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Summary. We report the first analysis of corticosteroid and progesterone activation of
full-length mineral ocorticoid receptor (MR) from elephant shark (Callorhinchus milii), a
cartilaginous fish belonging to the oldest group of jawed vertebrates. Aldosterone, cortisol,
11-deoxycorticosterone, corticosterone, 11-deoxcortisol, progesterone and
19-norprogesterone had half-maximal responses (EC50s) below 1 nM for elephant shark MR,
and hence, these steroids, including progesterone, are potential physiological
mineralocorticoids.  Aldosterone, the physiological mineralocorticoid in humans and other
terrestrial vertebrates, is not found in cartilaginous or ray-finned fishes. Progesteroneisa
precursor for corticosteroids that activate elephant shark MR, suggesting that progesterone
was an ancestral ligand for the MR.  Progesterone does not activate human, amphibian or
aligator MRs indicating that progesterone activation of the MR was lost during the transition
to terrestrial vertebrates. RNA-seq analysis finds strong MR expression in elephant shark

ovary and testis, in which progesterone-activated MR may have novel functions.
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I ntroduction

The mineralocorticoid receptor (MR) belongs to the nuclear receptor family, alarge
and diverse group of transcription factors that also includes receptors for glucocorticoids
(GR), progestins (PR) androgens (AR) and estrogens (ER) (1, 2). Seguence analysis
revealed that the MR and GR are closely related (3); phylogenetic analysis indicates that MR
and GR evolved from a corticosteroid receptor (CR) that was present in jawless vertebrates,
such as lamprey and hagfish (4-7). A distinct mineralocorticoid receptor (MR) first appears
in cartilaginous fishes (Chondrichthyes), the oldest group of extant jawed vertebrates
(gnathostomes) that diverged from bony vertebrates about 450 million years and are acrucial
group in understanding the origin and evolution of jawed vertebrate morphology and
physiology (8, 9). Like mammals, cartilaginous fishes contain the full complement of
adrenal and sex steroid receptors: AR, ER, GR, MR and PR (1, 2, 4, 10).

Aldosterone (Aldo) is the physiological activator of transcription of human MR in
epithelial tissues, such as the kidney distal collecting tubules and the colon, in which the MR
regulates electrolyte homeostasis (6, 11-14). The MR also isfound in brain, heart, aorta,
lung, liver, spleen, adipose tissue, testis, breast and ovary (12-18). The physiological
function of the MR in these tissues is still being elucidated.

The MR and other steroid receptors have a characteristic modular structure consisting
of an N-terminal domain (NTD) (domains A and B), a central DNA-binding domain (DBD)
(domain C), ahinge domain (D) and a C-terminal ligand-binding domain (LBD) (domain E)
(2,4,19-21) (Figurel). The E domain alone is competent to bind steroids (4, 19, 22-24).
Interactions between the NTD (A/B domains) and the LBD and coactivators are important
regulators of transcriptional activation of mammalian MRs (25-32) and fish MRs (31-33).
Moreover, GAL-DBD-hinge-LBD constructs of zebrafish MR have different responsesto
progestins and some corticosteroids than do GAL-DBD-hinge-LBD constructs of human,
chicken, alligator and Xenopus MRs (32).
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1 585 651 704 956

A/B D LED Shark MR
1 601 667 718 970
32 47 66 Zebrafish MR
1 624 690 742 994
35 57 69 Coelacanth MR
1 600 666 727 979
33 47 64 frog MR
1 804 670 729 981
36 56 66 Chicken MR
1 603 669 732 984
33 92 & 67 Human MR

60
61 Figure 1. Comparison of domainsin elephant shark MR with vertebrate MRs. MRsfrom elephant

62  shark (shark), zebrafish, coelacanth, Xenopus (frog), chicken and human are compared.  The functional
63  A/B domain to E domains are schematically represented with the numbers of amino acid residues and the
64  percentage of amino acid identity is depicted. GenBank accession numbers: elephant shark MR

65  (XP_007902220), zebrafish MR (NP_001093873), coelacanth MR (XP_014348128), Xenopus

66  (NP_001084074), chicken (ACO37437), human MR (NP_000892).

