Am J Physiol Cell Physiol 310: C911-C920, 2016.
First published April 6, 2016; doi:10.1152/ajpcell.00029.2016.

Functional diversification of sea urchin ABCC1 (MRP1) by alternative

splicing

Tufan Gokirmak,'! Joseph P. Campanale,! Adam M. Reitzel,? Lauren E. Shipp,! Gary W. Moy,!

and Amro Hamdoun'!

'Marine Biology Research Division, Scripps Institution of Oceanography, University of California San Diego, La Jolla,

California; and *Department of Biological Sciences, University of North Carolina at Charlotte, Charlotte, North Carolina

Submitted 2 February 2016; accepted in final form 1 April 2016

Gokirmak T, Campanale JP, Reitzel AM, Shipp LE, Moy
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ABCC1 (MRP1) by alternative splicing. Am J Physiol Cell Physiol
310: C911-C920, 2016. First published April 6, 2016;
doi:10.1152/ajpcell.00029.2016.—The multidrug resistance pro-
tein (MRP) family encodes a diverse repertoire of ATP-binding
cassette (ABC) transporters with multiple roles in development,
disease, and homeostasis. Understanding MRP evolution is central
to unraveling their roles in these diverse processes. Sea urchins
occupy an important phylogenetic position for understanding the
evolution of vertebrate proteins and have been an important inver-
tebrate model system for study of ABC transporters. We used
phylogenetic analyses to examine the evolution of MRP transport-
ers and functional approaches to identify functional forms of sea
urchin MRP1 (also known as SpABCC1). SpABCCI1, the only
MRP homolog in sea urchins, is co-orthologous to human MRP1,
MRP3, and MRP6 (ABCC1, ABCC3, and ABCC6) transporters.
However, efflux assays revealed that alternative splicing of exon
22, a region critical for substrate interactions, could diversify
functions of sea urchin MRP1. Phylogenetic comparisons also
indicate that while MRP1, MRP3, and MRP6 transporters poten-
tially arose from a single transporter in basal deuterostomes,
alternative splicing appears to have been the major mode of
functional diversification in invertebrates, while duplication may
have served a more important role in vertebrates. These results
provide a deeper understanding of the evolutionary origins of MRP
transporters and the potential mechanisms used to diversify their
functions in different groups of animals.

ATP-binding cassette transporters; multidrug resistance protein 1
(also known as ABCC1); development; sea urchin; protein evolution

MULTIDRUG RESISTANCE PROTEIN (MRP) 1 [also known as ATP-
binding cassette (ABC) C1 (ABCCI1)] is a conserved efflux
transporter that belongs to the C subfamily of ABC transport-
ers, which comprises 12 structurally and functionally diverse
proteins (12). MRP1 was first characterized for transport of
cytotoxic chemotherapeutic compounds, including doxorubi-
cin, daunorubicin, vincristine, and etoposide (8, 18). However,
in addition to chemotherapeutics, MRP1 also effluxes physio-
logical neutral and anionic hydrophobic substrates and their
glutathione (GSH), glucuronide, and sulfate conjugates, such
as leukotriene C4 (LTC,), estradiol-17B-p-glucuronide, and
estrone 3-sulfate (9, 33, 35, 39, 54).

The broad substrate portfolio of MRP1 enables this protein
to perform diverse functions. For instance, in prostate cancer,
breast cancer, and neuroblastoma (24, 61, 64), MRP1 has been
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implicated in drug resistance. However, even in cancer, its
functions are likely not only limited to drug disposition, but
also include broader roles such as control of cell motility (16).
Similarly, under nonpathological conditions in mammals,
MRP1 has been demonstrated to play various roles that include
control of inflammatory response of mast cells (3, 37) and
regulation of dendritic cell migration (57, 58). These functions
are presumably related to the capacity of this protein to
transport endogenous substrates that act directly or indirectly
as signaling molecules.

An unresolved question that is central to understanding the
basis for these diverse functions is the evolutionary origin of
MRPI1. In mammals, MRP1 shares homology with eight other
efflux transporters [MRP2, MPR3, MRP4, MRP5, MRP6,
MRP7, MRP8, and MRP9 (ABCC2, ABCC3, ABCC4,
ABCCS5, ABCC6, ABCC10, ABCC11, and ABCCI12)] and
three nonefflux membrane proteins [cystic fibrosis transmem-
brane conductance regulator (CFTR/ABCC7), a chloride ion
channel, and 2 ATP-sensitive potassium channel regulators
(SURI-SUR2/ABCCS8-ABCC9)] (48).

