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Abstract

Atlantic sea lamprey contains two corticoid receptors (CRs), CR1 and CR2, that have identi-
cal amino acid sequences, except for a four amino acid insert (Thr-Arg-Gin-Gly) in the CR1
DNA-binding domain (DBD). Steroids are stronger transcriptional activators of CR2 than of
CR1 suggesting that the insert reduces the transcriptional response of lamprey CR1 to ste-
roids. The DBD in elephant shark mineralocorticoid receptor (MR) and glucocorticoid recep-
tor (GR), which are descended from a CR, lack these four amino acids, suggesting that a
CR2 is their common ancestor. To determine if, similar to lamprey CR1, the presence of this
insert in elephant shark MR and GR decreases transcriptional activation by corticosteroids,
we inserted these four CR1-specific residues into the DBD of elephant shark MR and GR.
Compared to steroid activation of wild-type elephant shark MR and GR, cortisol, corticoste-
rone, aldosterone, 11-deoxycorticosterone and 11-deoxycortisol had lower transcriptional
activation of these mutant MR and GR receptors, indicating that the absence of this four-res-
idue segment in the DBD in wild-type elephant shark MR and GR increases transcriptional
activation by corticosteroids.

Introduction

The sea lamprey (Petromyzon marinus) belongs to an ancient group of jawless vertebrates
known as cyclostomes, which are basal vertebrates that evolved about 550 million years ago
[1-4]. Sea lamprey contains a corticoid receptor (CR) [5-8], which belongs to the nuclear
receptor family of transcription factors [9, 10], which also contains the mineralocorticoid
receptor, glucocorticoid receptor, progesterone receptor, estrogen receptor and androgen
receptor [9-13]. A CR in an ancestral cyclostome is the common ancestor to the mineralocor-
ticoid receptor (MR) and the glucocorticoid receptor (GR) in vertebrates [5, 7]. The MR and
GR first appear as separate steroid receptors in cartilaginous fish [5-7, 14, 15]. These two
closely related steroid receptors regulate important physiological responses in vertebrates. The
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lamprey CR1: CLICSDEASGCHYGVLTCGSCKVFFKRAVEGTRQGQHNYLCAGRNDCIIDKIRRKNCPACRLRKCIQAGM

lamprey CR2: CLICSDEASGCHYGVLTCGSCKVFFKRAVEG ----QHNYLCAGRNDCIIDKIRRKNCPACRLRKCIQAGM
elephant shark GR:CLVCSDEASGCHYGVLTCGSCKVFFKRAVEG ----QHNYLCAGRNDCIIDKIRRKNCPACRFRKCLOAGM
elephant shark MR:CLVCSDEASGCHYGVLTCGSCKVFFKRAVEG ----QONYLCAGRNDCIIDKIRRKNCPACRLRKC LKAGM
human GR: CLVCSDEASGCHYGVLTCGSCKVFFKRAVEG - ---QHNYLCAGRNDCIIDKIRRKNCPACR YRKCLQAGM
human MR: CLVCGDEASGCHYGVVTCGSCKVFFKRAVEG - - - -QHNYLCAGRNDCIIDKIRRKNCPACRL QKCLQAGM

Fig 1. DNA-binding domains of lamprey CR1 and CR2 and elephant shark and human MR and GR. The DNA-binding domain of lamprey
CR1 has an insertion of four amino acids that is absent in CR2 and in elephant shark and human MR and GR. Differences between the sequence
of lamprey CR and elephant shark and human MR and GR are shown in red. Accessions are: XP_032811370 and XP_032811371 for lamprey CR1
and CR2, respectively, XP_042195980 and XP_007902220 for elephant shark GR and MR, respectively, NP_000167 and AAA59571 for human GR
and MR respectively.

https://doi.org/10.1371/journal.pone.0290159.9001

MR regulates electrolyte transport in the kidney and colon [12, 16-21], as well as regulating
gene transcription in a variety of non-epithelial tissues [22-26]. The GR has diverse physiolog-
ical actions in vertebrates including in development, metabolism, the stress response, inflam-
mation and glucose homeostasis [27-31].

The importance of the MR and GR in vertebrate physiology stimulated our interest in
understanding the evolution of the MR and GR from the CR [7, 8, 32]. Unfortunately, as a
result of complexities in the sequencing and assembly of the lamprey’s highly repetitive and
GC rich genome [3, 33, 34] until recently, only a partial CR sequence was available in GenBank
[5]. Fortunately, the recent sequencing of the lamprey germline genome [35] provided contig-
uous DNA encoding the complete sequences two CR isoforms, CR1 and CR2, which differ
only in a novel four amino acid insertion, Thr, Arg, Gln, Gly, (TRQG) in the DNA-binding
domain (DBD) [8] (Fig 1).

With the two CR sequences in hand, we characterized the response of HEK293 cells trans-
fected with each CR isoform to corticosteroids [8] and found that the loss of these four amino
acids in the DBD of CR2 increased fold transcriptional activation by about two-fold in the
presence of corticosteroids such as 11-deoxycorticosterone, 11-deoxycortisol, cortisol, cortico-
sterone and aldosterone.

Elephant shark mineralocorticoid receptor (MR) and glucocorticoid receptor (GR), which
are descended from the CR, lack these four amino acids in their DBD, suggesting that they
evolved from a CR2 ancestor. To determine if, similar to lamprey CR2, the absence of this insert
in the DBD of elephant shark MR and GR has a functional consequence, we inserted these four
residues into their DBDs to convert them to a CR1-like sequence. Here we report that cortisol,
corticosterone, aldosterone, 11-deoxycorticosterone and 11-deoxycortisol have lower transcrip-
tional activation of these mutant elephant shark MR and GR receptors, indicating that compared
to mutant elephant shark MR and GR, the absence of this four-residue segment in the DBD in
both wild-type elephant shark MR and GR increases activation by corticosteroids.

