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A B S T R A C T

T

A novel heterodimeric glycoprotein hormone (GpH) comprised of alpha (GpA2) and beta (GpB5) subunits was
discovered in 2002 and called thyrostimulin for its ability to activate the TSH receptor in mammals, but its
central function in vertebrates has not been ﬁrmly established. We report here the cloning and expression of
lamprey (l)GpB5, and its ability to heterodimerize with lGpA2 to form a functional l-thyrostimulin. The fulllength cDNA of lGpB5 encodes 174 amino acids with ten conserved cysteine residues and one glycosylation site
that is conserved with other vertebrate GpB5 sequences. Phylogenetic and synteny analyses support that lGpB5
belongs to the vertebrate GpB5 clade. Heterodimerization of lGpB5 and lGpA2 was shown by nickel pull-down of
histidine-tagged recombinant subunits. RNA transcripts of lGpB5 were detected in the pituitary of lampreys
during both parasitic and adult life stages. Intraperitoneal injection with lGnRH-III (100 μg/kg) increased pituitary lGpA2, lGpB5, and lGpHβ mRNA expression in sexually mature, adult female lampreys. A recombinant lthyrostimulin produced by expression of a fusion gene in Pichia pastoris activated lamprey GpH receptors I and II
as measured by cAMP enzymeimmunoassay. In contrast to jawed vertebrates that have pituitary LH, FSH, and
TSH, our data support that lampreys only have two functional pituitary GpHs, lGpH and l-thyrostimulin, which
consist of lGpA2 and unique beta subunits. It is hypothesized that lGpH and l-thyrostimulin diﬀerentially regulate reproductive and thyroid activities in some unknown way(s) in lampreys.

1. Introduction
Modern vertebrates are classiﬁ ed into two major groups, the gnathostomes (jawed vertebrates) and the agnathans (jawless vertebrates).
Lampreys and hagﬁ sh are the only two extant members of the class of
agnathans, the oldest lineage of vertebrates. The high conservation of
the hypothalamic-pituitary-gonadal (HPG) axis in all vertebrates makes
the lamprey model highly appropriate for comparative and evolutionary analyses (Sower et al., 2015). The hypothalamic-pituitary
system, which is speciﬁc to vertebrates, is considered to be an evolutionary innovation that emerged prior to or during the diﬀerentiation of
the ancestral jawless vertebrates coinciding with at least one round of
whole genome duplication (Sower et al., 2009).
Vertebrate glycoprotein hormones (GpHs) belong to the cystine