Although there have been very few functional studies of
MRP transporters outside mammals, several observations
suggest that these proteins and their endogenous substrates
could be conserved. For instance, MRP transporter ho-
mologs from Saccharomyces cerevisiae and Drosophila
melanogaster, YCF1 and dMRP (CG6214), can efflux LTC4
effectively when expressed in insect cells (41, 55), and both
YCF1 and dMRP cluster with human MRP1, MRP2, MRP3,
and MRP6. In addition, protective roles of ABCC transport-
ers have also been proposed in diverse species (6, 36, 59,
60), suggesting that C-type transporters may have ancestral
roles in cell protection.

In this study we examined the phylogenetic position and
efflux functions of sea urchin ABCC1 relative to members of
the C subfamily of vertebrate ABC proteins. Sea urchins,
Strongylocentrotus purpuratus (Sp), along with hemichor-
dates, are early diverging deuterostomes that occupy an
important phylogenetic position for understanding the evo-
lution of vertebrate proteins. Extensive functional studies of
MDR transporters encoded in the sea urchin genome (19,
22,23, 27, 46, 47, 58) make it one of the best-characterized
invertebrate models for MDR proteins. However, until this
study, the transporter(s) that could be responsible for sea
urchin MRP-like transport activity had yet to be identified.
Using functional and phylogenetic approaches, we charac-
terize SpABCCI1 and identify alternatively spliced regions
of this transporter that could be critical for diversification of
its functions.
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MATERIALS AND METHODS

Phylogenetic analysis. To assess the evolutionary positions of the
sea urchin ABCC transporters, we generated a phylogenetic tree of
C-type ABC transporters with homologs from Homo sapiens, Xeno-
pus tropicalis, Danio rerio, Petromyzon marinus, Ciona intestinalis,
Drosophila melanogaster, Nematostella vectensis, and Saccharomy-
ces cerevisiae (1, 22, 40, 52). Using similarity searches at Metazome
v3.0 and the Branchiostoma Joint Genome Institute (JGI) page, we
also included reciprocal National Center for Biotechnology Informa-
tion (NCBI) BLASTp matches for ABCCl-like proteins in the he-
michordate Saccoglossus kowalevskii and the cephalochordate Bran-
chiostoma floridae, respectively.

Sea urchin ABCC proteins were previously identified as part of the
genome annotation of sea urchins (19, 49). In these studies we used
reciprocal BLAST of conserved domains to identify putative ABCCs
and manual analysis and validation of gene models against tiling array
data. We have further refined ABCC annotations and gene models
based on high-quality quantitative PCR (qPCR) analyses of ABCC
gene expression and functional assays (22, 23, 46). Protein sequences
were aligned with MUSCLE 3.8 (15) and manually trimmed to the
region corresponding to the nucleotide-binding domains (NBDs),
indicated by Pfam descriptions on NCBI conserved domains, and the
intervening amino acids. Phylogenetic analysis was performed on the
trimmed protein region (NBDs + intervening sequence, ~660 amino
acids) as well as NBDs only (~415 amino acids). NBDs + interven-
ing sequence was selected for the phylogenetic analysis, although the
resulting trees from each alignment were congruent. Phylogenetic
relationships for all proteins were determined using maximum-likeli-
hood and Bayesian analysis. Maximum-likelihood analysis was con-
ducted with RAXML version 8.2.0 (51) (http://bioinformatics.oxford-
journals.org/content/30/9/1312) and Bayesian analyses with MrBayes
version 3.2.5 (42) using the LG + G model (model determined with
ProtTest version 3.2) (11). In the maximum-likelihood analysis, sup-
port for individual nodes was assessed through 1,000 bootstrap rep-
licates. For the Bayesian analysis, two independent analyses were
performed with five chains run for 5 X 10° generations, with trees
sampled every 500 generations. The first 1.25 X 10° generations were
discarded as burn-in. Log-likelihood values were plotted and found to
be asymptotic well before the burn-in fraction. The rooted likelihood
tree with bootstrap and posterior probabilities was visualized and
illustrated with FigTree v1.4.2 (http://tree.bio.ed.ac.uk/software/fig-
tree/).

Embryo preparation and reagents. Purple sea urchin (S. purpura-
tus) embryos were prepared as described previously (7). The fluo-
rescent dyes CellTracker Green [5-chloromethylfluorescein
(CMF)-diacetate (CMFDA)], 2',7'-bis-(2-carboxyethyl)-5-(and-
6)-carboxyfluorescein-acetoxymethyl ester (BCECF-AM), and bo-
dipy-verapamil (b-VER) were purchased from Invitrogen; fluores-
cein-diacetate (FDA) from Sigma; and calcein-AM from Biotium
(Hayward, CA). All stock solutions were prepared in DMSO.