Results
Steroid-dependent activation of mutated elephant shark MR and GR

To gain a quantitative measure of steroid activation of mutated elephant shark MR and GR,
we determined the concentration dependence of transcriptional activation by corticosteroids
of FLAG-tagged wild-type and mutated elephant shark GR transfected into HEK293 cells with
either an MMTYV-luciferase promoter (Fig 2A-2E) [9, 36, 37] or a TAT3 luciferase promoter
[9, 38, 39] (Fig 2F-2J). A parallel study was done with wild-type and mutated elephant shark
MR (Fig 3). Luciferase levels were used to calculate an EC50 value and fold-activation for each
steroid for FLAG-tagged wild-type and mutated elephant shark GR and MR (Table 1). An
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Fig 2. Concentration-dependent transcriptional activation by corticosteroids of FLAG-tagged wild-type and
mutated elephant shark GR. Plasmids for FLAG-tagged wild-type elephant shark GR and mutated elephant shark GR
(with a TRQG insert) were expressed in HEK293 cells with either an MMTV-luciferase promoter or a TAT3-luciferase
promoter [9, 36-38]. Cells were treated with increasing concentrations of either aldosterone, cortisol, corticosterone,
11-deoxycortisol, 11-deoxycorticosterone or vehicle alone (DMSO). Results are expressed as means = SEM, number
(n) of wells for each point = 3. Y-axis indicates fold-activation compared to the activity of vector with vehicle (DMSO)
alone as 1. Fig 2A-2E. FLAG-tagged elephant shark GRs with MMTV-luc. Fig 2F-2]. FLAG-tagged elephant shark

GRs with TAT3-luc.

https://doi.org/10.1371/journal.pone.0290159.9002
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Fig 3. Concentration-dependent transcriptional activation by corticosteroids and progesterone of FLAG-tagged
wild-type and mutated elephant shark MR. Plasmids for FLAG-tagged wild-type elephant shark MR and mutated
elephant shark MR (with a TRQG insert) were expressed in HEK293 cells with either an MMTV-luciferase promoter

or a TAT3-luciferase promoter. Cells were treated with increasing concentrations of either aldosterone, cortisol,
corticosterone, 11-deoxycortisol, 11-deoxycorticosterone, progesterone or vehicle alone (DMSO). Results are
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expressed as means + SEM, number (n) of wells for each point = 3. Y-axis indicates fold-activation compared to the
activity of vector with vehicle (DMSO) alone as 1. Fig 3A-3F. FLAG-tagged elephant shark MRs with MMTV-luc. Fig
3G-3L. FLAG-tagged elephant shark MRs with TAT3-luc.

https://doi.org/10.1371/journal.pone.0290159.9003

EC50 for 11-deoxycortisol activation of FLAG-tagged wild-type GR and elephant shark
GR-DBD-TRQG was not determined because fold-activation by 11-deoxycortisol of FLAG-
tagged wild-type GR and elephant shark GR-DBD-TRQG did not saturate (Fig 2D and 2J).
The results shown in Fig 2 and summarized in Table 1 reveal that addition of the TRQG
sequence to the DBD in elephant shark GR reduces fold-activation of this receptor by cortico-
steroids in HEK293 cells transfected with either the MMTV promoter or the TAT3 promotor.
Fold-activation varied depended on the steroid and whether the MMTYV promoter or TAT3
promoter was used in the assay. In assays with the MMTV promoter, fold-activation was
higher for FLAG-tagged wild-type GR compared to the GR-DBD-TRQG mutant for all tested
corticosteroids (Fig 2A-2E). Fold-activation also was higher in the assays with the MMTYV pro-
moter than with the TAT3 promoter. In assays with the TAT3 promoter, fold-activation was
higher for FLAG-tagged wild-type GR compared to the GR-DBD-TRQG mutant for 11-deoxy-
corticosterone and slightly higher for corticosterone and aldosterone (Fig 2G-2I). Cortisol had

similar fold-activation for FLAG-tagged wild-type GR and GR-DBD-TRQG in assays with

TAT3 (Fig 2F). There was little activation by 11-deoxycortisol (Fig 2I).
In assays with the MMTYV promoter, cortisol, 11-deoxycorticosterone, corticosterone and

aldosterone have a right-shift in the EC50 for FLAG-tagged wild-type elephant shark GR

Table 1. Steroid activation of FLAG-tagged wild-type and mutated elephant shark MR and GR in HEK293 cells with either an MMTYV promoter or a TAT3

promoter.

