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We used a representative of one of the oldest extant vertebrate lineages (jawless fish or
agnathans) to investigate the early evolution and function of the growth hormone
(GH)/prolactin (PRL) family. We identified a second member of the GH/PRL family in
an agnathan, the sea lamprey (Petromyzon marinus). Structural, phylogenetic, and synteny
analyses supported the identification of this hormone as prolactin-like (PRL-L), which has
led to added insight into the evolution of the GH/PRL family. At least two ancestral genes
were present in early vertebrates, which gave rise to distinct GH and PRL-L genes in
lamprey. A series of gene duplications, gene losses, and chromosomal rearrangements
account for the diversity of GH/PRL-family members in jawed vertebrates. Lamprey
PRL-L is produced in the proximal pars distalis of the pituitary and is preferentially bound
by the lamprey PRL receptor, whereas lamprey GH is preferentially bound by the lamprey
GH receptor. Pituitary PRL-L messenger RNA (mRNA) levels were low in larvae, then
increased significantly in mid-metamorphic transformers (stage 3); thereafter, levels
subsided in final-stage transformers and metamorphosed juveniles. The abundance of
PRL-L mRNA and immunoreactive protein increased in the pituitary of juveniles under
hypoosmotic conditions, and treatment with PRL-L blocked seawater-associated inhibition
of freshwater ion transporters. These findings clarify the origin and divergence of GH/PRL
family genes in early vertebrates and reveal a function of PRL-L in osmoregulation of sea
lamprey, comparable to a role of PRLs that is conserved in jawed vertebrates.

growth hormone | prolactin | evolution of hormones | osmoregulation | metamorphosis

The growth hormone (GH)/prolactin (PRL) family in jawed vertebrates (gnathos-
tomes) includes GH and PRL, both of which have been found in all gnathostome line-
ages (1-4), prolactin 2 (PRL2), which has been identified in nonmammalian species
(1, 5, 6), and somartolactin (SL), which has been identified exclusively in ray-finned
fishes (1, 7). The family appears to have arisen from a common ancestor and consti-
tutes a gene family within the class-I cytokine superfamily (1, 8). The GH/PRL family
shares similarities in gene structure, generally being composed of five to six exons, as
well as in protein tertiary structure, featuring four helices (6, 8, 9).

The appearance of a GH-like cytokine dates back to the emergence of chordates,
and a functional GH-like homolog has been characterized in a protochordate, the
lancelet Branchiostoma japonicum (10). A GH-like protein has been identified in the
pituitary of both lineages of extant jawless vertebrates (agnathans): hagfish and lamprey
(11, 12). To date, however, family members other than GH (i.e., PRL, PRL2, and SL)
have not been found in any agnathan or protochordate (1, 2, 6).

One evolutionary scenario holds that GH is the ancestor of the gene family in verte-
brates (12) and that PRL and SL may have arisen after the divergence of the agnathan
and gnathostome lineages (2, 12, 13). An alternative scenario was proposed based on
phylogenetic and synteny analyses, suggesting an earlier timing for divergence of the
gene family and the presence of a triplet of GH, SL, and an ancestral PRL/PRL2 in an
early vertebrate ancestor (1). Both scenarios provide an explanation for the origins of
the GH/PRL family regardless of the number of whole-genome duplication events,
either only one round (1R) (14-16) or two successive rounds (1R and 2R) (15, 17,
18), that basal vertebrates underwent prior to the divergence of lamprey and jawed ver-
tebrates. Genomic comparisons among the protochordate, Florida lancelet (B. floridae)
(14), lampreys (16, 17), and gnathostome species (14, 16) recently provided new
insight into the genome duplication events of early vertebrates. Based on these analyses,
the IR event preceded divergence of lamprey and jawed vertebrate lineages. Lamprey
subsequently went through large-scale duplication events after 1R (14-16), while gna-
thostome stem lineages went through a series of chromosomal fusions and rearrangements
that preceded the 2R duplication event in jawed vertebrates (2Rjv) (14, 16).
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Significance

Jawless fishes (agnathans), one of
the oldest groups of living
vertebrates, provide a unique
opportunity to study the origin
and divergence of genes as well as
the evolution of hormone
function. We identified in an
agnathan a second member of the
growth hormone (GH)/prolactin
(PRL) family, characterized as
prolactin-like (PRL-L), and propose
a new model for the evolution of
the GH/PRL gene family. At least
two ancestral genes were present
in ancestral vertebrates, with a
series of gene duplications, gene
losses, and chromosomal
rearrangements accounting for
the various GH/PRL-family
members in jawed vertebrates.
PRL-L plays a role in freshwater
acclimation of the sea lamprey, a
role which is conserved for PRL in
jawed vertebrates.
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The study of agnathans, including sea lamprey (Petromyzon
marinus) (17), Arctic lamprey (also known as Japanese river
lamprey; Lethenteron camtschaticum) (16, 18), Far Eastern
brook lamprey (L. reissneri) (19), and inshore hagfish (Eptatre-
tus burger) (20), provides a unique opportunity to clarify the
origin and divergence of the GH/PRL gene family, because of
their pivotal phylogenetic positions and recent availability of
genomic datasets. Sea lamprey are particularly interesting
because of their anadromous life cycle, consisting of a freshwa-
ter larval phase, metamorphic transformers, postmetamorphic juve-
niles that migrate to sea, marine parasitic lamprey, and sexually
mature adults that return to fresh water to spawn (21).

In teleosts, GH and PRL have distinct roles in osmoregula-
tion (22), but such roles have never been determined in agna-
thans, to our knowledge. Sea lamprey GH is expressed in the
proximal pars distalis (PPD) of the pituitary (12, 23, 24).
Removal of the PPD resulted in a failure to complete metamor-
phosis (arrested in stage 3) in Geotria lamprey (25). However,
the hormones identified in the PPD, including GH and two
glycoprotein hormones, do not appear to be involved (23, 24).
Thus, an unknown pituitary factor that mediates metamorphic
transformation and osmoregulation has yet to be discovered.
Given the recent discovery of two distinct receptors that are
characterized as orthologs of GH receptors (GHRs) and PRL
receptors (PRLRs) in sea lamprey (26), in addition to the well-
characterized role of PRL in regulating ion uptake essential to
freshwater (FW) acclimation of teleosts (27) and of PRLs in
metamorphosis of amphibians (28), we predicted the presence
of a PRL-like (PRL-L) hormone in sea lamprey.

In this study, we identified and characterized a second mem-
ber of the GH/PRL family in the pituitary of a representative
agnathan, the sea lamprey, which is structurally similar to
PRL/PRL2 of jawed vertebrates. Phylogenetic and synteny
analyses support the identification of the gene as PRL-L and
allowed us to propose a revised model for the early evolution of
the GH/PRL gene family. Last, we determined that PRL-L

plays a role in osmoregulation of sea lamprey.

Results

Characterization of the PRL-Like Gene in Pma. Following the
cloning of a full-length complementary DNA (cDNA) from the
pituitary of sea lamprey (Petromyzon marinus [Pma]), we identified
a gene similar in structure to that of sea lamprey GH (Pma.GH)
and to the GH/PRL gene family in reedfish (Erperoichthys calabar-
tcus; hereafter, Eca) and spotted gar (Lepisosteus oculatus; hereafter,
Loc), all of which are composed of five to six exons (Fig. 14). The
predicted protein contains 255 amino acids with a molecular
weight of ~26 kDa, and was modeled to have a four-helix ter-
tiary structure using human PRL as template (Fig. 1B). The
structural similarities suggest identification as sea lamprey
PRL-L (Pma.PRL-L; accession no. OP265705). Modeling
Pma.GH using human GH as template predicted a similar
four-helix structure (Fig. 1C). Despite similar tertiary structure,
Pma.PRL-L has low amino acid identity with Pma.GH (29%)
and gnathostome PRLs and GHs (<27%). Sequence alignment
(ST Appendix, Fig. S1) shows high similarity (~40%) in the
C-terminal amino acids encoded by the last exon between
Pma.PRL-L and fish PRL2, and four conserved Cys residues.