Expression profiles of sea urchin ABCCI isoforms. Expression
profiles of SpABCCla (GenBank ID: KT725593) and SpABCC18
(GenBank ID: JQ354984) splice variants during sea urchin develop-
ment were characterized by quantitative real-time PCR (qPCR) as
described by Shipp and Hamdoun (46). Two pairs of qPCR primers
were designed to differentiate the expression profiles of each splice
variant. The expression profile of the SpABCCI« splice variant was
characterized by the primer pair 5'-ATCTCGTATTCCACGC-
CTTG-3' (forward) and 5'-TTAACTGCCGGGAGGTACAG-3' (re-
verse), specific to exon 22a. The expression profile of the SpABCC16
splice variant was determined with the forward primer 5'-CAGGGC-
TACCTCTCACATGC-3', specific to exon 228, and the reverse
primer 5'-CCGGTTCAACATCTGACCTT-3’, binding to exon 23. In
addition, a generic qPCR primer pair (pan-SpABCCI), 5'-AGTCT-
TGGGTTGCTGCTCAT-3" (forward) and 5'-TATACGGCTG-
GCAAGTCTCC-3' (reverse), that recognizes a shared region in exon
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3 present in both splice variants was designed to measure the relative
levels of each splice variant.

DNA constructs, in vitro mRNA synthesis, and microinjection of
SpABCCI isoforms. In-Fusion HD Cloning Kit (Clontech Laborato-
ries, Mountain View, CA) was used to clone sea urchin SpABCCla
and human ABCC1 cDNA (a gift from Dr. Susan P. C. Cole) into
Acsl-Pacl sites of pCS2+8CmCherry plasmid (22). Cloning of
SpABCC19 into pCS2+8CmCherry was described previously (22).
mRNA was synthesized and transporter mRNAs were microinjected
into the fertilized eggs for protein overexpression as described previ-
ously (22, 58).

Confocal microscopy for localization and efflux assays. A laser
scanning confocal microscope (TCS SPS8, Leica) equipped with a
X40/1.10 water-immersion objective was used to determine trans-
porter localization in early blastulae and early gastrulae. Micrographs
were prepared using Imaris 7.3.1 software (Bitplane, Zurich, Switzer-
land). Calcein-AM (250 nM) and b-VER (125 nM) assays were
performed as described previously (7, 22). Other fluorescent dye
efflux assays were also done in early blastula-expressing recombinant
transporters. mRNA-injected and non-mRNA-injected control em-
bryos were incubated with BCECF-AM (250 nM), CMFDA (100
nM), and FDA (100 nM) at 15°C for 1 h. Embryos were washed 10
times with filtered seawater to remove the background fluorescence
and incubated for an additional 30 min before imaging. Intracellular
and blastocoel fluorescent dye accumulation was imaged in the
blastula (~16 h postfertilization) and early gastrula (~40 h postfer-
tilization) on a laser scanning confocal microscope (LSM 700, Zeiss)
equipped with a X20/0.8 apochromatic air objective. Images were
captured with the ZEN software package (Zeiss, revision 5.5). Micro-
graphs were prepared and analyzed with ImageJ 1.47v (National
Institutes of Health) as described previously (22).

RESULTS

Phylogenetic analysis of ABCC proteins. To understand the
phylogenetic position of sea urchin SpABCC1, we constructed
a tree of sea urchin ABCC transporters in relation to human,
zebrafish, frog, lamprey, sea squirt, sand lancelet, acorn worm,
fruit fly, anemone, and yeast C-type ABC transporters. Sp-
ABCCI clusters with vertebrate ABCC1, ABCC3, and ABCC6
and is co-orthologous to these transporters. The ABCCI-
ABCC3-ABCC6 clade also includes single proteins from the
fly (AMRP, GC6214), the hemichordate Saccoglossus (Meta-
zome Sakowv30012504m), the anemone (JGI190171), and
inferred paralogs for the cephalochordate Branchiostoma
(JGI118636 and JGI232174) and urochordates Ciona
(XP_009862422.1 and XP_009859093.1), suggesting an an-
cient origin for this protein group to at least a cnidarian-
bilaterian ancestor (>600 million years). These results also
indicate that human and other vertebrate ABCC1, ABCC3, and
ABCC6 share a common ancestor with SpABCCI1.

Vertebrate ABCC2 transporters form a separate cluster and
join to the same node with the ABCC1-ABCC3-ABCC6 clade.
Finally, two vacuolar yeast transporters, YCF1 and BPTI,
which are involved in cellular detoxification of GSH conju-
gates (28, 44), cluster together and are positioned at the root of
the metazoan ABCC1-ABCC3-ABCC6 and ABCC2 clades,
but not with other yeast ABCC transporters, suggesting that
this group of transporters evolved from a common ancestor.