MMTV-luc
Elephant Shark GR -wt

Elephant Shark GR -DBD-TRQG

Elephant Shark MR -wt

Elephant Shark MR -DBD-TRQG

TAT3-luc
Elephant Shark GR -wt

Elephant Shark GR -DBD-TRQG

Elephant Shark MR -wt

Elephant Shark MR -DBD-TRQG

Cortisol DOC CORT S Aldo Prog
EC50 (nM) 25.2 13.0 6.0 o 14.1 -
Fold-Activation (+ SEM) * 420 (£ 15.1) 228 (+ 8.6) 572 (+ 28.5) 69.5 (+ 1.8) 473 (£ 11.4) -
EC50 (nM) 13.9 8.7 3.8 o 7.0 -
Fold-Activation (+ SEM) * 191 (£ 3.8) 123 (£ 3.7) 254 (£ 27.8) 31.3 (£ 1.2) 175 (£ 10.0) -
EC50 (nM) 0.43 0.03 0.57 0.08 0.05 0.4
Fold-Activation (+ SEM) * 32.1 (£ 2.0) 19.0 (= 1.4) 18.8 (+ 0.8) 19.0 (= 0.4) 20.3 (£ 0.8) 8.5 (£ 0.3)
EC50 (nM) 0.5 0.03 0.94 0.13 0.06 0.34
Fold-Activation (+ SEM) * | 14.9 (+ 1.5) 9.7 (£ 0.9) 11.9 (+ 0.5) 9.8 (+0.3) 9.7 (£ 0.4) 5.0 (£0.2)
Cortisol DOC CORT S Aldo Prog
EC50 (nM) 20.5 12.5 4.9 ok 10.1
Fold-Activation (+ SEM) * 40 (£ 0.4) 13.6 (£ 0.3) 32.2 (£ 2.0) 3.1(x£0.2) 43 (£ 0.5) -
EC50 (nM) 23.6 15.5 4.4 o 10.8
Fold-Activation (+ SEM) * 41 (£ 1.6) 9.3 (£0.2) 28.9 (+1.3) 2.1(x£0.1) 38 (+ 0.6) -
EC50 (nM) 1.82 0.03 0.38 0.1 0.03 0.27
Fold-Activation (+ SEM) * 33.4 (£ 1.3) 15.9 (+ 0.4) 17.2 (£ 0.4) 17.7 (£ 0.7) 18.6 (= 1.1) 8.3 (£ 0.4)
EC50 (nM) 7.0 0.04 0.97 0.27 0.06 0.43
Fold-Activation ( SEM) * | 21.7 (+ L.5) 9.5 (£ 0.3) 11.9 (£ 1.2) 9.9 (+0.2) 11.7 (£ 0.4) 48 (£0.2)

wt = wild type sequence, DBD-TRQG = TRQG motif insertion in DBD

DOC = 11-deoxycorticosterone, CORT = Corticosterone, S = 11-deoxycortisol, Aldo = aldosterone, Prog = Progesterone

*Fold activation values were calculated based on the 1000 nM values.

**Curve did not saturate.

https://doi.org/10.1371/journal.pone.0290159.t001
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compared to GR-DBD- TRQG (Table 1, Fig 2A-2C and 2E). In the presence of the TAT3 pro-
moter, 11-deoxycorticosterone has a small right shift in the EC50 for FLAG-tagged wild-type
GR compared to GR-DBD- TRQG (Table 1, Fig 2G). In the presence of the TAT3 promoter,
cortisol (Fig 2F), corticosterone (Fig 2G) and aldosterone (Fig 2J) have similar EC50s for
FLAG-tagged wild-type elephant shark GR compared to GR-DBD-TRQG. Corticosteroids
also had lower transcriptional activation of FLAG-tagged elephant shark MR-DBD- TRQG
compared to FLAG-tagged wild-type elephant shark MR (Fig 3, Table 1).

FLAG-tagged elephant shark MR and elephant shark MR-DBD-TRQG also had higher
fold-activation with MMTYV promoter compared to the TAT3 promoter, although it varied
with the corticosteroid. For example, fold-activation of DOC for elephant shark MR was 12.4
in the presence of MMTV and 8.0 in the presence of TAT3. And fold-activation of aldosterone
for elephant shark MR was 12 in the presence of MMTYV and 10.7 in the presence of TAT3.

We also studied progesterone activation of FLAG-tagged elephant shark MR with TRQG in
its DBD. Progesterone is an antagonist for human MR [40-42], and an agonist for fish MR
[14, 41, 43, 44], Progesterone is a transcriptional activator of elephant shark MR, but not ele-
phant shark GR [14, 45]. We find that addition of the TRQG sequence to FLAG-tagged ele-
phant shark MR reduces fold-activation by progesterone in HEK293 cells transfected with
either the MMTYV promoter or the TAT3 promotor (Fig 3).

FLAG-tagged GR and MR protein expression

To confirm the protein expression levels of FLAG-tagged GR and MR cultured cells trans-
fected with each construct were collected and treated with SDS sample buffer. And then, 20 pg
of protein was subjected to SDS-PAGE on a 10% polyacrylamide gel and transferred to an
Immobilon membrane. The gels were also Coomassie blue, CBB stained. Subsequently, FLAG-
tagged proteins were detected using an antibody against the FLAG tag. We detected a single
band the MR and multiple bands the GR (Fig 4). Both MR and GR showed no marked differ-
ence in protein levels between the wild type and the mutant containing 4 amino acid insertion
in the DBD. The multiple bands in GR may be due to protein phosphorylation.

Discussion

The sequencing of lamprey germline genome [35] led to the discovery of two CRs, which differ
only in a small four residue deletion in the DBD of CR2 [8]. In lamprey this deletion in CR2
increases transcriptional activation by corticosteroids. Both elephant shark MR and GR lack
this four amino acid insert in their DBDs, which raised the question of whether adding this
four-residue insert to elephant shark MR and GR would reduce corticosteroid-mediated tran-
scription, as seen in lamprey CR1 [8] because, in contrast to lamprey CR1 and CR2, elephant
shark MR and GR have different sequences in the LBD (61% identical to each other) and NTD
(21% identical to each other). Both domains are important in their response to corticosteroids
[14]. Thus, these sequence differences could obscure the effect of the four-residue insert in the
DBD of elephant shark MR and GR. However, as reported here (Figs 2 and 3, Table 1), we find
that like lamprey CR1, addition of four residues -TRQG- to wild-type elephant shark MR and
GR leads to a reduction in transcriptional activation by a panel of corticosteroids consisting of
cortisol, corticosterone, aldosterone, 11-deoxycorticosterone, 11-deoxycortisol and progester-
one. This effect of the TRQG insert in elephant shark MR and GR is found for HEK293 cells
transfected with either the MMTYV or TAT3 promoters (Table 1). The loss of the TRQG insert
in elephant shark GR and MR appears to have provided increased transcriptional activity for
their GR and MR.
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Fig 4. Expression of FLAG-tagged elephant shark GR and MR. HEK293 cell lysates transfected FLAG-tagged
constructs were treated with sample buffer and applied to a 10% SDS-polyacrylamide gel, and then transferred onto a
membrane. The expressed FLAG-tagged proteins were detected with anti-FLAG antibody. (A) FLAG-tagged elephant
shark GR or MR. (B) CBB stain.

https://doi.org/10.1371/journal.pone.0290159.9004

Although elephant shark MR lacks an insert in the DBD, a four amino acid (KCSW) insert
is present at this site in the DBD in human MR [46-48], rat MR [46] and Xenopus laevis MR
(Fig 5). The insertion of KCSR in the DBD of Xenopus laevis MR (Fig 4) indicates that intro-
duction of a mutation at this position occurred in a basal terrestrial vertebrate. Transcriptional
activation of these terrestrial vertebrate MRs by steroids has not been reported. We are begin-
ning to investigate corticosteroid and progesterone activation of the human MR variant.