67

68 The timing of the evolution of this difference between full-length and truncated MRs

69 inray-finned fishes and terrestrial vertebrates, as well as expression of the MR in

70  non-epithelial tissuesis not known. Also unresolved is the identity of the ancestral

71  mineralocorticoid in cartilaginous fishes and the current mineralocorticoid in ray-finned fish
72  because aldosterone (Aldo), the physiological mineralocorticoid in terrestrial vertebrates, is
73 not found in cartilaginous fishes or ray-finned fishes. Aldo first appearsin lobe-finned fish
74 (34), the forerunners of terrestrial vertebrates (35). Thus, theidentity of the physiological
75  mineralocorticoid in cartilaginous fishes and ray-finned fishes is not established, although
76  cortisol and 11-deoxycorticosterone have been proposed (36-41).
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Complicating the identity of the physiological mineralocorticoid in cartilaginous and
ray-finned fishes is evidence that progesterone (Prog) and 19-norprogesterone (19norProg),
along with spironolactone (Spiron) (Figure 2), are transcriptional activators of several
ray-finned fish MRs (21, 33, 40), including zebrafish MR (42), and of chicken MR (32). In
contrast, these steroids are antagonists for human MR (22, 24, 43), alligator MR and Xenopus
MR (32). Ray-finned fish MRs and chicken MR differ in their response to Prog, 19norProg
and Spiron, raising the question of whether the response to progestins and Spiron evolved in
ray-finned fish before or after the divergence of ray-finned fish from the lobe-finned fish
lineage that led to tetrapods.

Transcriptional activation by corticosteroids and other 3-ketosteroids of a full-length
cartilaginous fish MR, which is the physiological MR, has not been investigated. Only
truncated skate MR (44), consisting of the GAL4 DBD fused to the D domain and E domain
of the MR (MR-LBD) has been studied for its response to corticosteroids. Carroll et al.
found that aldosterone (Aldo), corticosterone, 11-deoxycorticosterone, and cortisol (Figure 2)

are transcriptional activators of truncated skate MR.


https://doi.org/10.1101/265348
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/265348; this version posted June 21, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

98 170H-Progesterone [170H-Prog] Spironolactone [Spiron]

99  Figure2. Sructuresof steroidsthat are ligandsfor theMR. Aldo, 11-deoxycorticosterone and S
100 arephysiological mineralocorticoids in terrestrial vertebrates (4, 6, 12, 45). Sisbotha
101  mineralocorticoid and a glucocorticoid in lamprey (4, 46) and aglucocorticoid in ray-finned fish (47).
102  Cortisol isaphysiological glucocorticoid in terrestrial vertebrates and ray-finned fish (4, 10, 48-50).
103  corticosteroneis aglucocorticoid in ratsand mice (4). Aldo, 11-deoxycorticosterone, cortisol,
104  corticosterone and Prog have a similar high affinity for human MR (3, 51-53).  Prog, 19norProg,
105  170H-Prog and Spiron are antagonists for human MR (21, 43, 51) and rat MR (54, 55).  Prog,
106  19norProg, and Spiron are agonists for fish MRs (21, 33, 40). 19norProg is a weak agonist for rat
107 MR (56, 57).
108
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109 Elephant shark MR is an attractive receptor to study early events in the evolution of
110  mechanismsfor regulating MR transcription because genomic analyses reveal that elephant
111 shark genes are evolving slowly (9), making their genes windows into the past. Thus, we
112  decided to investigate transcriptional activation by Aldo, 11-deoxycorticosterone,

113  corticosterone, 11-deoxycortisol, cortisol, Prog, 19norProg, 17-hydroxyprogesterone

114  (170OH-Prog) and Spiron of full-length and truncated elephant shark MR.  Interestingly, all
115  3-ketosteroids, including progesterone, had EC50s of 1 nM or lower for full-length elephant
116 shark MR. Transcriptional activation by Prog, 19norProg and Spiron of truncated el ephant
117  shark MR resembled that of zebrafish MR and not chicken MR, indicating that progestin
118 activation of MR is an ancestral response, conserved in ray-finned fish, lost in Xenopus,
119 adligator and human MRs, and distinct from activation of chicken MR, which arose