Sea urchin SpABCC5a is located at the base of the clade that
includes vertebrate orthologs of the ABCCS transporter and the
closely related ABCC12 transporter and its paralog ABCCl11,
which is present in primates but not found in rodents (45). A
similar evolutionary pattern was also observed with sea urchin
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SpABCC9a, which shares co-orthology with the vertebrate
ABCC8 and ABCC9 potassium channel regulators and is
positioned at the root of the deuterostome lineage. The sea
urchin genome does not have an ABCCS8 gene, but there is an
expansion of the ABCC9 clade with 11 annotated genes (19),
suggesting that functional diversity in the sea urchin ABCC9
group might be achieved through gene duplication.

Although phylogenetic relationships between sea urchin and
vertebrate ABCC transporters follow the general pattern of
co-orthologous gene pairing with vertebrate-specific gene du-
plications, two sea urchin transporters, SpABCC4 and Sp-
ABCC10, showed one-to-one orthology with their respective
vertebrate transporters (Fig. 1). This direct orthology indicates
that these transporters may have conserved substrates and
functions in invertebrates and vertebrates (Fig. 1).

C913

Genomic structure of sea urchin SpABCCI transporter and
expression of its splice variants. Gene duplication and alterna-
tive splicing are two common mechanisms to generate novel
functions in gene families (27). Unlike vertebrates, the sea
urchin genome has not undergone gene duplications in the
ABCC1-ABCC3-ABCC6 clade, and SpABCCI is the only
gene found in this clade. Therefore, we examined the potential
functional consequences of alternative splicing of this protein
by examining the genomic structure of ABCC1 and cloning an
alternative full-length ABCC1 mRNA we found to be ex-
pressed in the embryos.

The SpABCCI1 gene comprises 33 exons and 32 introns and
spans 54.6 kb of genomic DNA. At least four splice variants,
SpABCCla, SpABCCI13, SpABCClrwy, and SpABCC19, are
predicted in the genome and are generated by alternative
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Fig. 1. Phylogenetic relationships of ATP-binding cassette C subfamily (ABCC) transporters of Strongylocentrotus purpuratus (Sp) with human (Hs), Xenopus
tropicalis (Xt), Danio rerio (Dr), Petromyzon marinus (Pm), Ciona intestinalis (Ci), Branchiostoma floridae (Bf), Saccoglossus kowalevskii (Sk), Drosophila

melanogaster (Dm), Nematostella vectensis (Nv), and Saccharomyces cerevis

iae (Sc). The sea urchin efflux transporter SpABCC1 clusters in a well-supported

clade containing ABCC1-ABCC2-ABCC3-ABCC6 from vertebrates and single ABCC proteins or likely lineage-specific paralogs from other invertebrates (Ci,
Bf, Sk, Nv, and Dm). SpABCCI1 is co-orthologous to vertebrate ABCC1-ABCC3-ABCC6 transporters. The sea urchin also has orthologs to ABCC4 and
ABCCI10 and a co-ortholog to ABCC5-ABCC11-ABCC12 and ABCC8-ABCC9 clades in vertebrates. The maximum-likelihood phylogeny is presented with
posterior probability (>0.9) and maximum-likelihood bootstraps (>50%) indicated for each branch.
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splicing of exon 22 (Fig. 2A). We detected two of these splice
variants, SpABCCla and SpABCC198, in embryos. qPCR
profiles of SpABCCI1 splice variants in the first 3 days of sea
urchin development showed that SpABCCla and SpABCC18

A >€
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have similar expression profiles with a steady increase to
mid-pluteus (Fig. 2B). However, comparison of the expression
profiles of the two splice variants against the generic pan-
ABCCI expression profile showed that SpABCCla has an
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Fig. 2. Sea urchin SpABCC1 gene has 4 forms of exon 22 that correspond to membrane-spanning domain 2 (MSD2) of SpABCC1 transporters. A: gene structure
of sea urchin SpABCCI shows that it consists of 33 exons, 4 of which encode exon 22. Arrows indicate positions of primers used to determine the quantitative
PCR (qPCR) profiles of SpABCC1a (green) and SpABCC18 (blue) splice variants and pan-SpABCC1 (black). B: qPCR expression profiles of SpABCCla and
SpABCC16 show that both genes are expressed throughout embryonic development and that the SpABCCI« expression profile is similar to the pan-SpABCC1
expression profile. Values are means = SD. C: variable exon 22 corresponds to a region in MSD2 marked in red. This exon encodes part of transmembrane
segment 13 (TM13), cytoplasmic loop 6 (CL6), all of TM 14, and part of TM15. Alignment of sea urchin SpABCC1 exon 22 splice variants with human multidrug

resistance protein (MRP) 1 exon 24 indicates that some residues are conserved.