Phylogeny of the Vertebrate GH/PRL Family. Phylogenetic anal-
ysis using alignment of mature protein sequences without signal
peptides shows that lamprey PRL-Ls and lamprey GHs appear
in distinct branches, with the lamprey PRL-L branch clustering
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at the base of gnathostome GH branch, but without good sup-
port. The lamprey GH branch clusters at the intersection of
the branches of lamprey PRL-L and gnathostome GH, and the
stem leading to the SL, PRL, and PRL2 branches, with reliable
support (89%) (Fig. 1.D).

Chromosomal Mapping of Gene Families in the Vicinities of
Pma.GH and Pma.PRL-L. Sixty genes in the vicinities of Pma.GH
and Pma.PRL-L were queried against the genomes of Eca,
elephant shark (Callorhinchus mili; hereafter, Cmi) and chicken
(Gallus hereafter, Gga), and representatives from the repertoires of
these gene families were found to be mostly located on chromo-
somes (Chr, when reported with a number) bearing the various
GH/PRL family members and related chromosomes (Fig. 2 and
SI Appendix, Figs. S2 and S3).

Paralogs that arose after the divergence of lamprey and
gnathostome lineages are identified on those chromosomes
of Eca, Cmi, and Gga. Five pairs of paralogs are present on
PRL-bearing Eca.Chrll and Eca.Chr12 (Fig. 2); four of the
five pairs are conserved on Cmi.Chrl6 and PRL-bearing
Cmi.Chr31 (8] Appendix, Fig. S2), but only a single pair
remained on Gga.Chr14 and Gga.Chr2, likely due to additional
chromosomal rearrangement on Gga.Chr2 and Gga.Chrl (87
Appendix, Fig. S3). Notably, PRL is located on Eca.Chrl1, but it
is not on the syntenic Cmi.Chr16 and Gga.Chrl4; instead, PRL
is located on the paralogous Cmi.Chr31 and Gga.Chr2. More
paralogs are identified in Eca, including two pairs on Eca.Chr4
and Eca.Chrl6 and seven pairs on SL-bearing Eca.Chr9 and
Eca.Chr17 (Fig. 2). Remarkably, synteny is conserved in compar-
isons of SL-bearing Eca.Chr9 with Cmi.Chr25 and Gga.Chr24,
but SL is absent in Cmi and Gga (Fig. 2 and S/ Appendix, Figs S2
and S3). Moreover, the paralogy group on Eca.Chrl7 is absent in
Cmi and Gga (Fig. 2), which perhaps links to the loss of SL.

Paralogs from the repertoires of the same gene families are iden-
tified in lamprey and jawed vertebrates. Eight pairs of paralogs are
identified on PRL-bearing Eca.Chr11 and GH-bearing Eca.Chr14
(Fig. 2); these paralogs also are conserved on Cmi.Chr20 and
Cmi.Chrl6 (87 Appendix, Fig. S2), and five pairs are on Gga.
Chr14 and Gga.Chrl8 (87 Appendix, Fig. S3). Five of the eight
gene families have paralogs in Pma on GH-bearing Pma.Chr3
and Pma.Chr37 (Fig. 2). Moreover, seven pairs of paralogs are
identified in Pma on PRL-L-bearing Pma.Chr62 and Pma.Chr32;
among them, four pairs are ancient paralogs that diverged prior to
vertebrates (Fig. 2). These paralogy groups are mostly identified
on Eca.Chr4 and SL-bearing Eca.Chr9 (Fig. 2), on Cmi.Chr4
and Cmi.Chr25 (S/ Appendix, Fig. S2), and on PRL2-bearing
Gga.Chrl and Gga.Chr24 (87 Appendix, Fig. S3). The presence of
these paralogs indicates a common genome duplication event
likely shared by the Pma and the jawed vertebrates.

Chromosomal Rearrangements of the Neighboring Gene
Families. Twenty-eight of the 29 gene families neighboring
Pma.GH are rearranged onto the GH-bearing Eca.Chr14, PRL-
bearing Eca.Chrl1 and paralogous Eca.Chrl2, and SL-bearing
Eca.Chr9 and paralogous Eca.Chrl7 (Fig. 2). Most of these
genes are identified on the syntenic chromosomes in Cmi and
Gga (8] Appendix, Figs. S2 and S3). Notably, Eca.GH is located
on Eca.Chr14 with the gene families that are syntenic on Cmi.
Chr20 and Gga.Chrl8, whereas Cmi.GH and Gga.GH are
located on Cmi.Chr23 and Gga.Chr27, respectively.

Mixtures of representatives from the 29 gene families neighbor-
ing Pma.GH and the 31 gene families neighboring Pma.PRL-L
are observed on the PRL-bearing and SL-bearing chromosomes
in Eca. Sixteen of the 29 gene families are located on the
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Fig. 1. Gene structure, tertiary protein structure, and phylogenetic analysis of lamprey PRL-L and GH. (A) Gene structures of Florida lancelet (Bfl) GH-like
(GenBank no. XM_035815982.1); Pma PRL-L and Pma.GH; PRL, PRL2, GH, and SL of Eca; and PRL2, GH, and SL of Loc. Gene structure of Loc.PRL is unknown
because of its absence in the current Loc genome dataset. The gene structures are composed of five to six exons and four to five introns; numbers refer to
base pairs. M, Met residue; C, Cys residue. (B and C) SWISS-MODEL predicting the four-helix structures of Pma.PRL-L and Pma.GH, using human PRL
(2998.1.A) and human GH (1hwg.1.C) as templates, respectively. (D) Phylogenetic tree shows the branches of lamprey PRL-L and GH (sea lamprey, Arctic lam-
prey, and Far Eastern brook lamprey) and the clades of jawed-vertebrate GH, PRL, PRL2, and SL. The Arctic lamprey PRL-L sequence was incomplete and

thus excluded in the phylogeny. Node support is reported as percentages.

PRL-bearing Eca.Chrl1, mixing with three of the 31 gene fam-
ilies, while 10 of the 29 gene families are on the SL-bearing
Eca.Chr9 and paralogous Eca.Chr17, mixing with 14 of the 31
gene families (Fig. 2). Similar mixing patterns also are present
in the syntenic chromosomes of Cmi and Gga (S Appendix,
Figs. S2 and S3).

The rest of the 31 gene families neighboring Pma. PRL-L are
mostly found on Eca.Chr4 (Fig. 2), Cmi.Chr4 (S Appendix, Fig.
S2), and PRL2-bearing Gga.Chrl (87 Appendix, Fig. S3), whereas

PNAS 2022 Vol. 119 No.40 2212196119

Eca.PRL2 and Cmi.PRL2 may have been rearranged to Eca.Chrl
(Fig. 2) and Cmi.Chr6 (87 Appendix, Fig. S2), respectively.

