a domain involved in transactivation proper-
ties (and presumably coactivator interactions) (Hu et al., 2003);
they are differentially expressed and, as demonstrated through
genetic analyses and isoform-specific rescue experiments, are
capable of performing specific, non-redundant developmental
functions (Bender et al., 1997; Schubiger et al., 1998; Schubiger
and Truman, 2000; Lee et al., 2000; Choi et al., 2006;
Parthasarathy and Palli, 2007). It has recently been proposed that
the dipteran and lepidopteran receptors may have undergone rapid
co-evolution in this regulatory network (Bonneton et al., 2003,
2006, 2008). We suggest a similar situation may exist for the
brachyuran ecdysteroid receptor complex. Since isoform variants
are found in corresponding domains of both heterodimer partners,
differences in receptor partners might facilitate concomitant con-
formational changes in the cognate receptor to accommodate iso-
form-specific physical interaction with ligand(s), DNA and
coactivators/repressors. To test this hypothesis will require, in
addition to physical characterizations using in vitro expressed iso-
forms, evidence for isoform-specific function and non-redundancy
in vivo. Such specific in vivo isoform characterizations may be pos-
sible through recent advances in RNAi technology in crustaceans
(Das and Durica, 2013; Sharabi et al., 2013)
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