120 independently. We also performed RNA-seq analysis of elephant shark MR and find

121  widespread expression of MR in various elephant shark organs (gill, kidney, heart, intestine,
122  liver, spleen, brain), with strong MR expression in ovary and testis, which are likely targets
123  for Prog, suggesting arole for Prog-M R complexes in elephant shark reproduction, as well as
124  insome other functions in other MR-containing organs.  Indeed, our data suggest that Prog
125 or arelated progestin may have been one of the ancestral mineralocorticoids. Elephant
126  shark RNA-seq analysis also indicates that expression of human MR in diverse organs, such

127  asbrain, heart, liver, spleen, ovary and testis, evolved in an ancestral cartilaginous fish.
128

129 Results
130 Functional domains of elephant shark MR and other vertebrate M Rs.
131 In Figure 1, we compare the functional domains of elephant shark MR to selected

132  vertebrate MRs. Elephant shark MR and human MR have 92% and 67% identity in DBD
133 and LBD, respectively. Interestingly, elephant shark MR has similar conservation to the
134  DBD (91-92%) and LBD (64-69%) of other MRs. TheA, B and D domains of elephant
135 shark MR and other MRs are much less conserved.

136  Transcriptional activation of full-length and truncated elephant shark MR by

137  corticosteroids, progestins and spironolactone.

138 We screened a panel of steroids at 0.1 nM and 1 nM for transcriptional activation of
139  full-length and truncated elephant shark MR.  Aldo, cortisol, corticosterone,

140  11-deoxycorticosterone and 11-deoxycortisol were strong activators of full-length elephant

6
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141  shark MR (Figure 3A) indicating that elephant shark MR has broad specificity for

142  corticosteroids. Interestingly, at these low concentrations, all progestins and Spiron are
143  transcriptional activators of full-length elephant shark MR, with 19-norProg having the
144  drongest activity and 170HProg having the weakest activity (Figure 3A).

145 In parallel experiments, truncated elephant shark MR, lacking the A/B domain and
146  containing a GAL4-DBD instead of the MR DBD, retained a strong response to all

147  corticosteroids and 19nor Prog (Figure 3B). Prog and Spiron had significant, but reduced
148  activity, while 170H-Prog had little activity for truncated elephant shark MR.
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150 Figure 3. Transcriptional activation of elephant shark MR by 3-ketosteroids.  Full length and
151  truncated elephant shark MR were expressed in HEK293 cells with an MM TV-luciferase reporter.
152  A. Full length elephant shark MR. Cells were treated with 0.1 nM or 1.0 nM Aldo, cortisol,

153  corticosterone, 11-deoxycorticosterone, 11-deoxycortisol, Prog, 19norProg (19NP), 170H-Prog,
154  Spiron or vehicle alone (DM SO).

155  B. Truncated elephant shark MR. Cellsweretreated with 0.1 nM or 1.0 nM Aldo, cortisol,

156 corticosterone, 11-deoxycorticosterone, 11-deoxycortisol, Prog, 19norProg (19NP), 170H-Prog or
157  Spironor vehicle dlone (DMSO). Results are expressed as means + SEM, n=3.  Y-axisindicates
158  fold-activation compared to the activity of control vector with vehicle (DMSO) alone as 1.
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EC50 valuesfor steroid activation of elephant shark MR

Concentration-dependence of transcriptional activation of full length elephant shark
MR by corticosteroids (Aldo, cortisol, corticosterone, 11-deoxycorticosterone,
11-deoxycortisol) is shown in Figure 4A and by progestins (Prog, 19norProg, 170H-Prog)
and Spiron in Figure4B. The corresponding concentration-dependent curves for truncated
elephant shark MR are shown in Figures 4C and 4D, respectively. Table 1 summarizes the
ECH50s of corticosteroids for full-length and truncated elephant shark MR. Table 1 also
contains, for comparison, previously determined EC50s of corticosteroids for full-length and

truncated human, chicken, alligator, Xenopus and zebrafish MRs (32) and skate MR (44).
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Figure 4. Concentration-dependent transcriptional activation of full-length and truncated
elephant shark MR (shark MR) by 3-ketosteroids. Full length and truncated elephant shark MR
(shark MR) were expressed in HEK293 cellswith an MM TV-luciferase reporter.  Full-length
elephant shark MR (shark MR) (A) and (C) and truncated elephant shark MR (shark MR) (B) and (D).
(A), (B) Aldo, cortisol, corticosterone, 11deoxycorticosterone or 11-deoxycortisol.