Characterization of Recombinant Pma.PRL-L and Pma.GH
Proteins. Escherichia coli-produced recombinant Pma.PRL-L
(rPRL-L) was ~26 kDa, similar in size to the predicted protein,
in immunoblotting using the antibody to Pma.PRL-L (Ab-IPRL);
preadsorption of the antibody (negative control) blocked the
immunostaining of the 26-kDa band (Fig. 34). Two bands
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~Gga.Chr1 || ~Gga.Chr25 || ~Gga.Chr24 ~Gga.Chr1, 2 || ~Gga.Chr14 || ~Gga.Chr18
~Cmi.Chr4 ~Cmi.Chr25 ~Cmi.Chr31 || ~Cmi.Chr16 || ~Cmi.Chr20
PRL2 rearrangement Chromosomal rearrangement prior to 2Rjv
Sea lamprey, 1R Reedfish, 2Rjv Reedfish, 2Rjv Reedfish, ZRjv [ Sea lamprey, 1R
Pma.Chr32 || Pma.Chré2 Eca.Chr1 Eca.Chr4 || Eca.Chr16 Eca.Chrd Eca.Chr17 || Eca.Chri2 Eca.Chri1 || Eca.Chri4 || Pma.Chr3 || Pma.Chr37
SGSM3, 21.97 SGSM3, 20.30
ARHGDIb, 35.26 [ARHGDIg, 153.6
NOTUM2, 104.4 NOTUM, 104.48 NOTUM2, 0.16
GBE1, 212 GBET, 145,64 [ASPSCR1, 3291 | |ASPSCRH1, 20.62
PARP12,2.14 PARP12b, 110,69 TBL3. 145.74 . 20,
GSK3B, 2.26 GSK3B, 260.47 LITAF, 126.82
FSTL1, 2.33 FAM20CI, 16.62 FAM20C, 144.92
BCLY, 5.40 BCLY-like, 2.69 PDGFA, 135.77
OAF, 3.05 PRKAR1B, 135.8
CDON-like, 4.1 CDON, 3.23 DNAAFS, 135.91
ATPGVIA, 3.28 [(ENGB, 9350 | ATPGVIA, 85.8
ZW10, 3.32 SUN1, 135.99 SUN1-like, 10.79
ABHD10, 3.36 ADAP1-like, 22.1 |ADAP1-like, 10.31
VP526C, 055 VPS268, 3.65 VPS268, 170.8 METTL22, 1529
PPOX, 3.80 RHOT2, 12410
FAM3A. 3.85 FAMB3A, 74.01
PLATA, 1135 LIPH. 4.15 iPia, :
ANKS3, 5.80 KIRRELT, 42.45
DLAT, 6.11
APLP2, 5.95 RBFOX1l, 93.72 RBFOX2, 55.12 RBFOX1, 83.72 RBFOX2/3-like, 7
ST14, 6.05 ENPP7.2, 149.29
VANGL1, 6.18 VANGLZ, 46,8 RAB11FIP3, 134.6 RABT1FIP4, 107
ETSZ 1245 NCSTN, 6.29 ETS2, 195.40 NCSTN, 16.9
SLC22A15, 6.34 SLC22A15, 2358 FLID, 462
INNMT, 6.39 NNMT, 144.8 OTOA, 142.95
CADM2, 2.96 PRL-L, 6.7 150.71 CADM3, 3.32 CADM1, 155.84 CADM4, 88.87 R
PFDNZ2, 6.82 NCAPD3, 170.94
AP3S2,7.43 VPS11,176.54 AP3S2, 82,04
QTRT2.7.04 PAFAH1B3, 31.3
COPA, 7.45 COPA, 47.1 MEGF8, 28.98
HAS1-like, 8.47 HAS1, 6.99 HAS1, 22.5
SLC2A11b, 7.62
DUSP27,7.75
POUZF1, 7.80
ZPLD1, 7.95
[1Gene families in the vicinity of Pma.PRL-L and related genes in Eca. || Gene families in the vicinity of Pma.GH and related genes in Eca.
[l Paralogs arose after divergence of lamprey and gnathostome lineages. [_| Paralogs arose after divergence of lamprey and gnathostome.
[[] Paralogs identified in lampreylhagfish and jawed vertebrates. L_| Paralogs identified in lamprey/hagfish and jawed vertebrates.
] Ancient paralogs diverged prior to vertebrates. ] PRL [ PRL2 HsL [ GH

Fig. 2. Chromosomal comparison between Pma and Eca. Genes are denoted by their standard abbreviation in UniProKB; loci are reported in Mb. Chr, chro-
mosome. Representatives from the 31 gene families in the vicinity of PRL-L on Pma.Chr62 (2.1 to 7.9 Mb; in blue) and the 29 gene families in the vicinity of
GH on Pma.Chr3 (20.3 to 23.7 Mb; in yellow) are mostly identified in Eca and located on PRL2-bearing Chr1, Chr4, and paralogous Chr16; SL-bearing Chr9
and paralogous Chr17, Chr12, and paralogous PRL-bearing Chr11; and GH-bearing Chr14. Paralogs in Eca: two pairs on Chr4 and Chr16, seven pairs on Chr9
and Chr17, and five pairs on Chr11 and Chr12, which arose after divergence of lamprey and gnathostome lineages, likely in the event of 2Rjv. Six pairs of
paralogs are on PRL-bearing Eca.Chr11 and GH-bearing Eca.Chr14, and the paralogs from the same gene families also are identified on GH-bearing
Pma.Chr3 and Pma.Chr37. Seven pairs of paralogs are identified on Pma.Chr62 and Pma.Chr32, and the paralogs from the same gene families also are iden-
tified on Eca.Chr4 and SL-bearing Eca.Chr9. Among them, four pairs are ancient paralogs that diverged prior to vertebrates. Chromosomal rearrangements
include fusion and mixing that may have occurred on SL-bearing Eca.Chr9, Eca.Chr17, and PRL-bearing Eca.Chr11, and rearrangement of Eca.PRL2. These
rearrangements are absent in the lampreys and likely have occurred after divergence of lamprey and gnathostome lineages, but prior to the 2Rjv. Con-
served synteny (denoted by ~) is seen on Chr4, Chr16, Chr9, Chr12, Chr11, and Chr14 of Eca in comparisons with related chromosomes of Cmi and Gga.

at ~38 kDa and ~76 kDa were detected in extracts of
Pma juvenile pituitary (Fig. 34). In adult pituitary, a major
~40-kDa band was detected; immunostaining of all bands was
diminished with preadsorbed antibody (Fig. 3A4). Bands of sim-
ilar size (40 and 76 kDa) also were detected in pituitary extracts
of two female and four male adults (Fig. 3B).

Monoclonal HEK293 cells, stably expressing the gene encod-
ing Pma.PRL-L with an N-terminal His-tag, secreted recombi-
nant proteins. The HEK293-derived rPRL-L was collected
from culture media with a His-tag affinity column and eluted
with 50 mM and 100 mM of imidazole into two fractions, el
and €2, respectively. Immunoblotting with Ab-IPRL detected a
dense band at ~70 kDa in el and a 35-kDa band in 2 that
diminished with preadsorbed Ab-IPRL (Fig. 30).

The recombinant sea lamprey GH (rGH) produced by
E. coli was ~22 kDa in immunoblotting with the antibody to
lamprey GH (Ab-IGH), which is similar to the predicted size
of the mature protein (Fig. 3D). A pituitary protein of similar
size was detected in Pma adults (Fig. 3 B and D). The immu-
noreactive bands diminished in negative controls, using pread-
sorbed Ab-IGH (Fig. 3D). The Ab-IGH and Ab-IPRL had no
cross-immunoreactivity with rPRL-L and rGH, respectively

(Fig. 3 Aand D).

Ligand-Receptor Binding Characteristics. Specific binding of
I51_tPRL-L (E. coli derived) to membrane extracts of PRLR-
HEK cells (~8%) was significantly greater (? < 0.001) than to
extracts of GHR-HEK cells (~4%) or to extracts of nontrans-
fected HEK cells (Fig. 3£). Competition studies revealed that
Pma.PRLR preferentially bound to rPRL-L, as demonstrated

https://doi.org/10.1073/pnas.2212196119

by displacement of '5[_PRL-L from PRLR-HEK membrane
extracts by low concentrations of rPRL-L (half maximal inhibitory
concentration [ICsp], 37 nM; whereas tGH was a weak competi-
tor of '*’I-rPRL-L (ICs9, ~294 nM (Fig. 3F). Pma.GHR pre-
ferentially bound rGH, as demonstrated by displacement of
'*>I_tGH from GHR-HEK membrane extracts by low concen-
trations of rGH (ICsy, ~81 nM); whereas low concentrations
of rPRL-L were ineffective in displacing 1251_:GH (Fig. 3G).