Meijsing et al [49] found that the function of the DBD in human GR was more than just
docking of the GR to DNA. They showed that the human GR DBD also had an allosteric effect
on transcription by human GR. Our finding that the DBD in elephant shark MR and GR and
in sea lamprey CR has a role in regulating corticosteroid-mediated transcription indicates that
a regulatory function of the DBD appeared early in the evolution of corticosteroid receptors.
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Receptor (species): accession no. Sequence

MR-wt (Homo sapiens): AAAS9571 626 FFKRAVEG----QHNYLCAGRN 643
MR-X1 (Homo sapiens): XP_11530277 626 FFKRAVEGKCSWOHNYLCAGRN 647
MR-wt (Rattus norvegicus): NP_001382006 | 627 FFKRAVEG----QHNYLCAGRN 644
MR-X1 (Rattus norvegicus): XP_038953451 | 627 FFKRAVEGKCSWOQHNYLCAGRN 648
MR-wt (Xenopus laevis): NP_001084074 623 FFKRAVEG----QHSYLCAGRN 640
MR (Xenopus laevis): XP 018098693 623 FFKRAVEGKCSRQHSYLCAGRN 644

Fig 5. Alignment of isoforms of the human, rat and frog mineralocorticoid receptor DNA-binding domain. Wt: wild type, X1:
isoform X1, bold indicates inserted amino acids, GAPs (-) are introduced to optimize the sequence alignment.

https://doi.org/10.1371/journal.pone.0290159.9005

Methods

Construction of plasmid vectors

Full-length glucocorticoid receptor (GR) and mineralocorticoid receptor (MR) sequences of
elephant shark, Callorhinchus milii, were registered in Genbank (accession number:
XP_042195980 for GR and XP_007902220 for MR). The insertion of 4-amino acids (Thr-Arg-
GlIn-Gly) into the DBD of elephant shark MR and GR was performed using KOD-Plus-muta-
genesis kit (TOYOBO). N-terminal FLAG-tag motif was introduced into both wild type and
mutants containing the 4-amino acid insert in the DBD using PCR. The nucleic acid sequences
of all constructs were verified by sequencing.

Western blotting

FLAG-tagged GR and MR constructs were transfected as described in “Transactivation assays
and statistical analysis” [50]. FLAG-tagged proteins were separated by SDS-PAGE in 10% gel,
blotted onto an Immobilon membrane (Millipore Corp. MA), and probed with anti-FLAG

(clone 2H8, TransGenic Inc. [50]) antibody.

Chemical reagents

Cortisol, corticosterone, 11-deoxycorticosterone, 11-deoxycortisol, aldosterone and progester-

one were purchased from Sigma-Aldrich. For reporter gene assays, all hormones were dis-
solved in dimethyl-sulfoxide (DMSO); the final DMSO concentration in the culture medium

did not exceed 0.1%.

Transactivation assays and statistical analyses

Transfection and reporter assays were carried out in HEK293 cells, as described previously [8].
The cells were transfected with 100 ng of receptor gene, reporter gene containing the Photinus
pyralis luciferase gene and pRL-tk, as an internal control to normalize for variation in transfec-
tion efficiency; pRL-tk contains the Renilla reniformis luciferase gene with the herpes simplex
virus thymidine kinase promoter. Each assay had a similar number of cells, and assays were
done with the same batch of cells in each experiment. All experiments were performed in trip-
licate. Promoter activity was calculated as firefly (P. pyralis)-lucifease activity/sea pansy (R.
reniformis)-lucifease activity. The values shown are mean + SEM from three separate experi-
ments, and dose-response data, which were used to calculate the half maximal response
(EC50) for each steroid, were analyzed using GraphPad Prism. We note that our assays were
done at 37 degrees, which is not the physiological temperature for the GR and MR in elephant
sharks.

PLOS ONE | https://doi.org/10.1371/journal.pone.0290159  August 23, 2023 8/11


https://doi.org/10.1371/journal.pone.0290159.g005
https://doi.org/10.1371/journal.pone.0290159

PLOS ONE

DNA-binding domain regulates activation of elephant shark glucocorticoid and mineralocorticoid receptors

Supporting information

S1 Data.
(XLSX)

Author Contributions

Conceptualization: Yoshinao Katsu, Michael E. Baker.
Data curation: Yoshinao Katsu, Jiawen Zhang.

Formal analysis: Yoshinao Katsu, Michael E. Baker.
Funding acquisition: Yoshinao Katsu.

Investigation: Yoshinao Katsu, Jiawen Zhang.
Methodology: Yoshinao Katsu.

Project administration: Yoshinao Katsu.

Supervision: Yoshinao Katsu, Michael E. Baker.

Writing - original draft: Yoshinao Katsu, Michael E. Baker.

Writing - review & editing: Yoshinao Katsu, Michael E. Baker.

References

1. Osorio J, Rétaux S. The lamprey in evolutionary studies. Dev Genes Evol. 2008 May; 218(5):221-35.
Epub 2008 Feb 15. https://doi.org/10.1007/s00427-008-0208-1 PMID: 18274775.

2. Shimeld SM, Donoghue PC. Evolutionary crossroads in developmental biology: cyclostomes (lamprey
and hagfish). Development. 2012 Jun; 139(12):2091-9. https://doi.org/10.1242/dev.074716 PMID:
22619386.