(©), (D) Aldo, Prog, 19norProg (19nor-P), 170H-Prog (170OH-P) or Spiron. Cellstransfected with

eephant shark MR were treated with increasing concentrations of cortisol, corticosterone, Aldo,
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11deoxycorticosterone, 11-deoxycortisol, Prog, 19norProg, 170OH-Prog, Spiron or vehicle alone
(DMS0). Y-axisindicatesfold-activation compared to the activity of control vector with vehicle
(DMSO) aloneas1.
Table 1. Corticosteroid activation of full-length MR and GAL4-DBD-MR-LBD
MR Aldo B F DOC S
EC50 (M) | EC50 (M) | EC50 (M) | EC50 (M) EC50 (M)
Elephant shark Full | 1.1x 10 | 1.7x10% | 46x 10™ 6.3x 10" 1.1x 10"
100% 101% 114% 83% 83%
Elephant shark LBD | 3.7x 10" | 99x10™ | 1.9x 10™ 2.4 x 10 6.8 x 10™
100% 90% 79% 81% 77%
'Skate LBD 7x10% | 1x10% | 1x10° 3x 10 22x10°®
Human Full 27x10%° | 12x10° | 55x10° 42x10% 36x10°
100% 119% 133% 74% 42%
’Human LBD 28x10%° | 59x10%° | 3.x10° | 1.8x10° #
100% 95% 74% 44% *8%
“Chicken Full 6.2x10" | 51x10™" | 28x 10 34x10M" 6.7 x 10
100% 109% 128% 110% 112%
“Chicken LBD 1.3x10%° | 1.6x10" | 6.9x10%° | 1.7x 10" 47 x10°
100% 92% 75% 92% 36%
“Alligator-Full 2.8x10%° | 36x10% | 6.9x10° 23x10% 2.7x10°
100% 138% 176% 85% 45%
“Alligator LBD 35x10"° | 38x10% | 23x10° | 52x10™ #-
100% 88% 68% 51% *8%
*X enopus Full 46x10%° | 62x10%° | 1.1x10% | 7.6x10%° 9.1x 10°
100% 105% 126% 59% 31%
X enopus-L BD 1.5x10° | 1.9x10° | 1.2x10°® #- #-
100% 74% 37% *10% * 6%
27 ebr afish Full 82x10™ | 3.0x10™ | 44x10™ 6.3x10™ 40x10%
100% 112% 123% 103% 94%
?Zebrafish LBD 27x10" | 1.5x10% | 31x10% | 1.0x 10" 9.1x10™
100% 96% 77% 99% 67%

" (44

% (32) doi:doi: https://doi.org/10.1101/151233)
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183  #Curvedid not saturate.
184 (%) Relative induction to Aldosterone induced activation.
185 * Relative induction at 1 pM compared to Aldo.
186
187 Previously we reported that progestins and Spiron are transcriptional activators of
188  full-length chicken and zebrafish MRs and truncated zebrafish MR (32). However, EC50
189  values of progestins and Spiron for these MR were not determined.  We have remedied this
190 omission and report their EC50 values in Table 2 and Figure 5, for comparison with
191  full-length and truncated elephant shark MR.
192
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193
194  Figure5. Concentration-dependent transcriptional activation of full-length and truncated
195 chicken and zebrafish MR by progestinsand Spironolactone. HEK293 cells transfected with
196 chicken and zebrafish MR were treated with increasing concentrations of Prog, 19norProg,
197  170H-Prog or Spiron. Full-length chicken MR (A) and zebrafish MR (B) and truncated chicken MR
198 (C) and zebrafish MR (D). Y-axisindicates fold-activation compared to the activity of control vector
199  with vehicle (DMSO) aloneas 1.