Tissue Distribution of PRL-L and GH in Pma. PRL-L and GH
mRNAs were detected predominately in the pituitary of juve-
nile Pma, with extremely low levels detected in the brain, whole
blood cells, or other major peripheral tissues (Fig. 44). Immu-
nostaining of sagittal sections with Ab-IPRL and Ab-IGH was
confined to the PPD; neither Ab-IPRL nor Ab-IGH immunos-
taining was observed in rostral pars distalis (RPD), pars inter-
media, or hypothalamus of juveniles (Fig. 5 A and (). The
immunostaining diminished in negative controls using pread-
sorbed antibodies (Fig. 5 B and D). In larvae, immunostaining
with Ab-IPRL was very weak in the PPD (Fig. 5E), whereas
strong staining with Ab-IGH was scattered in the PPD
(Fig. 55).

Abundance of PRL-L and GH mRNAs in Different Life-Cycle
Stages of Pma. The abundance of PRL-L mRNA in the
pituitary was significantly greater in adult Pma compared with
larvae (P = 0.008; Fig. 4B). Similarly, the abundance of GH
mRNA was greater in adults than levels found in either
juveniles or in larvae (P = 0.01; Fig. 4B). Levels of GH mRNA
were significantly greater than those of PRL-L in adults
(P < 0.001)
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Fig. 3. Characterization of sea lamprey GH and PRL-L and ligand-receptor binding. (A-C) Immunoblotting with the antibody to lamprey PRL-L (Ab-IPRL)
detected rPRL-L produced by Escherichia coli as a single band at ~26 kDa (p26) as well as a faint band at ~38 kDa and a denser band at ~76 kDa in extracts
from juvenile pituitary (J-pit) and a major band at ~40 kDa in adult pituitary (Ad-pit). All bands diminished with preadsorbed antibody neutralized by antigen;
Ab-IPRL was specific and did not detect rGH produced by E. coli. (B) A dense band at ~40 kDa and a weak band at ~76 kDa were detected by Ab-IPRL in pitui-
tary extracts from two female (F) and four male (M) adults; p-tubulin (Tub) was used as reference protein. (C) Monoclonal HEK293 cells (HEK) produced two
isoforms of PRL-L that were eluted to two fractions (e1 and e2) from His-tag affinity column, and immunoblotting detected a strong band at ~70 kDa in
el and a band at ~35 kDa in e2; the bands diminished with preadsorbed antibody. (B and D) Immunoblotting with Ab-IGH detected a single band at
~22 kDa in the pituitary of two females and four males (B) as well as a single band at ~22 kDa for rGH and in Ad-pit (D). The bands diminished with pread-
sorbed antibody; the Ab-IGH was specific and did not detect rPRL-L (D). (E) Specific binding of 125_rPRL-L (E. coli derived) to membrane extracts of HEK293
cells individually expressing PRLR and GHR and of nontransfected HEK293 cells. (F and G) Displacement of '2°I-rPRL-L and '?°l-rGH binding to PRLR
and GHR, respectively, by serial dilutions of rPRL-L and rGH. Specific binding is expressed as a percentage of total specific binding; data are reported as
mean + SE (n = 4 to 6). *P < 0.05; ***P < 0.001.

During metamorphosis of Pma, levels of PRL-L mRNA pro- mRNA declined in the final stage of metamorphosis (stage 7)
gressively increased, reaching peak levels at mid metamorphosis ~ and in postmetamorphic juveniles to levels comparable with
(stage 3) (P < 0.0001); thereafter, the abundance of PRL-L those at the initial stage of metamorphosis (Fig. 4C). By
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Fig. 4. Abundance of PRL-L and GH mRNAs in the pituitary of sea lamprey at different life-cycle stages and during acclimation to different environmental
salinities. (A-D) Abundance of PRL-L and GH mRNAs in various tissues of juveniles (n = 3; A), at various life-cycle stages (B), including larvae (Lar; n = 6),
juveniles (Juv; n = 7), and upstream migrating adults (n = 5), and in metamorphic transformers (C and D) at stage 1 (S1; n = 6), stage 2 (S2; n = 5), stage 3
(S3; n = 9), and stage 7 (S7; n = 11), compared with larvae (n = 18) and postmetamorphic juveniles (n = 16). Different letters denote significant differences
among groups in one-way ANOVA with Turkey's post hoc test; P < 0.05 in one-way (1w) ANOVA (C and D). (E and F) Abundance of PRL-L and GH mRNAs in
SW-acclimated (n = 9) and FW-acclimated juveniles (n = 6 to 9); two-tailed ¢ test P = 0.042 in comparison of FW and SW groups at 14 d (n = 9), while in one-
way ANOVA, P > 0.05. (G and H) Abundance of PRL-L and GH mRNAs in FW-acclimated larvae (solid bar; n = 9), IPW-acclimated larvae (open bar; n = 9),
FW-acclimated juveniles (striped solid bar; n = 9), and IPW-acclimated juveniles (striped bar; n = 9) after 2 and 12 d. Abbreviations: H-kidney, head kidney; P-
kidney, posterior kidney; J, juvenile. Different letters denote significant differences among groups in two-way ANOVA with Bonferroni's post hoc test. mRNA
abundance was normalized to reference gene EF1a that had stable expression in each tissue or condition. Data are presented as mean =+ SE.
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contrast, the abundance of GH mRNA was initially high in lar-
vae, then declined in early to mid metamorphic stages (stages 1
through 3); thereafter, levels of GH mRNA increased in the
final stage of metamorphosis and in juveniles with large varia-
tion (Fig. 4D). Overall, there was a significant difference (one-
way ANOVA, P = 0.025) in the abundance of pituitary GH
mRNA among those groups (Fig. 4D).

Effects of Salinity on the Abundance of PRL-L and GH in Pma.
Exposure of juvenile Pma to seawater (SW) did not signifi-
cantly alter pituitary levels of PRL-L or GH mRNAs (P = 0.22
and P = 0.16, respectively; Fig. 4 Eand F), except a significant
difference in levels of GH mRNA was observed between FW
and SW exposure for 14 d (z test, 2 = 0.042; Fig. 4F).

Acclimation of juveniles to ion-poor water (IPW) for 12 d
increased the abundance of PRL-L mRNA in the pituitary com-
pared with levels seen in FW controls (P < 0.05; Fig. 4G). The
abundance of PRL-L mRNA in pituitaries of larvae was lower
than that in IPW-acclimated juveniles at 2 d (2 < 0.0001) and at
12 d (P < 0.001), and exposure of larvae to IPW did not affect
the abundance of PRL-L mRNA (P > 0.05; Fig. 4G). Exposure
to IPW had no effect on the abundance of Pma.GH mRNA in
the pituitaries of larvae or juveniles (P> 0.05; Fig. 4H).

Immunostaining with Ab-IPRL in the PPD was similar in
juveniles acclimated to FW or IPW for 2 d (Fig. 5 G and H);
however, after 10 d, immunostaining was significantly greater
in the PPD of IPW-acclimated juveniles compared with FW
controls (P < 0.001; Fig. 5 /[-K). Immunostaining with
Ab-IGH appeared comparable in the PPD between the FW
and IPW-acclimated juveniles (Fig. 5 L and M).