D: protein sequence percent identity matrix of 4 splice variants of sea urchin

exon 22 and the corresponding regions in human MRP1, MRP2, MRP3, and MRP6. Bold and underlined numbers indicate percent similarity of exon 22 of

SpABCCla in relation to the human MRP transporter sequences.
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expression profile similar to pan-ABCC1 (Fig. 2B) and sug-
gests that SpABCCla might be more abundant than
SpABCCI3.

Both SpABCCla and SpABCC19 and two other predicted
splice variants, SpABCC1B and SpABCCly, consist of 1,577
amino acids and have “long MRP” architecture with three
membrane-spanning domains (MSDy, MSD;, and MSD5) and
two NBDs (NBD; and NBD,). Amino acid sequence alignment
(Fig. 2C) of the four splice variants of sea urchin exon 22 with
the corresponding region in human ABCC1 shows that exon 22
corresponds to the predicted transmembrane helices 13—-15 of
human ABCC1 (13) and that the variable region of
SpABCCla is more closely related, in terms of amino acid
identity, to human ABCC1, ABCC2, ABCC3, and ABCC6
than to other sea urchin SpABCCI1 splice variants (Fig. 2D).

Functional characterization of sea urchin SpABCClo and
SpABCC1é. Next, we characterized the efflux activities of
recombinant SpABCCla and SpABCC18 overexpressed at
high levels in embryos. We used three fluorescent substrates,
calcein-AM, BCECF-AM, and CMFDA (Fig. 3A). We also
used a non-MRP substrate (Fig. 3A), b-VER, a fluorescent

C915

derivative of verapamil, which is effluxed by P-glycoprotein-
type transporters, but not MRP transporters (22, 34).

Expression of mCherry-tagged SpABCCla reduced intra-
cellular accumulation of calcein to 28.41 * 6.17% of the
control noninjected embryos (Fig. 3, B and C). Similarly,
BCECF accumulation was 28.9 = 12.14% and CMF accumu-
lation was 6.29 = 1.88% of that of the control embryos (Fig.
3, B and (). As expected, b-VER was not effluxed by
SpABCCla (Fig. 3C). We also tested efflux of FDA by
SpABCCla. FDA is structurally similar to CMFDA and is a
known substrate for sea urchin SpABCC5a (47). FDA accu-
mulation of SpABCCla-expressing embryos was only 0.53 =
0.2% of that of the control embryos.

Interestingly, SpABCC13 effluxed only BCECF-AM. Ex-
pression of SpABCCI135 reduced intracellular accumulation of
BCECF-AM to 45.40 = 10.67% of the control embryos (Fig.
3, B and C). Together, these data show that sea urchin
SpABCCla has a broad substrate profile similar to its mam-
malian co-orthologs (5, 34), whereas SpABCC18 may have a
more restricted substrate profile.
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Fig. 3. SpABCCla and SpABCC13 have different
efflux activity profiles. A: chemical structures of
fluorescent substrates used in efflux assays. B:
micrographs showing that overexpression of
mCherry-tagged SpABCCla reduced intracel-
lular accumulation of BCECF-AM, calcein-AM,
and 5-chloromethylfluorescein (CMF)-diacetate
(CMFDA), but not verapamil (bodipy-VER),
while the SpABCC18 splice variant can efflux
only BCECF-AM. DIC, differential interference
contrast. Scale bar = 35 wm. C and D: quanti-
tative analysis of intracellular and blastocoel
accumulation of fluorescent substrates relative
to noninjected control embryos. Values are
means = SD (n = 18-20 embryos in total over
3 experiments). *P < 0.01.
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Finally, to determine whether the observed efflux activities
of SpABCCI1 splice variants are mediated by activity of the
protein present at apical vs. basolateral cell membranes, we
measured accumulation of the fluorescent substrate in the
blastocoel. We expected that efflux transport from basolateral
surfaces would lead to translocation of substrates into the
blastocoel, whereas protein at the apical surface would prevent
uptake altogether by blocking passage through the ectoderm.

The data show that overexpression of either splice variant of
SpABCCI did not cause significant fluorescent substrate accu-
mulation in the blastocoel (Fig. 3, B and D), suggesting that the
efflux activity is mediated by transporters at the apical mem-
brane. However, activity from basolateral transporters became
more apparent later in development (see below).