10
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200 Table 2. EC50 valuesfor progestin and spironolactone activation of full-length and
201 GAL4-DBD-MR-LBD constructs of elephant shark, zebrafish and chicken MR

MR Aldo Prog 170H-Prog | 19norProg | Spiron
Elephant shark Full | 1.1x10%° | 27x10™ | 14x10° | 43x10™ | 55x10™
100% 43% 25% 84% 45%
Elephant shark LBD | 3.7x10™ | 48x10™° | 29x10° | 1.8x10™ | 42x10™
100% 40% 26% 98% 53%
27 ebr afish Full 82x10™ | 24x10° | 1.8x10° | 94x10™ | 3.8x10°
100% 7% A4% 83% 54%
?Zebrafish LBD 2.7x10" | 9.8x10° #- 6.4x10° #-
100% 122% *24% 122% *73%
“Chicken Full 62x 10" | 71x10%° | 29x10% | 68x10%° | 51x10°
100% 62% 15% 68% 30%
ZChicken LBD 1.3x 10" # # # #
100% *21% - *29% -

202  ?(32) doi:doi: https://doi.org/10.1101/151233)# Curve did not saturate.
203 (%) Relative induction to Aldosterone induced activation.

204  * Relative induction at 1 pM compared to Aldo.

205
206 RNA-seq analysis of elephant shark MR
207 We examined expression of level of elephant shark MR genein 10 tissues based on

208 RNA-seqdata(Figure6). The MR gene was found to express widely in all tissues,
209  including gills and kidney, two traditional mineralocorticoid-responsive tissues.

210 Interestingly there was considerably higher expression in the ovary and testis, the two
211  reproductive tissues analyzed.

212

11
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213
214  Figure6. Expression level of MR genein 10 tissues of elephant shark estimated based on

215 RNA-seqdata. Transcript abundances are shown in terms of normalized counts called Fragments
216  per kilobase of exon per million fragments mapped (FPKM) (58). FPKM is estimated by normalizing
217  gene length followed by normalizing for sequencing depth.

218
219 RNA-seq analysis of human MR
220 RNA-seq analysis of human MR (59) (Figure 7) reveals that the MR is expressed in

221  kidney, colon, brain, heart, liver, ovary, spleen and testis.  This diverse pattern of expression
222  issimilar to that of elephant shark MR.
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223
224 Figure7. Expression level of human MR based on RNA-seq data.  Transcript abundances are

225  shown in terms of normalized counts called Reads Per Kilobase of transcript per Million mapped
226  reads (RPKM) (59).
12
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227 Discussion

228 Cartilaginous fish, including elephant sharks, occupy a key position in the evolution
229  of vertebrates as an out-group to ray-finned fish, the largest group of extant vertebrates, and
230 thelobe-finned fish, which are the forerunners of terrestrial vertebrates. Importantly, the
231  elephant shark genome is evolving slowly (9), making it attractive for studying ancestral

232  proteins, including the MR, which first appears as adistinct MR ortholog in cartilaginous fish
233 (5,6, 10, 44).

234 Thisisthefirst report of transcriptional activation of afull-length cartilaginous fish
235 MR by apane of five corticosteroids and Prog, 19norProg, 170OH-Prog and Spiron.

236  Full-length elephant shark MR has EC50s below 1 nM for five corticosteroids, (Figure 4,
237 Tablel) including Aldo, asteroid that has not been found in cartilaginousfish. Prog,

238  19norProg and Spiron aso have sub-nM EC50s for full-length elephant shark MR.  In

239 addition totheir low EC50s, al of these corticosteroids and 19norProg have similar fold

240 activation of transcription of full-length MR (Figure 4). Thus, severa corticosteroids, as
241  well as 19norProg and Prog, are potential physiological mineralocorticoids for elephant shark
242  MR.