3. Smith JJ, Kuraku S, Holt C, Sauka-Spengler T, Jiang N, Campbell MS, et al. Sequencing of the sea lam-
prey (Petromyzon marinus) genome provides insights into vertebrate evolution. Nat Genet. 2013 Apr;
45(4):415-21, 421e1-2. Epub 2013 Feb 24. https://doi.org/10.1038/ng.2568 PMID: 23435085.

4. Nakatani Y, Shingate P, Ravi V, Pillai NE, Prasad A, McLysaght A, et al. Reconstruction of proto-verte-
brate, proto-cyclostome and proto-gnathostome genomes provides new insights into early vertebrate
evolution. Nat Commun. 2021 Jul 23; 12(1):4489. Erratum in: Nat Commun. 2021 Jul 29;12(1):4704.
https://doi.org/10.1038/s41467-021-24573-z PMID: 34301952.

5. Thornton JW. Evolution of vertebrate steroid receptors from an ancestral estrogen receptor by ligand
exploitation and serial genome expansions. Proc Natl Acad Sci U S A. 2001 May 8; 98(10):5671—6.
Epub 2001 May 1. https://doi.org/10.1073/pnas.091553298 PMID: 11331759.

6. Carroll SM, Bridgham JT, Thornton JW. Evolution of hormone signaling in elasmobranchs by exploita-
tion of promiscuous receptors. Mol Biol Evol. 2008; 25(12):2643—-2652. https://doi.org/10.1093/molbev/
msn204 PMID: 18799714

7. Baker ME, Katsu Y. 30 YEARS OF THE MINERALOCORTICOID RECEPTOR: Evolution of the miner-
alocorticoid receptor: sequence, structure and function. J Endocrinol. 2017; 234(1):T1-T16. https://doi.
org/10.1530/JOE-16-0661 PMID: 28468932

8. KatsuY, Lin X, JiR, Chen Z, Kamisaka Y, Bamba K, et al. N-terminal domain influences steroid activa-
tion of the Atlantic sea lamprey corticoid receptor. J Steroid Biochem Mol Biol. 2023 Jan 13;
228:106249. Epub ahead of print. https://doi.org/10.1016/j.jsbmb.2023.106249 PMID: 36646152.

9. Evans RM. The steroid and thyroid hormone receptor superfamily. Science. 1988; 240(4854):889-895.
https://doi.org/10.1126/science.3283939 PMID: 3283939

10. Bridgham JT, Eick GN, Larroux C, et al. Protein evolution by molecular tinkering: diversification of the
nuclear receptor superfamily from a ligand-dependent ancestor. PLoS Biol. 2010; 8(10):e1000497.
Published 2010 Oct 5. https://doi.org/10.1371/journal.pbio.1000497 PMID: 20957188

11. Beato M, Klug J. Steroid hormone receptors: an update. Hum Reprod Update. 2000 May-Jun; 6
(8):225-36. https://doi.org/10.1093/humupd/6.3.225 PMID: 10874567.

PLOS ONE | https://doi.org/10.1371/journal.pone.0290159  August 23, 2023 9/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0290159.s001
https://doi.org/10.1007/s00427-008-0208-1
http://www.ncbi.nlm.nih.gov/pubmed/18274775
https://doi.org/10.1242/dev.074716
http://www.ncbi.nlm.nih.gov/pubmed/22619386
https://doi.org/10.1038/ng.2568
http://www.ncbi.nlm.nih.gov/pubmed/23435085
https://doi.org/10.1038/s41467-021-24573-z
http://www.ncbi.nlm.nih.gov/pubmed/34301952
https://doi.org/10.1073/pnas.091553298
http://www.ncbi.nlm.nih.gov/pubmed/11331759
https://doi.org/10.1093/molbev/msn204
https://doi.org/10.1093/molbev/msn204
http://www.ncbi.nlm.nih.gov/pubmed/18799714
https://doi.org/10.1530/JOE-16-0661
https://doi.org/10.1530/JOE-16-0661
http://www.ncbi.nlm.nih.gov/pubmed/28468932
https://doi.org/10.1016/j.jsbmb.2023.106249
http://www.ncbi.nlm.nih.gov/pubmed/36646152
https://doi.org/10.1126/science.3283939
http://www.ncbi.nlm.nih.gov/pubmed/3283939
https://doi.org/10.1371/journal.pbio.1000497
http://www.ncbi.nlm.nih.gov/pubmed/20957188
https://doi.org/10.1093/humupd/6.3.225
http://www.ncbi.nlm.nih.gov/pubmed/10874567
https://doi.org/10.1371/journal.pone.0290159

PLOS ONE

DNA-binding domain regulates activation of elephant shark glucocorticoid and mineralocorticoid receptors

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Whitfield GK, Jurutka PW, Haussler CA, Haussler MR. Steroid hormone receptors: evolution, ligands,
and molecular basis of biologic function. J Cell Biochem. 1999; Suppl 32—33:110-22. https://doi.org/10.
1002/(sici)1097-4644(1999)75:32+<110::aid-jcb14>3.0.co;2-t PMID: 10629110.

Baker ME. Steroid receptors and vertebrate evolution. Mol Cell Endocrinol. 2019; 496:110526. https://
doi.org/10.1016/j.mce.2019.110526 PMID: 31376417

Katsu Y, Shariful IMD, Lin X, Takagi W, Urushitani H, Kohno S, et al. N-terminal Domain Regulates Ste-
roid Activation of Elephant Shark Glucocorticoid and Mineralocorticoid Receptors. J Steroid Biochem
Mol Biol. 2021 Feb 27:105845. Epub ahead of print. https://doi.org/10.1016/j.jsbomb.2021.105845
PMID: 33652098.