Membrane localization of recombinant SpABCCIla. Mem-
brane localization of human ABCC transporters has been
extensively studied in different cell types. The human ABCC1
and closely related ABCC3 and ABCC6 localize to basolateral
cell membranes of polarized epithelial cells (32, 43). In con-
trast, the major drug transporter ABCC2 localizes to apical
membranes (38).

Here we determined the subcellular localization of
SpABCCla from expression of the COOH-terminal mCherry
fusion from 1 pg/pl injected mRNA. SpABCCla localized
to both apical and basolateral membranes in early blastula
(Fig. 4A). This result shows that subcellular localization of
SpABCCla could be different from that of its human
co-orthologs. Since the amount of exogenous transporter in
embryos is above the physiological level of SpABCCla
protein, we next sought to determine if this apical localiza-
tion of SpABCCla could be due to excessive amounts of
exogenous protein.

To determine a more physiologically relevant level, we
titrated SpABCCla mRNA and conducted efflux assays to
determine the relative increase in efflux activity with increas-
ing transporter expression (Fig. 4B). We found that embryos
expressing SpABCCla from 50 ng/pwl mRNA accumulated
roughly half (47.18 *= 14.14%) of the CMF of uninjected
control embryos, suggesting that this mRNA concentration
might produce recombinant protein levels closer to the physi-
ological level (Fig. 4B).

Importantly, we also found that, even when expressed from
50 ng/pnl mRNA, SpABCCla localized into both apical and
basolateral membranes in blastulae (Fig. 4B), indicating that
this localization is not simply due to high levels of protein
expression. In addition, we investigated the localization of
SpABCCla expressed from 50 ng/pl mRNA in early gastrula
(~40 h postfertilization). At this stage, the protein can still be
detected on the apical surface, but the amount is reduced and
SpABCCla is more strongly basolateral (Fig. 4C), suggesting
that localization could be stage/cell type-dependent.

Comparative analysis of sea urchin and human ABCCI
transporters in localization and efflux assays. Finally, to ex-
amine species differences in ABCC1 localization, we deter-
mined heterologous expression of the COOH-terminal
mCherry-tagged fusion of human HSABCCI (MRP1) in sea
urchin embryos (Fig. 5A). MRP1 was slower to be translated
and trafficked to plasma membranes than was the sea urchin
protein but, ultimately, localized strongly to basolateral mem-
branes in early gastrula (Fig. 5B), consistent with its localiza-
tion in polarized human epithelial cells. In gastrulae, the sea

EVOLUTION AND FUNCTION OF SEA URCHIN ABCCl1

Equatorial view Surface view

16 hpf
100
20
~ 80
c
ol
58,
D=
£5 =
58
50 °
. 1000 ng/ul
30
XS
O x
10
[}
[} 100 200 300 400 500 600 700 800 900 1000

CmCherry::SpABCC1a (ng/ul)

Equatorial view Surface view

40 hpf

Fig. 4. Dynamic localization of SpABCCla in sea urchin blastulae and early
gastrulae. A: representative equatorial and surface images of blastula [16
high-power fields (hpf); » = 10—12 embryos in total over 2 experiments] show
that mCherry-tagged SpABCCla localizes to both apical and basolateral
membranes. Scale bars = 200 wm (equatorial view) and 150 pwm (surface
view). B: titration of SpABCCIa mRNA with CMFDA efflux assay shows that
<50 ng/pl mRNA is required to achieve physiologically relevant SpABCCla
expression. Micrographs of blastulae expressing SpABCCla from 50 and
1,000 ng/pl mRNA show that apical localization of SpABCCla (magnified in
insets) is independent of mRNA concentration. Values are means = SD (n =
24-26 embryos in total over 4 experiments for each mRNA concentration).
Scale bar = 150 wm. C: representative equatorial and surface images of early
gastrula (40 hpf; n = 10—12 embryos in total over 2 experiments) show that
apical localization of SpABCCla in this stage is significantly reduced and
becomes more basolateral. Scale bars = 200 wm (equatorial view) and 150 pm
(surface view).

urchin SpABCCla is predominantly basolateral, with a small,
but detectable, level of apical localization (Fig. 5B).