243 Compared to full-length elephant shark MR, the EC50s of all five corticosteroids and
244 19norProg are lower for its truncated MR, while the EC50 for Spiron is slightly lower, and
245  the EC50s for Prog and 170H-Prog are about 2-fold higher (Table 1, Table 2). Compared to
246  fold activation by Aldo, the responses to 11-deoxycorticosterone, S, Prog and 170OH-Prog are
247  similar for full-length and truncated elephant shark MR. However, the relative responses to
248  corticosterone and cortisol of truncated elephant shark MR are 10% and 35% lower,

249  respectively, (Figure 4, Table 1) and for 19norProg and Spiron, 14% and 8% higher

250  respectively, than for full-length elephant shark MR (Figure 4, Table 2). Regarding

251  truncated skate MR, most of the EC50s of corticosteroids (44) are similar to that for elephant
252 shark MR (Table 1). The exception is 11-deoxycortisol, which has over 200-fold higher
253 EC50 for skate MR than for elephant shark MR.

254  Corticosteroid and progestin activation of full-length and truncated elephant shark,
255  terrestrial vertebrate and zebrafish MRs

256 Comparison of transcriptional activation by corticosteroids and progestins of

257  full-length and truncated elephant shark MR with full-length and truncated human, chicken,
258  alligator, Xenopus and zebrafish MRs (Table 1) provides insights into the evolution of

259  regulation of steroid-mediated transcription of these MRs by allosteric interactions between
260 theNTD/DBD and LBD. Like elephant shark MR, truncated terrestrial vertebrate MRs and
261  zebrafish MR have similar EC50s for Aldo, corticosterone and cortisol as their full-length
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262  counterparts (Table1). However, the response of truncated human, alligator and Xenopus
263 MRsto 11-deoxycortisol did not saturate at 1 UM, preventing us from determining the EC50
264  and explaining the low fold activation by S (Table 1). Interestingly, truncated chicken and
265 zebrafish MRs, which are activated by progestins, have nM EC50s for 11-deoxycortisol,

266  athough fold activation by 11-deoxycortisol islower than that of Aldo. The similar activity
267  of truncated human, alligator and Xenopus MRs to Aldo, corticosterone and cortisol indicates
268 that adlosteric interactions between the NTD and LBD are steroid-selective.  Overdll, it

269  appearsthat corticosteroid activation, especially by 11-deoxycortisol, of elephant shark MR is
270 lesssengtiveto theloss of NTD/DBD than are human, chicken, alligator and X enopus MRs.
271  Progestin activation of full-length and truncated chicken and zebr afish MRs

272 Transcriptional activation by progestins of chicken and zebrafish MRs differs from
273  that of elephant shark MR, especially for their truncated MRs.  Although Prog, 19norProg
274  and Spiron have nM EC50s for transcriptional activation of full-length chicken and zebrafish
275 MRs, a 1 uM Prog 19norProg and Spiron transcriptional activation of truncated chicken MR
276  did not saturate, and a 1 UM Spiron transcriptional activation of zebrafish MR did not

277  saturate (Figure 5, Table 2).  Fold activation compared to Aldo by all progestins and Spiron
278  issubstantially lower for truncated chicken MR and for Spiron activation of zebrafish MR.
279  However, Prog and 19norProg have EC50s of 98 nM and 64 nM, respectively, for truncated
280 zebrafish MR. In thisrespect, truncated zebrafish MR is closer to truncated elephant shark
281 MR thanistruncated chicken MR. These data suggest that transcriptional activation by
282  progestins of chicken MR appearsto have evolved independently in terrestrial vertebrates.
283  Progestins may be mineralocorticoidsin cartilaginous fishes

284 Prog is a precursor for the synthesis of the other corticosteroids (5, 60). Two

285  parsimonious metabolites of progesterone are 11-deoxycorticosterone

286  (21-hydroxyprogesterone) and 19norProg (Figure 2), which have EC50s, 0.063 nM and 0.043
287  nM, respectively, for elephant shark MR. These are the two lowest EC50s among the tested
288 seroids. Moreover, 19norProg evokes a stronger response from elephant shark MR than
289  Aldo (Figure 4A, B). C19 demethylase activity has been found in mammalian kidney (56).
290 If C19 demethylaseis present in elephant shark, then 19norProg needs to be considered as a
291 potential physiological mineralocorticoid.