Fonseca E, Machado AM, Vilas-Arrondo N, Gomes-Dos-Santos A, Verissimo A, Esteves P, et al. Carti-
laginous fishes offer unique insights into the evolution of the nuclear receptor gene repertoire in
gnathostomes. Gen Comp Endocrinol. 2020 Sep 1; 295:113527. Epub 2020 Jun 8. https://doi.org/10.
1016/j.ygcen.2020.113527 PMID: 32526329,

Shibata S. 30 YEARS OF THE MINERALOCORTICOID RECEPTOR: Mineralocorticoid receptor and
NaCl transport mechanisms in the renal distal nephron. J Endocrinol. 2017; 234(1):T35-T47. https://
doi.org/10.1530/JOE-16-0669 PMID: 28341694

Lifton RP, Gharavi AG, Geller DS. Molecular mechanisms of human hypertension. Cell. 2001; 104
(4):545-556. https://doi.org/10.1016/s0092-8674(01)00241-0 PMID: 11239411

Lombes M, Kenouch S, Souque A, Farman N, Rafestin-Oblin ME. The Mineralocorticoid Receptor Dis-
criminates Aldosterone from Glucocorticoids Independently of the 11 Beta-Hydroxysteroid Dehydroge-
nase. Endocrinology. 1994; 135(3):834-840. https://doi.org/10.1210/endo.135.3.8070376 PMID:
8070376

Pascual-Le Tallec L, Lombés M. The mineralocorticoid receptor: a journey exploring its diversity and
specificity of action. Mol Endocrinol. 2005 Sep; 19(9):2211-21. Epub 2005 Mar 31. https://doi.org/10.
1210/me.2005-0089 PMID: 15802372.

Rossier BC, Baker ME, Studer RA. Epithelial sodium transport and its control by aldosterone: the story
of our internal environment revisited. Physiol Rev. 2015; 95(1):297-340. https://doi.org/10.1152/
physrev.00011.2014 PMID: 25540145

Hanukoglu |, Hanukoglu A. Epithelial sodium channel (ENaC) family: Phylogeny, structure-function, tis-
sue distribution, and associated inherited diseases. Gene. 2016; 579(2):95-132. https://doi.org/10.
1016/j.gene.2015.12.061 PMID: 26772908

Jaisser F, Farman N. Emerging Roles of the Mineralocorticoid Receptor in Pathology: Toward New Par-
adigms in Clinical Pharmacology. Pharmacol Rev. 2016; 68(1):49-75. https://doi.org/10.1124/pr.115.
011106 PMID: 26668301

Hawkins UA, Gomez-Sanchez EP, Gomez-Sanchez CM, Gomez-Sanchez CE. The ubiquitous mineral-
ocorticoid receptor: clinical implications. Curr Hypertens Rep. 2012; 14(6):573-580. https://doi.org/10.
1007/s11906-012-0297-0 PMID: 22843494

de Kloet ER, Joéls M. Brain mineralocorticoid receptor function in control of salt balance and stress-
adaptation. Physiol Behav. 2017 Sep 1; 178:13-20. Epub 2017 Jan 13. https://doi.org/10.1016/j.
physbeh.2016.12.045 PMID: 28089704.

Gomez-Sanchez EP. Brain mineralocorticoid receptors in cognition and cardiovascular homeostasis.
Steroids. 2014 Dec; 91:20-31. https://doi.org/10.1016/j.steroids.2014.08.014 PMID: 25173821.

Gomez-Sanchez CE, Gomez-Sanchez EP. The Mineralocorticoid Receptor and the Heart. Endocrinol-
ogy. 2021 Nov 1; 162(11):bgab131. https://doi.org/10.1210/endocr/bgab131 PMID: 34175946.

de Kloet ER. From receptor balance to rational glucocorticoid therapy. Endocrinology. 2014; 155
(8):2754-2769. https://doi.org/10.1210/en.2014-1048 PMID: 24828611

Chrousos GP. Stress and sex versus immunity and inflammation. Sci Signal. 2010 Oct 12; 3(143):pe36.
https://doi.org/10.1126/scisignal.3143pe36 PMID: 20940425.

Cain DW, Cidlowski JA. Immune regulation by glucocorticoids. Nat Rev Immunol. 2017; 17(4):233-247.
https://doi.org/10.1038/nri.2017.1 PMID: 28192415

Weikum ER, Knuesel MT, Ortlund EA, Yamamoto KR. Glucocorticoid receptor control of transcription:
precision and plasticity via allostery. Nat Rev Mol Cell Biol. 2017; 18(3):159-174. https://doi.org/10.
1038/nrm.2016.152 PMID: 28053348

Gross KL, Lu NZ, Cidlowski JA. Molecular mechanisms regulating glucocorticoid sensitivity and resis-
tance. Mol Cell Endocrinol. 2009; 300(1-2):7—16. https://doi.org/10.1016/j.mce.2008.10.001 PMID:
19000736

Close DA, Yun SS, McCormick SD, Wildbill AJ, Li W. 11-deoxycortisol is a corticosteroid hormone in
the lamprey. Proc Natl Acad Sci U S A. 2010 Aug 3; 107(31):13942-7. Epub 2010 Jul 19. https://doi.
org/10.1073/pnas.0914026107 PMID: 20643930.