In Vivo Effects of PRL-L and GH on Juvenile Pma. Intraperito-
neal administration of E. coli~produced rGH and rPRL-L to
FW-acclimated juveniles for 2 d significantly reduced levels
of GHR and PRLR mRNAs in the liver and gill (P < 0.001;

B neg_Ab-PRL

J_FW10d_Ab-IGH

Fig. 6 A, B, D, and E). Levels of IGF mRNA also were signifi-
cantly reduced by both rtGH (2 < 0.05) and rPRL-L (P <
0.001) after 2 d in FW (Fig. 6C). By contrast, mRNA levels of
suppressor of cytokine signaling 3 (SOCS3), known to suppress
cytokine signaling, which were initially low, were significantly
elevated in gill (P < 0.001; Fig. 6F) and liver (P < 0.001; S/
Appendix, Fig. S44) by rGH and rPRL-L treatment after 2 d.
In general, levels of GHR, PRLR, IGF, and SOCS3 mRNAs
were similar between the FW and SW control groups. Altera-
tions in the mRNA levels of hepatic and branchial GHR, hepatic
and branchial PRLR, hepatic and branchial SOCS3, and hepatic
IGF induced by rGH and rPRL-L following 2 d in FW were
not observed after hormone treatments for 5 d in combination
with SW exposure (Fig. 6 A-Fand SI Appendix, Fig. S4A).

Exposure of juveniles to SW altered the mRNA expression
of several key ion transporters critical for osmoregulation.
Notably, the branchial abundance of ATP1B2 and SLC12A3.3
mRNAs (# test, P = 0.02 and P = 0.03, respectively; Fig. 6 H
and /) decreased after 2 d in SW, whereas branchial abundance
of ATP1B3 and SLC12A2.2 mRNAs significantly increased
after 2 d in SW (# test, P = 0.002 and P = 0.05, respectively;
Fig. 6 J/ and K). Although mRNA levels of ATP1Al in gill
tended to decline after SW exposure, the effect was not signifi-
cant (¢ test, P = 0.17; Fig. 6G). SW challenge experiments
confirmed these effects on branchial ion transporters. Levels of
ATP1A1 (P < 0.0001), ATP1B2 (P < 0.0001), and SLC12A3.3
(P < 0.0001) mRNAs were significantly reduced following 1, 3,
and 14 d of SW exposure compared with levels observed in FW
(SI Appendix, Table S1). By contrast, ATP1B3 (P = 0.0003) and
SLCI12A2.2 (P = 0.042) mRNA levels were significantly higher
than those observed in FW (87 Appendix, Table S1). Levels of
SLC12A2.1 were not affected by SW exposure (Fig. 6L and S7
Appendix, Table S1).

Treatment with rPRL-L blocked the SW-associated inhibi-
tion of the FW-adapting ion transporters (ATP1A1, ATP1B2,
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Fig. 5. Immunostaining of PRL-L and GH in the pituitary of sea lamprey. (A-D) On sagittal sections, immunoreactive (ir) staining with Ab-IPRL (A) and Ab-IGH
(C) appeared in the PPD but was negligible in the RPD, pars intermedia (Pl), or hypothalamus (Hy). The immunostaining diminished with preadsorbed anti-
bodies (negative controls; B and D). Cell nuclei stained by hematoxylin. (£) Ir staining of PRL-L was very weak in the PPD of larvae (lar). (F) Ir-GH staining was
scattered throughout PPD of larvae. (G-J) Ir-PRL-L staining in the PPD of juveniles (J) acclimated to FW (G) (n = 3) and IPW (H) (n = 3) for 2 d (2d) or for 10 d
(10d) (/) in FW (n = 3) and in IPW ()) (n = 3). (K) Semiquantification of ir-PRL-L staining, percent area of the PPD (30 to 40 images per group) showed a signifi-
cant difference between FW and IPW juveniles after 10 d. Data presented as mean + SE. ***P < 0.001. ns, nonsignificant. (L and M) Ir-GH staining in the PPD

of FW- and IPW-acclimated juveniles after 10 d, respectively. Scale bars, 100 pm.
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Effects of recombinant GH and PRL-L and of exposure to SW on the abundance of mRNAs encoding receptors, signaling elements, and ion trans-

porters in the liver and gill of juvenile sea lampreys. Juveniles acclimated to FW were injected with a single dose of rGH, rPRL-L, or saline, transferred to SW
3 d after injection, and acclimated in SW for 2 d. Liver and gill tissues were sampled 2 d (2d; n = 10) and 5 d (5d&SW2d; n = 6) after the injection. (A-C)
Effects on abundance of mRNAs encoding hepatic GHR (A), PRLR (B), and IGF (C). (D-F) Effects on abundance of mRNAs encoding branchial GHR (D), PRLR (),
and SOCS3 (F). (G-L) Effects of hormones and SW exposure on abundance of mRNAs encoding selected ion transporters in gill, including ATPase subunit o1
(ATP1A1; G), subunits p2 and p3 (ATP1B2, ATP1B3; H and J), a SLC12A3 variant (SLC12A3.3; /), and two variants of SLC12A2 (K and L). mRNA abundance
was normalized to EF1a. All data are presented as mean + SE; brackets and/or different letters denote significant differences between groups. *P < 0.05;
**P < 0.01; ***P < 0.001. Arrows depict stimulatory or inhibitory effects of SW exposure (comparing FW control group and SW control group; P < 0.05).

and SLC12A3.3), and levels of these mRNAs were significantly
higher than those in the rGH-injected group exposed to SW
(P < 0.01, P < 0.05, and P < 0.05, respectively; Fig. 6 G-1).
Neither rGH nor rPRL-L affected the SW-associated stimula-
tion of the SW-adapting ion transporters (i.e., ATP1B3,
SLC12A2.2) (Fig. 6 Jand K). Notably, neither hormone treat-
ment affected mRNA expression for any ion transporter in
FW-acclimated juveniles 2 d after injection (Fig. 6 G-L).

Discussion

In this study, we identified a second member of the GH/PRL
gene family in the pituitary of Pma, the addition of which pro-
vides important insight into the early evolution of the gene family.
Structural, phylogenetic, and syntenic analyses, together with
functional data, support the identification of this hormone as
PRL-L. With the completion of other lamprey genomes, so far,
we identified PRL-L orthologs in Pma, Arctic lamprey, and Far
Eastern brook lamprey (87 Appendix, Figs. S1 and S5). The pres-
ence of PRL-L in the other major group of agnathans, hagfish,
remains unclear, as we only were able to identify a partial
sequence of a GH-like gene in the incomplete genome dataset
(SI Appendix, Fig. S5).

Similarities in the gene and protein structures indicate that the
Pma.GH and Pma.PRL-L are structurally related to the GH/PRL
family. The lamprey PRL-L gene was not previously annotated in
the genomes, likely due to low identity in amino acid sequences
(£29%) and codon usage bias and higher frequencies for GC-rich
codons, common characteristics of lamprey genes (29, 30). As a

PNAS 2022 Vol. 119 No.40 2212196119

result, node support for lamprey PRL-L in the phylogeny was very
weak. Addition of the lamprey PRL-L to the phylogeny changed
the tree topology compared with previous phylogenies of the
GH/PRL gene family (1, 12) that clustered lamprey GH directly at
the base of gnathostome GH with good node support. Nevertheless,
the current phylogeny supports the relationship of lamprey GH and
PRL-L with the gnathostome GH/PRL family, but with uncer-
tainty of the timing of divergence, due to lack of an outgroup. The
amphioxus GH-like proteins are highly derived (SI Appendix, Fig.
S5) and are not a reliable outgroup for the phylogeny, which also
was indicated in a previous study (1). The partial sequence anno-
tated as hagfish GH-like also was excluded in the phylogeny because
protein alignment and modeling indicated that the predicted gene
sequence is likely only partially correct (SI Appendix, Fig. S5). It
also should be noted that the four conserved Cys residues that form
two disulfide bonds in gnathostome GHs and PRLs (1, 13) also are
conserved in Pma.GH and PmaPRL-L, a pattern that is absent in
the amphioxus GH-like proteins (S/ Appendix, Figs. S1 and S5),
indicating that the two disulfide bonds may have emerged in ances-
tral vertebrates.