292 The strong response to 19norProg is interesting because in vivo studies in rats

293  reveded that 19norProg is at least a 100-fold weaker MR agonist than Aldo (56), whilein
294  transfected cells, at 1 nM, 19norProg is an antagonist (21, 43).  Unexpectedly, compared to
295  Aldo, 19norAldo has less than 1% binding affinity for rat MR (61) indicating that the

296  mechanism by which C19 demethylation of Prog increases this steroid’s transcriptional
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297  activity for elephant shark MR is likely to be complex.

298 We propose that transcriptional activation of elephant shark MR by 19norProg, as
299  well as by Prog and Spiron, can be explained by a mechanism based on Geller et al.’s (43)
300 discovery that S810L human MR mutant is transcriptionally activated by 1 nM Prog,

301  19norProg, and Spiron, unlike wild-type human MR, in which these steroids are MR

302 antagonists. Geller et al. used a 3D model of S810L MR and transcriptional analysis of a
303  series of mutations at Ser-810 (helix 5) and Ala-773 (helix 3) to propose that a van der Waals
304  contact between Leu-810 and Ala-773 was sufficient for transcriptional activation of S810L
305 MR by progestins. In Figure 3C of Geller et a. (43), the human S810M mutant was

306 activated by 19norProg. Elephant shark MR and skate MR contain a methionine at this
307 position and an alanine corresponding to Ala-773 (Figure 8). Based on Geller et al.’s model,
308  we propose that transcriptional activation of elephant shark MR by 19norProg is due to avan
309 der Waals contact between Met-782 (helix 5) and Ala-745 (helix 3), which stabilizesthe A
310 ring of 19norProg, promoting transcriptional activation.

311
Helix 3 Helix 4,5
773 780 810
I I |
Human MR 763 ENLLSTLNRLAGKQMIQVVEWARKVLPGFENLPLEDQITLIQYSWHMCLSSFALSW 816
Chicken MR 60 —¥rrermemnr s s e IEE e e e e e S s S e da g sasano 813
Alligator MR 164 -Y---——-——-F-—————————-— ) e e e B 817
Frog MR 758 -—---- S--Q-——--- A I--—R-———————mm———mmmm e 811
Coelacanth MR 773 EH---§--------—- VR--R-———---- Rt =i e 826
Zebrafish MR 749 DH--T§--Q--———-- R-—————————- R§——I--—————=——————=—— s-—- 802
Gar MR 766 DH---8--Q-=—---- Rrmm=rmsese=s e e e 8le
Sturgeon MR 732 DH-—-8—-Q-gF———- Fori ettt i e P S §—— 7BB
Skate MR 181 NY---S-———- E---VRI-———- G----RTMA-D--M--LR---——- MT-S-—- 234
Eleph Shark MR 735 TH---S--——- E-——-RI-———---——- R--A-D--MV-LR----S-M--G--- 788
Lamprey CR 217 AYM--8--—-CD--LVSI--—-- §--—-R--HID--MV-I-----G-M---M-- 270
Hagfish CR 398 TY---8--T-CE--LVFL----- AM---RS-HID--MV---———- GIMA--MG- 451
312

313  Figure8. Alignment of elephant shark MR to Serine-810 and Alanine-773 in helices 3-5 in human MR.
314  Elephant shark MR and skate MR contain a methionine corresponding to human Ser-810 and an alanine

315  correspondingto Ala-773. Lamprey CR and hagfish CR also contain a corresponding methionine, as well asa
316  cydeine corresponding to Ala-773.  Human Ser-810 and Ala-773 are conserved in coelacanths, terrestrial

317  vertebrate and ray-finned fish MRs.  Amino acidsthat are identical to amino acidsin human MR are denoted
318 by ().