PLOS ONE | https://doi.org/10.1371/journal.pone.0290159  August 23, 2023 10/11


https://doi.org/10.1002/%28sici%291097-4644%281999%2975%3A32%2B%26lt%3B110%3A%3Aaid-jcb14%26gt%3B3.0.co%3B2-t
https://doi.org/10.1002/%28sici%291097-4644%281999%2975%3A32%2B%26lt%3B110%3A%3Aaid-jcb14%26gt%3B3.0.co%3B2-t
http://www.ncbi.nlm.nih.gov/pubmed/10629110
https://doi.org/10.1016/j.mce.2019.110526
https://doi.org/10.1016/j.mce.2019.110526
http://www.ncbi.nlm.nih.gov/pubmed/31376417
https://doi.org/10.1016/j.jsbmb.2021.105845
http://www.ncbi.nlm.nih.gov/pubmed/33652098
https://doi.org/10.1016/j.ygcen.2020.113527
https://doi.org/10.1016/j.ygcen.2020.113527
http://www.ncbi.nlm.nih.gov/pubmed/32526329
https://doi.org/10.1530/JOE-16-0669
https://doi.org/10.1530/JOE-16-0669
http://www.ncbi.nlm.nih.gov/pubmed/28341694
https://doi.org/10.1016/s0092-8674%2801%2900241-0
http://www.ncbi.nlm.nih.gov/pubmed/11239411
https://doi.org/10.1210/endo.135.3.8070376
http://www.ncbi.nlm.nih.gov/pubmed/8070376
https://doi.org/10.1210/me.2005-0089
https://doi.org/10.1210/me.2005-0089
http://www.ncbi.nlm.nih.gov/pubmed/15802372
https://doi.org/10.1152/physrev.00011.2014
https://doi.org/10.1152/physrev.00011.2014
http://www.ncbi.nlm.nih.gov/pubmed/25540145
https://doi.org/10.1016/j.gene.2015.12.061
https://doi.org/10.1016/j.gene.2015.12.061
http://www.ncbi.nlm.nih.gov/pubmed/26772908
https://doi.org/10.1124/pr.115.011106
https://doi.org/10.1124/pr.115.011106
http://www.ncbi.nlm.nih.gov/pubmed/26668301
https://doi.org/10.1007/s11906-012-0297-0
https://doi.org/10.1007/s11906-012-0297-0
http://www.ncbi.nlm.nih.gov/pubmed/22843494
https://doi.org/10.1016/j.physbeh.2016.12.045
https://doi.org/10.1016/j.physbeh.2016.12.045
http://www.ncbi.nlm.nih.gov/pubmed/28089704
https://doi.org/10.1016/j.steroids.2014.08.014
http://www.ncbi.nlm.nih.gov/pubmed/25173821
https://doi.org/10.1210/endocr/bqab131
http://www.ncbi.nlm.nih.gov/pubmed/34175946
https://doi.org/10.1210/en.2014-1048
http://www.ncbi.nlm.nih.gov/pubmed/24828611
https://doi.org/10.1126/scisignal.3143pe36
http://www.ncbi.nlm.nih.gov/pubmed/20940425
https://doi.org/10.1038/nri.2017.1
http://www.ncbi.nlm.nih.gov/pubmed/28192415
https://doi.org/10.1038/nrm.2016.152
https://doi.org/10.1038/nrm.2016.152
http://www.ncbi.nlm.nih.gov/pubmed/28053348
https://doi.org/10.1016/j.mce.2008.10.001
http://www.ncbi.nlm.nih.gov/pubmed/19000736
https://doi.org/10.1073/pnas.0914026107
https://doi.org/10.1073/pnas.0914026107
http://www.ncbi.nlm.nih.gov/pubmed/20643930
https://doi.org/10.1371/journal.pone.0290159

PLOS ONE

DNA-binding domain regulates activation of elephant shark glucocorticoid and mineralocorticoid receptors

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

Smith JJ, Antonacci F, Eichler EE, Amemiya CT. Programmed loss of millions of base pairs from a ver-
tebrate genome. Proc Natl Acad Sci U S A. 2009 Jul 7; 106(27):11212—7. Epub 2009 Jun 26. https://doi.
org/10.1073/pnas.0902358106 PMID: 19561299.

Smith JJ, Saha NR, Amemiya CT. Genome biology of the cyclostomes and insights into the evolutionary
biology of vertebrate genomes. Integr Comp Biol. 2010 Jul; 50(1):130-7. Epub 2010 Apr 19. https://doi.
org/10.1093/icb/icq023 PMID: 21558194,

Smith JJ, Timoshevskaya N, Ye C, Holt C, Keinath MC, Parker HJ, et al. The sea lamprey germline
genome provides insights into programmed genome rearrangement and vertebrate evolution. Nat
Genet. 2018 Feb; 50(2):270-277. Epub 2018 Jan 22. Erratum in: Nat Genet. 2018 Apr 19;: Erratumin:
Nat Genet. 2018 Nov;50(11):1617. https://doi.org/10.1038/s41588-017-0036-1 PMID: 29358652.

Beato M, Arnemann J, Chalepakis G, Slater E, Willmann T. Gene regulation by steroid hormones. J Ste-
roid Biochem. 1987; 27(1-3):9—-14. https://doi.org/10.1016/0022-4731(87)90288-3 PMID: 2826895.

Cato AC, Skroch P, Weinmann J, Butkeraitis P, Ponta H. DNA sequences outside the receptor-binding
sites differently modulate the responsiveness of the mouse mammary tumour virus promoter to various
steroid hormones. EMBO J. 1988 May; 7(5):1403-10. https://doi.org/10.1002/j.1460-2075.1988.
tb02957.x PMID: 2842149.

IAiguez-Lluhi JA, Pearce D. A common motif within the negative regulatory regions of multiple factors
inhibits their transcriptional synergy. Mol Cell Biol. 2000 Aug; 20(16):6040-50. https://doi.org/10.1128/
MCB.20.16.6040-6050.2000 PMID: 10913186.

Lombes M, Binart N, Oblin ME, Joulin V, Baulieu EE. Characterization of the interaction of the human
mineralocorticosteroid receptor with hormone response elements. Biochem J. 1993 Jun 1; 292 (Pt
2):577-83. https://doi.org/10.1042/bj2920577 PMID: 8389140.

Geller DS, Farhi A, Pinkerton N, et al. Activating mineralocorticoid receptor mutation in hypertension
exacerbated by pregnancy. Science. 2000; 289(5476):119—-128. https://doi.org/10.1126/science.289.
5476.119 PMID: 10884226

Fuller PJ, Yao YZ, Jin R, et al. Molecular evolution of the switch for progesterone and spironolactone
from mineralocorticoid receptor agonist to antagonist. Proc Natl Acad Sci U S A. 2019; 116(37):18578—
18583., (n.d.). https://doi.org/10.1073/pnas.1903172116 PMID: 31439819

Baker ME, Katsu Y. Progesterone: An enigmatic ligand for the mineralocorticoid receptor. Biochem
Pharmacol. 2020; 177:113976. https://doi.org/10.1016/j.bcp.2020.113976 PMID: 32305433

Baker ME. Divergent evolution of progesterone and mineralocorticoid receptors in terrestrial vertebrates
and fish influences endocrine disruption. Biochem Pharmacol. 2022 Apr; 198:114951. Epub 2022 Feb
8. https://doi.org/10.1016/j.bcp.2022.114951 PMID: 35149051.