The identification of the paralogs of the neighboring genes
that are present in the lamprey and jawed vertebrates or only in
jawed vertebrates suggests separate gene duplication events,
which likely correspond to the 1R whole-genome duplication
shared by all extant vertebrates and the 2R genome duplication
in 2Rjv (14, 16). The synteny analysis of the neighboring gene
families reveals chromosomal rearrangements that may have

occurred in the speciation of gnathostome progenitors prior to
2Rjv (14, 16). The rearranged loci of the various GH/PRL

https://doi.org/10.1073/pnas.2212196119 7 of 11


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2212196119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2212196119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2212196119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2212196119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2212196119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2212196119/-/DCSupplemental

Downloaded from https://www.pnas.org by "US GEOLOGICAL SURVEY LIBRARY, USGS" on September 26, 2022 from |P address 159.189.36.60.

8 of 11

family members and their neighboring genes are largely con-
served in jawed vertebrates, as shown in the present study as
well as in previous studies (1, 13). None of the duplicates of
SL, PRL, or PRL2 appear to be preserved after 2Rjv, likely due
to asymmetrical gene loss (14), and chromosomal rearrange-
ments of GH and/or PRL2 likely occurred in some species. Loss
of SL occurred in amniotes and some amphibian species, and the
loss of PRL2 occurred in amphibians and mammals (1). Never-
theless, the synteny analysis supports the notion that the four
members of the GH/PRL family emerged prior to 2Rjv. This also
is suggested in the scenarios for the evolution of the GH/PRL
family proposed by Ocampo Daza and Larhammar (1).

The discovery of lamprey PRL-L advances the understanding
of gene expansion of the GH/PRL gene family in the 1R and
2Rjv. Based on the finding of paralogs, GH-bearing Pma.Chr3
and Pma.Chr37 are likely two descendants after the 1R, while
the PRL-L-bearing Pma.Chr62 is related to Pma.Chr32. A
plausible scenario (Fig. 7) is that Pma.GH is retained on the
Pma.Chr3 after the 1R, while its duplicate was not found and
may have been lost in the lamprey. The descendants were pre-
served as GH and SL in the stem lineages leading to jawed
vertebrates, but their loci may have been exchanged on the
paralogous chromosomes (Fig. 7). Correspondingly, GH was
retained on Chrl4 in Eca, with the gene families that are syn-
tenic on lamprey Chr37. Chromosomal rearrangements prior
to 2Rjv, perhaps including fusion and mixing events (14), may
have rearranged the loci of those gene families that were ini-
tially neighboring SL and PRL (Fig. 7), leading to the mixing
patterns of the neighboring genes on the SL- and PRL-bearing
chromosomes in jawed vertebrates.

The presence of paralogs suggests that the PRL-L-bearing
Chr62 is related to Chr32 in sea lamprey. The paralogy group
on Pma.Chr32 is identified on the PRL2-bearing Chrl of Gga
and Chr4 of Eca, on which nearly half of the gene families in
the vicinity of Pma.PRL-L also are located. The rest of the gene
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Ancestor Basal vertebrates Jawed vertebrates
Scenario 1: _[ }Lamprey
-GHISL GH
-PRL/PRL2[] issi -GH
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Fig. 7. Model of early evolution of the GH/PRL gene family in vertebrates.
The syntenic blocks in blue contain the 31 gene families in the vicinity of
Pma.PRL-L in the early vertebrate ancestor. The syntenic blocks in yellow
contain the 29 gene families in the vicinity of Pma.GH. The blocks in other
colors depict the paralogs from those gene families that arose in 1R whole-
genome duplication, but prior to 2Rjv. The block length is proportional to
the rate of the representatives from those gene families that are retained
on the same chromosome. The calculation is based on the chromosomal
comparisons of sea lamprey with Eca, Cmi, and Gga. Three GH-L genes are
located on Chr4 in Florida lancelet (Bfl). The ancestral GH/SL and PRL/PRL2
diverged prior to the 1R, but the present study cannot exclude the scenario
of adjacent GH and SL (GH-SL) or adjacent PRL and PRL2 (PRL-PRL2). The
1R event likely gave rise to four descendants in the basal vertebrates,
which are conserved as GH, SL, PRL, and PRL2 in the stem lineages leading
to jawed vertebrates; GH and PRL-L are extant in the lamprey. Chromo-
somal rearrangements, including fusion, mixing, and fission, may have
occurred prior to the 2Rjv event and caused rearrangements of GH, SL,
PRL, and PRL2. Further loss of SL and/or PRL2 occurred in a wide variety of
jawed vertebrates.
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families are mostly located on the SL-bearing chromosome or
the syntenic chromosome, and a few are retained on the PRL-
bearing or related chromosome. A plausible scenario (Fig. 7) is
that PRL2 and PRL were both conserved after 1R in the stem
lineages leading to jawed vertebrates, whereas PRL-L was
retained in lampreys, and the other duplicate was not found
and may have been lost. Half of the gene families in the vicinity
of Pma.PRL-L were located on the ancestral PRL2-bearing
chromosome (prior to PRL2 rearrangement) in the gnathos-
tome stem lineages, while the rest were initially retained in the
vicinity of PRL but further rearranged to the SL-bearing chro-
mosome by chromosomal rearrangements prior to 2Rjv.

In protochordates, three GH-like genes are located on
Bfl.Chr4 in Florida lancelet (87 Appendix, Fig. S6). It is unclear
whether they arose prior to vertebrates or independently by
local gene duplication. Our synteny analysis suggests at least
two ancestors existed prior to 1R: GH/SL and PRL/PRL2;
however, we cannot exclude the possibility of adjacent GH and
SL (GH-SL) or adjacent PRL and PRL2 (PRL-PRL2) on the
ancestral chromosome (Fig. 7).

Identification of pituitary Pma.PRL-L by immunoblotting
revealed proteins larger in size than the predicted 26 kDa,
as well as an apparent dimer of >70 kDa. Specificity in the
detection of these proteins was demonstrated by antibody pre-
adsorption. Small differences were seen in the sizes of pituitary
Pma.PRL-L in juvenile (38 kDa) and in adult (40 kDa)
and rPRL-L (35 kDa) generated by HEK293 cells. Posttransla-
tional modifications of Pma.PRL-L may occur at potential sites
of Ser, Thr, or Tyr phosphorylation and at Thr*'' residue
of O-glycosylation (SI Appendix, Fig. S7). Posttranslational
modification of PRL, including dimerization, polymerization,
phosphorylation, glycosylation, sulfation, and deamidation, has
been reported in a wide range of species, and the degree of
modification is physiologically relevant (3, 31). For example,
the posttranslational modifications of PRL can result in high-
molecular-weight forms and alter hormone activity by adjusting
receptor binding, hormone secretion, and metabolic clearance
(3). The immunoreactive band of ~76 kDa appeared to be a
dimerized isoform of Pma.PRL-L, which was not dissociated in
standard sodium dodecyl sulfate—polyacrylamide gel electropho-
resis under reducing conditions. This may be similar to nondis-
sociable GH dimers (minor form, 1%) observed in the human
pituitary (32), which are characterized as interchain disulfide—
linked homodimers and are exceptionally resistant to reducing
agents (33). Further study is needed to clarify the extent and
types of posttranslational modifications of Pma.PRL-L. By con-
trast, monomeric Pma.GH is similar in size to that of the pre-
dicted protein and exists as the major form in the pituitary.
This is similar to monomeric mammalian GH, which consti-
tutes ~60% of the isoforms in the pituitary (4, 32).