Given that, later in development, localization of both pro-
teins was more strongly basolateral, we next investigated
whether sea urchin and human ABCCI transporters pump
substrates into the blastocoel. Both SpABCCla and HsABCC1
were functional in sea urchin gastrulae and increased blasto-
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Fig. 5. SpABCCla and human HsABCCI transporters ex-
hibit basolateral efflux activity in early gastrulae. A: sche-
matic representation of basolateral efflux assay. Fluorescent
substrate CMF (green) is effluxed into the blastocoel by
MRP-type basolateral transporters (red). B: blastopore view
of sea urchin early gastrulae expressing basolaterally local-
ized SpABCCla and HSABCCI transporters. Scale bar =
200 pm. C: representative micrographs showing that over-
expression of mCherry-tagged SpABCCla and HSABCC1
increases blastocoel accumulation of CMF (n = 12-13
embryos in total over 2 experiments). Scale bar = 20 pm.
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coel accumulation of CMF or CMF-GSH conjugate compared
with control embryos (Fig. 5C). However, unlike HSABCCl,
ectodermal CMF accumulation in gastrulae was also reduced
by SpABCCla. Thus although sea urchin MRP1 is predomi-
nantly basolateral, this result suggests its potential for dual
localization and function on both apical and basolateral mem-
branes.

DISCUSSION

MRPI is an ancient protein with homologs in all known
metazoans and is expressed in a wide range of cell types (2).
Given its diversity of substrates, distinguishing its roles is a
challenging task. Comparative studies in diverse model sys-
tems are an important tool to dissect the origins and potential
functions of these proteins. In this study we identified a
functional MRP1 homolog in sea urchin embryos and analyzed
its phylogenetic position in relation to vertebrate, invertebrate,
and yeast C-subfamily ABC transporters. Our results show that
the members of the MRP1 clade (ABCC1, ABCC3, and
ABCC6 transporters) have one-to-one orthology with the cor-

CMF Accumulation

responding vertebrate transporters (zebrafish and Xenopus),
while sea urchin SpABCCI1, as well as ABCC proteins from
various other invertebrates [e.g., Drosophila IMRP (CG6214)
and Nematostella JGI190171], share co-orthology with the
MRPI1 clade (Fig. 1).

The MRPI clade within the ABCC subfamily is ancient,
emerging before the cnidarian-bilaterian split (>600 million
years) and likely to be the opisthokonta (fungus and animal)
ancestor. Sequencing of the genomes of the sea urchin S.
purpuratus, an echinoderm, and the sea squirt C. intestinalis, a
nonvertebrate chordate, revealed that ABCC2, ABCC3, and
ABCC6 genes are not found in these genomes (1, 14, 19, 49),
suggesting that ABCC2, ABCC3, and ABCC6 arose through
gene duplication events in the vertebrate lineage.

In agreement with this assessment, synteny analysis of the
human ABCCI1 gene with the related, but functionally differ-
ent, ABCC6 transporter gene shows that they both reside on
chromosome 16p13 in opposite orientations with their 3’ ends
only 8-9 kb apart (30). The vertebrate ABCC2 genes are
sisters to the ABCC1-ABCC3-ABCC6 clade. Our hypothesis
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for this positioning is that ABCC2 underwent a diversification
in the vertebrate line prior to the fish-tetrapod ancestor and,
hence, falls outside the ABCC1-ABCC3-ABCC6 clade as a
sister group. ABCC2 could have been the first duplication
event of the ancestral gene that resembled ABCC1-ABCC3-
ABCC6 from invertebrates and has retained this divergent
sequence since the duplication event. The ABCCI1-ABCC3-
ABCC6 gene then underwent additional duplication events. In
fact, ABC transporters from lamprey (an intermediate taxo-
nomic group) revealed that it has an ABCCI, an ABCC2
ortholog, and two ABCC3 genes (PmABCC3a and
PmABCC3Db), which are co-orthologous to vertebrate ABCC3
proteins, supporting this hypothesis, as well as the order of
ABCC1-ABCC2-ABCC3-ABCC6 (40) (Fig. 6). Other gene
duplication events have also apparently occurred in the uro-
chordates and cephalochordate lineages due to paralogs in
Ciona and Branchiostoma.

In addition to gene duplication, generation of novel proteins
through alternative splicing is also a mechanism for increasing
the functional diversity in most eukaryotic protein families. In
the C-subfamily of human ABC transporters, numerous splice
variants have been reported (50). Most of these variants are
generated, however, by splice site mutations that cause re-
moval of one or multiple exons or insertion of introns into the
mature mRNA, most of which cause premature protein trun-
cation by nonsense mutations (17, 21) or by alternate transcrip-
tion start sites (4, 53). For instance, in human ovarian cancer
cells, multiple splice variants of human ABCC1 were created
by exon skipping and/or intron inclusion (26).