Sugimoto A, Oka K, Sato R, Adachi S, Baker ME, Katsu Y. Corticosteroid and progesterone transactiva-
tion of mineralocorticoid receptors from Amur sturgeon and tropical gar. Biochem J. 2016; 473
(20):3655-3665. , (n.d.). https://doi.org/10.1042/BCJ20160579 PMID: 27520308

Katsu Y, Kohno S, Oka K, et al. Transcriptional activation of elephant shark mineralocorticoid receptor
by corticosteroids, progesterone, and spironolactone. Sci Signal. 2019; 12(584):eaar2668. Published
2019Jun 4., (n.d.). https://doi.org/10.1126/scisignal.aar2668 PMID: 31164478

Bloem LJ, Guo C, Pratt JH. Identification of a splice variant of the rat and human mineralocorticoid
receptor genes. J Steroid Biochem Mol Biol. 1995 Nov; 55(2):159-62. https://doi.org/10.1016/0960-
0760(95)00162-s PMID: 7495694,

Wickert L, Selbig J, Watzka M, Stoffel-Wagner B, Schramm J, Bidlingmaier F, et al. Differential mRNA
expression of the two mineralocorticoid receptor splice variants within the human brain: structure analy-
sis of their different DNA binding domains. J Neuroendocrinol. 2000 Sep; 12(9):867-73. https://doi.org/
10.1046/j.1365-2826.2000.00535.x PMID: 10971811.

Wickert L, Watzka M, Bolkenius U, Bidlingmaier F, Ludwig M. Mineralocorticoid receptor splice variants
in different human tissues. Eur J Endocrinol. 1998 Jun; 138(6):702—4. https://doi.org/10.1530/eje.O0.
1380702 PMID: 9678540.

Meijsing SH, Pufall MA, So AY, Bates DL, Chen L, Yamamoto KR. DNA binding site sequence directs
glucocorticoid receptor structure and activity. Science. 2009 Apr 17; 324(5925):407—10. https://doi.org/
10.1126/science.1164265 PMID: 19372434.

Sasaki F, Okuno T, Saeki K, Min L, Onohara N, Kato H, et al. A high-affinity monoclonal antibody
against the FLAG tag useful for G-protein-coupled receptor study. Anal Biochem. 2012 Jun 15; 425
(2):157-65. Epub 2012 Mar 27. https://doi.org/10.1016/j.ab.2012.03.014 PMID: 22465329.

PLOS ONE | https://doi.org/10.1371/journal.pone.0290159  August 23, 2023 11/11


https://doi.org/10.1073/pnas.0902358106
https://doi.org/10.1073/pnas.0902358106
http://www.ncbi.nlm.nih.gov/pubmed/19561299
https://doi.org/10.1093/icb/icq023
https://doi.org/10.1093/icb/icq023
http://www.ncbi.nlm.nih.gov/pubmed/21558194
https://doi.org/10.1038/s41588-017-0036-1
http://www.ncbi.nlm.nih.gov/pubmed/29358652
https://doi.org/10.1016/0022-4731%2887%2990288-3
http://www.ncbi.nlm.nih.gov/pubmed/2826895
https://doi.org/10.1002/j.1460-2075.1988.tb02957.x
https://doi.org/10.1002/j.1460-2075.1988.tb02957.x
http://www.ncbi.nlm.nih.gov/pubmed/2842149
https://doi.org/10.1128/MCB.20.16.6040-6050.2000
https://doi.org/10.1128/MCB.20.16.6040-6050.2000
http://www.ncbi.nlm.nih.gov/pubmed/10913186
https://doi.org/10.1042/bj2920577
http://www.ncbi.nlm.nih.gov/pubmed/8389140
https://doi.org/10.1126/science.289.5476.119
https://doi.org/10.1126/science.289.5476.119
http://www.ncbi.nlm.nih.gov/pubmed/10884226
https://doi.org/10.1073/pnas.1903172116
http://www.ncbi.nlm.nih.gov/pubmed/31439819
https://doi.org/10.1016/j.bcp.2020.113976
http://www.ncbi.nlm.nih.gov/pubmed/32305433
https://doi.org/10.1016/j.bcp.2022.114951
http://www.ncbi.nlm.nih.gov/pubmed/35149051
https://doi.org/10.1042/BCJ20160579
http://www.ncbi.nlm.nih.gov/pubmed/27520308
https://doi.org/10.1126/scisignal.aar2668
http://www.ncbi.nlm.nih.gov/pubmed/31164478
https://doi.org/10.1016/0960-0760%2895%2900162-s
https://doi.org/10.1016/0960-0760%2895%2900162-s
http://www.ncbi.nlm.nih.gov/pubmed/7495694
https://doi.org/10.1046/j.1365-2826.2000.00535.x
https://doi.org/10.1046/j.1365-2826.2000.00535.x
http://www.ncbi.nlm.nih.gov/pubmed/10971811
https://doi.org/10.1530/eje.0.1380702
https://doi.org/10.1530/eje.0.1380702
http://www.ncbi.nlm.nih.gov/pubmed/9678540
https://doi.org/10.1126/science.1164265
https://doi.org/10.1126/science.1164265
http://www.ncbi.nlm.nih.gov/pubmed/19372434
https://doi.org/10.1016/j.ab.2012.03.014
http://www.ncbi.nlm.nih.gov/pubmed/22465329
https://doi.org/10.1371/journal.pone.0290159