In a previous study, two putative receptors were identified in
sea lamprey as the orthologs to gnathostome GHR and PRLR,
respectively (26). In this study, the sea lamprey GHR and PRLR
stably expressed in HEK cells revealed distinct but overlapping
binding characteristics. PRLR preferentially bound to rPRL-L,
whereas GHR preferentially bound to rGH, although there was
a low level of cross-binding observed. Notably, both hormones
down-regulated the expression of both receptors, as seen after
2 d of in vivo hormone treatment. Down-regulation of GHR
and PRLR mRNA expression concomitant with increased levels
of SOCS3 mRNA indicates a negative feedback regulaton of
hormone signaling. SOCS3 is an inhibitor of cytokine signaling
in the cascade of Janus kinase (JAK) and a signal transducer and

activator of transcription (STAT) (34). Although the JAK-STAT
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signaling cascade is largely unknown in jawless vertebrates, JAK2
and STAT proteins are present in the sea lamprey genome, and
the lamprey GHR and PRLR have potential docking sites for
phosphorylation of JAK and STAT (26). Thus, the classic
JAK2-STAT(3/5) cascades (3, 4) likely mediates cytokine sig-
naling in the lamprey. The extent to which adjusting receptor
abundance and/or linkage(s) to cell-signaling cascades regulate
the biological activities of GH and PRL-L in sea lamprey
remains to be examined.

The major site for producing Pma.PRL-L and Pma.GH is the
pituitary gland, which is similar to the pattern of distribution for
PRL, GH, and SL in jawed vertebrates (2). Immunostaining
with Ab-IPRL indicates that Pma.PRL-L is predominately dis-
tributed in the PPD, similar to that of Pma.GH (12, 23). This
pattern is somewhat different to what is observed for jawed verte-
brates. For example, in teleost fishes, somatotrophs and lacto-
trophs are distributed in the PPD and RPD, respectively (2, 35),
while SL is produced in the PI (36). PRL2 is located in extrapi-
tuitary tissues, such as eye and brain, in zebrafish (5, 37), and in
brain and some peripheral tissues in Gga (5). Based on tissue dis-
tribution, the pattern of lamprey PRL-L expression is more like
that of PRL than that of extrapituitary PRL2.

A progressive up-regulation in the abundance of pituitary
Pma.PRL-L mRNA was seen in the early stages of metamor-
phosis, especially at stage 3, whereas Pma.GH mRNA levels
were suppressed at the early stages, corresponding to its low
protein abundance that was previously measured in the meta-
morphic transformers (23, 24). Geotria lamprey transformers in
which PPD was surgically removed were unable to proceed
through metamorphosis beyond stage 3 (25). We previously
observed an increase of branchial PRLR mRNA abundance
beyond stage 5, concomitant with acquisition of SW tolerance
(26), indicating involvement of PRL-L signaling in the gill
development. Collectively, these findings indicate that PPD-
derived PRL-L could be involved in regulating metamorphosis
of sea lamprey. Further study should be performed to deter-
mine if there are direct action(s) of Pma.PRL-L in organ devel-
opment or other processes during lamprey metamorphosis.

Hepatic IGF mRNA expression was not stimulated by in vivo
tGH treatment of juvenile sea lamprey. This result is in con-
trast to the results of Kawauchi et al. (12), who found pituitary
GH extract stimulated hepatic IGF mRNA expression in adult
lamprey in vitro. This difference may be explained by several
factors. First, in the present study, hepatic IGF mRNA levels
were suppressed in animals that were treated with rtGH or
rPRL-L for 2 d, a period during which expression of GHR and
PRLR mRNAs was down-regulated and SOCS3 mRNA expres-
sion was up-regulated. Together, these changes would have
reduced sensitivity to rtGH and rPRL-L and deactivated the
cell-signaling cascades (4, 34), leading to reduced IGF expres-
sion. This notion is supported by the observation that the sup-
pressive effects of rGH or rPRL-L on IGF mRNA levels were
no longer observed when the abundance of GHR, PRLR, and
SOCS3 mRNAs returned to normal levels after 5 d and in
combination with SW exposure. Second, the developmental
stage was different (adults versus juveniles), and the juveniles in
this study did not feed, a natural condition that occurs after
completion of metamorphosis until parasitism in the ocean
begins. Nutrients are crucial regulators of the GH/IGF-I axis to
promote growth under sufficient energy conditions (4, 38).
Acquired GH resistance concomitant with elevated GH and
depressed IGF-I levels is characterized in teleosts as a strategy
for coping with long-term fasting (39, 40). Furthermore, posi-
tive nutrient status (i.e., feeding) has been shown in teleosts to
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be required for GH to stimulate IGF-I production/release (41).
It is reasonable to suggest that commencement of feeding may
be a prerequisite for GH stimulation of IGF in the lamprey.
This hypothesis is supported by the elevated levels of Pma.GH
in adults, corresponding to the increased numbers of somato-
trophs in parasitic and adult lamprey (23, 24).

Acclimation to changes in environmental salinity relies on
the presence of ion transporters in the gill and other osmoregu-
latory tissues as seen in euryhaline teleosts (42). Many of these
same ion transporters increase in abundance during metamor-
phosis when sea lampreys develop SW tolerance (43). In this
study, we found that the mRNA expression of six ion trans-
porters responded differentially to SW acclimation of sea lam-
prey. A Na™/K*-ATPase was previously characterized in sea
lamprey as an SW-stimulated ion pump (44, 45). In this study,
we identified two variants of Na*/K"-ATPase subunit f,
including ATP1B3, the mRNA expression of which was stimu-
lated by SW, and ATP1B2, the mRNA expression of which
was inhibited by SW. mRNA expression of the SW-inhibited
ATPI1B2 was significantly correlated with that of the subunit
al, ATP1A1 (P < 0.0001; SI Appendix, Fig. S4B), the mRNA
expression of which also was inhibited by SW; thus, the two
subunits may constitute an FW-adaptive Na*/K™-ATPase
for ion absorption. Another FW-adaptive ion transporter is
SLC12A3.3, which is similar to a previously characterized sea
lamprey SLC12A3 that was activated in FW (46). Another
SW-stimulated ion transporter identified in the present study is
SLC12A2.2, which is similar to an SLC12A2 that was activated
in SW in previous studies (44), while the apically located
SLC12A2.1 was generally not affected by SW (44).

The role of PRL-L in osmoregulation of sea lamprey is
supported by two lines of evidence. First, transfer of juvenile
sea lamprey to IPW (a hypoosmotic environment) increased
the abundance of pituitary PRL-L mRNA, compared with the
FW-acclimated juveniles and larvae. Notably, long-term expo-
sure to IPW (10 d) significantly increased immunoreactive
PRL-L in the PPD of juveniles. Second, treatment of juveniles
with rPRL-L blocked the SW-associated decrease in expression
of SLC12A3.3 and the putative FW-adapting Na*/K*-ATPase
(composed of two subunits, ATP1A1 and ATP1B2), which are
essential for absorption of Na*, K* and CI™ (46), but had no
effect on the SW-associated increase in expression of an
SW-adapting Na*/K"-ATPase composed of ATP1B3 (subunit
3) and SLC12A2.2 that function in salt secretion in SW (44).
Taken together, these observations indicate that PRL-L plays a
role in osmotic regulation of sea lamprey by, at least partially,
regulating FW-adapting ion transporters for ion uptake and
homeostasis of Na*, K¥, and CI~, which is similar to the role

of PRLs in teleosts (27, 47).