319

320 Our results indicate that progestin activation of the MR is an ancient response. The

321 timing of evolution of Prog as an MR antagonist is not known. One necessary, but not

322  aufficient event, isthe evolution in helix 5 of a serine corresponding to serine-810 in human
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323 MR. Thisoccursin coelacanth MR, which contains Ser-816, corresponding to human MR
324  Ser-810 (Figure 8) and to elephant shark MR Met-782.  This mutation in coelacanth MR
325  would be expected to eliminate the proposed van der Waals contact between helix 5 and helix
326 3, leading to antagonist activity of Prog in someterrestrial vertebrate MRs (32). However, a
327  serine corresponding to Ser-810 in human MR also is present in chicken MR and ray-finned
328 fish MRs (Figure 8), indicating another mechanism isinvolved in Prog activation of the MR
329  inthese vertebrates.

330 Rolefor elephant shark MR in reproductive physiology

331 The evidence from RNA-seq analysis of high MR expression in ovary and testis

332  (Figure 6) suggests that a Prog-MR complex isimportant in reproductive responsesin

333 elephant shark. Of course, Prog also acts as areproductive steroid in ovary and testis via
334 transcriptonal activation of the PR (62, 63). Based on evidence that Prog activatesthe MR
335 inseveral ray-finned fishes (21, 33, 40, 42), aProg-M R complex also may activate

336 transcription in reproductive tissues and other organsin ray-finned fish, aswell as

337  cartilaginous fish.

338 RNA-seq analysis also finds MR expression in elephant shark gills and kidneys

339 (Figure 6), two classical targets for MR regulation of electrolyte transport (6). RNA-seq
340 anaysisalso identifies MR expression in elephant shark heart and brain, two other organsin
341  which corticosteroids have important physiological actions viathe MR (15-17, 64-66).

342  Indeed, RNA seq analysis of elephant shark MR indicates that expression the MR in diverse
343  organs was conserved during the descent from cartilaginous fishes to humans.

344

345 Materialsand Methods

346  Chemical reagents

347 Aldo, cortisol, corticosterone, 11-deoxycorticosterone, 11-deoxycortisol, Prog,

348  19norProg, 170H-Prog and Spiron were purchased from Sigma-Aldrich.  For reporter gene
349  assays, all hormones were dissolved in dimethylsulfoxide (DM SO); the final DM SO

350 concentration in the culture medium did not exceed 0.1%.

351 Construction of plasmid vectors

352 The full-coding regions from elephant shark MR were amplified by PCR with KOD
353 DNA polymerase. The PCR products were gel-purified and ligated into pcDNA3.1 vector
354  (Invitrogen) for the full-coding region or pBIND vector for D-E domains { Oka, 2013 #48} .
355 RNA-sequence analysis

356 The RNA-seq reads from following tissues of elephant shark were down-loaded
357 from the Sequence Read Archive database of NCBI (accession number SRA054255): brain,
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358 dills, heart, intestine, kidney, liver, muscle, ovary, spleen, and testis.  For each tissue,

359  sequences were assembled de novo using Trinity, version r2013-08-14 { Grabherr, 2011

360  #396}.

361 GeneExpression Analyses

362 To determine the expression level of MR genes, we performed abundance

363  estimation of transcripts from the afore mentioned 10 tissues. Trinity transcripts from al ten
364 tissues and full-length cDNA sequence of the MR gene were combined together and clustered
365 using CD-HITv4.6.1 at 100% identity { Li, 2006 #394}. RNA-seq reads from each of the ten
366 tissueswasindependently aligned to the clustered transcript sequences and abundance of MR
367  gene transcripts was estimated by RSEMv1.2.25 (58) which uses bowtiev2.2.6 for aligning
368 (67). Transcript abundances were measured in terms of normalized counts called Fragments
369 per kilobase of exon per million fragments mapped (FPKM) (58). FPKM is estimated by
370 normalizing the gene length followed by normalizing for sequencing depth.

371 Transactivation Assay and Satistical Methods

372 Transfection and reporter assays were carried out in HEK 293 cells, as described

373  previously (68, 69). All experiments were performed in triplicate.  The values shown are
374  mean £ SEM from three separate experiments, and dose-response data and EC50 were

375 analyzed using GraphPad Prism. Comparisons between two groups were performed using
376  t-tet, and all multi-group comparisons were performed using one-way ANOVA followed by
377 Bonferroni test. P < 0.05 was considered statistically significant.
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