Alternative-splicing events could be critical for diversifica-
tion of transporter function in invertebrates lacking the dupli-
cated MRP members found in vertebrates. Indeed, in Drosoph-
ila, 14 different full-length splice variants of dMRP were
detected. These isoforms are generated from a single gene by
exchange of two variant copies of exon 4 and seven variant
copies of exon 8 (20). Considering that Drosophila has only
one co-orthologous gene in the MRPI clade, generation of
protein diversity by exchange of internal exons could be a way
to compensate the lack of paralogs created by gene duplication
and innovate novel protein diversity while maintaining a single
gene. In support of this hypothesis, Kopelman et al. (31)
showed an inverse correlation between alternative splicing and
gene duplication. Singletons (gene families of one) are more
inclined to undergo exon splicing than their orthologs that have
undergone gene duplication (31).

We found a similar mode of alternative splicing in sea urchin
SpABCCI1, an MRP-type transporter that shares co-orthology
with human ABCC1, ABCC3, and ABCC6 transporters (Fig.

Fish - Tetrapod
Ancestor

Lamprey (Agnatha)

Post-chordate ancestor -
pre-vertebrate

Ancestor to All Animals

ABCC
1/2/3/6

Fig. 6. Diversification of the ABCCI1-ABCC2-ABCC3-ABCC6 clade across
the animal kingdom. Schematic representation shows the most likely duplica-
tion history of ABCC1-ABCC2-ABCC3-ABCC6 based on available evidence.
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1), and characterized the consequences of the splicing event on
efflux activity. The new splice variant described here,
SpABCCla, was generated by alternative splicing of exon 22
(Fig. 2). The boundaries of exon 22 are conserved in human
ABCCI1, ABCC2, and ABCC3, and it encodes part of TM13,
CL6, TM 14, and part of TM15 of MSD2 (Fig. 2). Interestingly,
the frequently spliced exon 8 of Drosophila dMRP also cor-
responds to the 5" end of exon 22 of sea urchin SpABCCI,
suggesting that this protein region in MRP homologs is an
evolutionarily active region for generating functional diversity.

Previous mutagenesis studies in human ABCC1 showed that
proline, polar and charged, residues in this region are important
for substrate recognition (10, 29, 62, 63). Considering that
residues in MSDs are important for the substrate interactions,
organisms with singleton MRP homologs may use alternative
splicing of exons corresponding to the regions where substrate
binding occurs. In support of this hypothesis, we showed that,
by alternative splicing of exon 22, SpABCCla can efflux
calcein-AM, BCECF-AM, CMFDA, and FDA, all known
fluorescent substrates for human ABCCI1, ABCC2, and
ABCC3, while SpABCC13 effluxes only BCECF-AM with a
lower capacity (Fig. 3). Protein alignment of exons 22a, 223,
22+, and 223 with the corresponding exon sequences of human
ABCCl1, ABCC2, and ABCC3 proteins showed that
SpABCCla is more similar to human proteins in this region
than SpABCC19, which may explain why SpABCCla can
efflux canonical human MRP substrates, while SpABCC18 can
efflux only BCECF-AM. We previously showed that mCherry-
tagged SpABCCI18 localizes to both apical and basolateral
membranes in sea urchin blastulae (23). Identical subcellular
localization of SpABCCI13 also indicates that distinctive efflux
activity profiles of each splice variant are determined by the
changes in the substrate recognition region corresponding to
exon 22, but not by the subcellular localizations.

The results of this study extend and validate the heterolo-
gous expression approach we have adapted for analysis of sea
urchin ABC transporters (22, 23, 46, 47). These assays are
important, because they reveal the transporters that could be
responsible for observed activities and fingerprint the relevant
suspects for analysis by more laborious immunochemical
methods. Large overexpression has been used to ensure that the
vast majority of the observed efflux activity comes from the
recombinant protein (22), which is essential for characteriza-
tion of substrate selectivity.

Here, we showed that for localization studies the protein can
be reproducibly titrated to levels that increase corresponding
transport activity only twofold and still be functionally imaged
by routine confocal microscopy (Fig. 4B), albeit with use of
high-sensitivity detectors. More importantly, these experi-
ments indicated that localization of both forms of sea urchin
ABCC1 could be both apical and bilateral, depending on
developmental stage and independent of expression level. This
dual location could be an additional mechanism for diversifi-
cation of function in both protection and signaling.

Finally, an important step was to demonstrate the expression
of functional human MRP1. An interesting observation was
that while sea urchin protein exhibited both apical and baso-
lateral efflux activity, the human protein only appeared to act at
the basolateral membrane, possibly indicating that the differ-
ences in localization of sea urchin and human proteins are
likely to be inherent features of the transporters themselves.
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Collectively, the results indicate that the sea urchin is an
important system in which to understand the evolution of MRP
proteins.
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