Conclusion. We discovered a PRL-L in sea lamprey, establishing
the existence of two members of the GH/PRL family in agna-
thans. Conservation in gene and protein structures, phylogeny,
and synteny indicates that lamprey PRL-L is an ortholog of gna-
thostome PRL/PRL2. A model was proposed for the evolution
of the GH/PRL family in early vertebrates (Fig. 7), in which at
least two ancestral genes likely were present prior to the 1R
duplication event, and that four members of the gene family
likely emerged prior to the 2Rjv. In sea lamprey, both PRL-L
and GH are produced primarily in the PPD of the pituitary and
bind to their cognate receptor with high affinity. Pituitary
PRL-L mRNA levels were very low in larvae but dramatically
increased during metamorphosis at stage 3. Sea lamprey PRL-L
mRNA and protein levels in the pituitary of juveniles were
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stimulated by acclimation to hypoosmotic conditions. In vivo
treatment with rPRL-L blocked SW-associated inhibition of
FW-adapting ion transporters (an ATPase and SLC12A3). These
findings reveal a functon of PRL-L in osmoregulaton of sea
lamprey that is conserved for PRLs in jawed vertebrates.

Materials and Methods

Identification of the PRL-L Gene in Sea Lamprey. A short genomic
sequence with similarity to GH and PRL was identified in sea lamprey genome
Pmar_germline 1.0 (GenBank no. GCA002833325.1). This gene fragment was
amplified by RT-PCR using pituitary cDNA as a template, and the absent 5
sequence from the genome was obtained by 5" rapid amplification of cDNA
ends PCR. The full-length cDNA of Pma.PRL-L was obtained by PCR and included
a partial 5" untranslated region (UTR), a sequence encoding 255 amino acids,
and a partial 3'-UTR (S/ Appendix, Fig. S8). Information about primers is listed in
SI Appendix, Table S2. The cDNA sequence, except the 5'-UTR and the sequence
encoding the first 3 amino acids, was identified in an unplaced genomic scaffold
(no. NW022639444.1) in sea lamprey genome kPetMar1 (no. GCA_010993595.
1). Partial sequences, including the exons 1, 5, and 6, were identified on Chré2
(no. NC_046130.1) at the loci of 6.747, 6.766, and 6.769 Mb, respectively, while
the sequence of exon 2 is likely incorrectly assembled at 5.926 Mb, but the exons
3 and 4 are absent on the Chr62, likely due to sequencing gap.

Searching for Orthologs in Agnathans. The amino acid sequence of
Pma.PRL-L was searched by TBLASTN against the available genome datasets of
agnathans (by February 2022). Exons 2 through 6 of a PRL-L ortholog are located
on 2.03 to 2.05 Mb of Chré2 in the Far Eastern brook lamprey genome
ASM1570882v1 (no. GCA_015708825.1) encoding 250 amino acids with 85%
identity to Pma.PRL-L (S Appendix, Fig. S5). Partial sequence of a PRL-L gene
encoding 210 amino acids is identified on Scaffold84 in Arctic lamprey genome
IMCB_Ljap_1.0 (no. GCA_018977245.1), while several fragments encoding
around 40 amino acids are missing in exons 1 through 3 (S/ Appendix, Fig. S5),
likely due to the gaps.

The lamprey GH orthologs are located on Chr3 in sea lamprey genome kPet-
Mar1, on scaffold5 in Arctic lamprey genome IMCB_Ljap_1.0, and on Chr26 in
Far Eastern brook lamprey genome ASM1570882v1 (SI Appendix, Fig. S5). A
partial GH-like gene including two exons (Ensembl no. ENSEBUG00000006986.
1) was identified in inshore hagfish genome Eburgeri_3.2 (no. GCA_900186335.
2). Protein modeling of the hagfish GH-like using human PRL (3d48.1.A)
as template predicts protein composed of single helix with a C-terminal tail
(S Appendiix, Fig. S5).

Phylogenetic and Synteny Analyses. Sequences of mature proteins (S/
Appendix, Table S3) were aligned by the MUSCLE algorithm applied through
AliView (48) software with default settings, and phylogenetic analysis was
performed using the likelihood-based phylogenetic maximum likelihood method
through SeaView 4.7 (49).

Thirty-one gene families neighboring Pma.PRL-L (SI Appendix, Table S4),
located at 2.12 to 7.62 Mb on Pma.Chr62, were selected for synteny analysis;
paralogs were found on Pma.Chr32 (S/ Appendix, Table S5). Thirty of these gene
families also were identified on Lre.Chr62 in Far Eastern brook lamprey (S/
Appendix, Fig. S6). Moreover, 29 gene families neighboring Pma.GH at 20.30
to 23.79 Mb on Pma.Chr3 (S/ Appendix, Table S6) were taken for analysis and
also were identified on Lre.Chr26 of Far Eastern brook lamprey (SI Appendix,
Fig. S6), and paralogs were found on Pma.Chr37 (SI Appendix, Table S7). Repre-
sentatives from the repertoires of those gene families were identified in Eca
(81 Appendix, Tables S8 and S9), Cmi (S/ Appendix, Tables $10 and S11), and Gga
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(SI Appendix, Tables S12 and S13). These gnathostome species were selected
because they underwent fewer large-scale genome rearrangements (1, 15, 16, 50).

Paralogs were defined in the Ensembl Genome Browser and classified into
the following three groups based on their positions in the respective gene trees
(S Appendix, Tables S8 and $9): 1) ancient paralogs that diverged prior to verte-
brates cluster in the clades rooted by Ciona, Caenorhabditis, or Drosophila; 2)
paralogs that were found in lamprey/hagfish and jawed vertebrates cluster in
the clades rooted by lamprey and/or hagfish; 3) paralogs that arose after diver-
gence of lamprey and gnathostome lineages, cluster in the clades rooted by Cmi
and/or Eca, and these paralogs were further queried for TBLASTN search against
the lamprey genomes to confirm their emergences in jawed vertebrates.

Animal Experiments. Animal experiments were conducted at the US Geologi-
cal Survey (USGS) Conte Anadromous Fish Research Laboratory, approved
by USGS (protocol LBOOA30-117) and the University of Massachusetts (protocol
no. 2016-0009) Institutional Animal Care and Use Committees.

Sea lamprey at various life stages were captured from the Connecticut River
(MA, USA). In the SW experiment, juveniles were transferred to artificial SW
(35 ppt). In the IPW experiment, larvae and juveniles were transferred to
deionized water filtered through double deionization columns. For the in vivo
hormone treatment study, FW-acclimated juveniles were injected with saline
(control), rGH, or rPRL-L in saline solution at a single dose (5 pg protein/g of fish
in 20 pl/g of fish volume). The dose for the single injection was selected based
on previous experiments using GH/PRL (5 to 10 jug g~ body weight) in teleosts
that resulted in physiologic responses (51, 52).

Other Experiments. All experimental procedures are standard, including
production of recombinant proteins and antibodies, immunoblotting, immuno-
histochemistry, radioactive iodine ("*I}labeled ligand-receptor binding assay,
cell transfection and generation of stable cell lines, and realtime gPCR. The
details are described in SI Appendix.

Statistical Analysis. Kolmogorov-Smirnov tests were used to determine
normality distribution of the treatment groups, and Levene's median test or F
test were used to determine equality of variances. One-way ANOVA followed by
a Tukey post hoc test was applied for comparisons at various stages of life cycle
and metamorphosis. Two-way ANOVA followed by a Bonferroni's multiple com-
parisons test were applied for analysis in the studies of SW acclimation, IPW
acclimation, and in vivo hormone treatments. Unpaired t test with two-tailed
P values was used for comparison of two groups at the same time and for com-
parison of the saline-injected FW control and SW control in the in vivo treatment.
Statistical analyses were made with GraphPad Prism 9. Differences were consid-
ered significant at P < 0.05, P < 0.01, and P < 0.001.

Data, Materials, and Software Availability. Raw data have been deposited
in Dryad (10.5061/dryad jdfn2z3dr) (53).
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