⁎

knot-forming glycoprotein hormone family, consisting of two noncovalently bound, chemically distinct alpha and beta subunits (Pierce
and Parsons, 1981). The three GpHs in jawed vertebrates include luteinizing hormone (LH) and follicle stimulating hormone (FSH) of the
HPG axis, and thyroid-stimulating hormone (TSH) of the hypothalamicpituitary-thyroid (HPT) axis. In general, LH and FSH act via the gonadal
luteinizing hormone receptor (LH-R) and follicle stimulating hormone
receptor (FSH-R), respectively, to regulate gametogenesis and steroidogenesis, while TSH regulates thyroid hormone synthesis via the
thyroid stimulating hormone receptor (TSH-R). In addition, two novel
GpH subunits, GpA2 and GpB5, were identiﬁed in 2002 from GenBank
searches, subsequently shown to be expressed in the human pituitary
and to form a functional heterodimer (Nakabayashi et al., 2002). The
GpA2/GpB5 heterodimer was named thyrostimulin because it activated
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the human TSH-R, but did not activate either the LH-R or FSH-R
(Nakabayashi et al., 2002). GpA2 and GpB5 are found in representative
species across bilaterians, and are considered to be ancestral alpha and
beta subunits to the vertebrate pituitary GpH family (Heyland et al.,
2012). The conserved function(s) of thyrostimulin have not been established; there are relatively few reports on the actions of thyrostimulin in invertebrates or vertebrates (Dos Santos et al., 2009;
Nakabayashi et al., 2002; Park et al., 2005; Rocco and Paluzzi, 2016;
Sudo et al., 2005). Some proposed functions are endocrine and/or
paracrine, however it is likely that thyrostimulin has pleiotropic functions (Karponis and Ananth, 2017).
In contrast to jawed vertebrates, we propose that lampreys only
have two pituitary GpHs consisting of unique α and β subunits, lamprey
(l)GpH (lGpA2/lGpHβ) (Sower et al., 2015; Sower et al., 2006) and lthyrostimulin (lGpA2/lGpB5) (Dos Santos et al., 2009; Marquis et al.,
2017). There is not any evidence for a TSH molecule in lampreys
(Sower et al., 2015; Sower et al., 2006). Additionally, lampreys only
have two functional glycoprotein hormone receptors (GpH-R) called
lGpH-R I and II, and these receptors are co-localized in both the gonads
and thyroids of parasitic and adult lampreys (Freamat et al., 2006;
Freamat and Sower, 2008b; Hausken et al., 2017).
The GpA2 subunit cDNA was recently cloned from sea lamprey pituitary, and found to form a novel, functional, heterodimeric pituitary
lGpH with the β subunit, lGpHβ, that represents an ancestral-type GpH
not found in gnathostomes (Sower et al., 2015). In 2009, the ﬁrst putative gene sequence for lGpB5 was identiﬁed in a genome trace archive
by Dos Santos et al. The predicted sequence was similar to the other
vertebrate GpB5 sequences, containing at least ten conserved cysteine
residues, two exons, and a conserved splice site at 333 base pairs into
the 522 base pair sequence. Recently, a novel pituitary cell type called
the proto-glycotrope was discovered in lampreys by extensive immunohistochemical, electron microscopical, and in situ hybridization
techniques (Marquis et al., 2017). The newly identiﬁed proto-glycotrope was the predominant cell type throughout all regions of the
anterior pituitary at all major life stages of the sea lamprey (Marquis
et al., 2017). This cell type was shown to co-localize and co-express the
three lamprey GpH subunits: lGpA2, lGpB5, and lGpHβ.
We hypothesize that lampreys have primitive, overlapping yet
functional HPG and HPT endocrine systems, involving at least one, but
probably two pituitary GpHs and two functional GpH-Rs (Sower et al.,
2015). We further hypothesize that thyrostimulin is functional in lampreys and that it may act as one of the pituitary hormones that regulates
the HPT axis. We began addressing these hypotheses in the current
study by providing evidence for a functional pituitary thyrostimulin in
the sea lamprey.
In this report, we have cloned lGpB5 from the pituitary, which belongs to the vertebrate GpB5 clade. Injections with lamprey gonadotropin releasing hormones (lGnRH-I, -II, or -III) in sexually mature,
adult female lampreys increased transcript expression of pituitary
lGpA2, lGpB5, and lGpHβ. RT-PCR expression studies showed that
lGpB5 is expressed in virtually all tissues of parasitic phase and adult
lampreys, and it is co-expressed with lGpA2 in the pituitary at those
stages. We have demonstrated that lGpA2 and lGpB5 form a heterodimer, and that a recombinant, single-chain l-thyrostimulin activates
lGpH-R I and lGpH-R II. These data provide supporting evidence that lthyrostimulin may be a necessary and functional glycoprotein hormone
in lampreys.
2. Materials and methods
2.1. Animal handling
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(AFAIR) lab at the University of New Hampshire (UNH), Durham, NH.
Lampreys were maintained in a ﬂow-through spawning channel supplied with water from a nearby stream-fed reservoir (ambient temperature: 13–20 °C; natural photoperiod), as previously described
(Fahien and Sower, 1990). The female larval and parasitic lampreys
were collected in late October 2015 from the Conte Anadromous Fish
Research Center (U.S.G.S., Turners Falls, MA) and transported to UNH.
Larval lampreys were maintained in aerated freshwater tanks with sand
for burrowing (ambient temperature: 15–17 °C; natural photoperiod)
and fed weekly with Fleischmann’s active dry baker’s yeast (ACH Food
Companies, Inc., Cordova, TN, USA). Parasitic lampreys were dissected
immediately upon return to UNH. All procedures for animal use followed the UNH Institutional Animal Care and Use Committee (IACUC)
guidelines.
2.2. Cloning of lamprey lGpB5 cDNA
2.2.1. Total RNA extraction and cDNA synthesis
Total RNA from a pool of three lamprey pituitaries was obtained by
QIAzol total RNA extraction. The pituitaries in QIAzol lysis reagent
(QIAGEN, Hilden, Germany) were homogenized at 25 Hz for 2 min two
times in a Tissuelyser II system (QIAGEN, Hilden, Germany). Lysate
phases were separated using chloroform. After a back-extraction step of
the interphase and organic phases, a second chloroform extraction of
the combined aqueous phases was performed. The RNA was precipitated by overnight incubation with 100% isopropanol at 4 °C. The
RNA pellet was washed twice with 75% ethanol, and resuspended in
RNase-free Milli-Q water. RNA quality was assessed by agarose gel
electrophoresis and Nanodrop analysis using a NanoDrop 2000c spectrophotometer (ThermoScientiﬁc, Wilmington, DE).
2.5 μg of total RNA were used to synthesize ﬁrst-strand cDNA using
200 ng of anchored oligo dT(22) (IDT, Coralville, IA) and 200 units of
Superscript III reverse transcriptase (Invitrogen, Carlsbad, CA) following the manufacturer’s recommendations with one modiﬁcation: the
reverse transcription reaction in a 30 μl ﬁnal volume was incubated at
53 °C for 1 h.
2.2.2. Ampliﬁcation of lGpB5 cDNA by PCR
In order to amplify the full-length lGpB5 cDNA, 3 μl of the reverse
transcription reaction were used as template in a PCR reaction together
with gene-speciﬁ c primers located at position 1 (GpB5-ORFF) and 522
(GpB5 CDS3-b1) of the gene sequence (Table 1), and Q5 Hot Start HighFidelity DNA polymerase (New England Biolabs, Ipswich, MA). Reactions were denatured at 98 °C/2min, followed by 30 cycles of denaturation at 98 °C/30 s, annealing at 67 °C/30 s, and extension at 72 °C/
1min, and a ﬁnal extension at 72 °C/5min. After verifying the size and
speciﬁcity of the amplicons by agarose gel electrophoresis, the PCR
products were puriﬁed using a GeneJET PCR puriﬁcation kit (Thermo
Scientiﬁc, Waltham, MA) according to the manufacturer’ s protocol.
2.2.3. cDNA cloning
Puriﬁed PCR products were ligated into the pGEM-T Easy vector
(Promega, Madison, WI). An adenine was added to the 3′ end of the PCR
products with Taq DNA polymerase (New England Biolabs, Ipswich,
MA) in the presence of dATP and poly-A tailed oligonucleotide. Then
the ligation reaction was incubated overnight at 4 °C using T4 DNA ligase (Promega, Madison, WI). Plasmid constructs were transformed
into One Shot TOP10 chemically competent E. coli cells (Invitrogen,
Carlsbad, CA) following the manufacturer’s procedure. Transformants
were selected on LB agar plates supplemented with ampicillin and XGal. Plasmid DNA was extracted from white colonies using the GeneJET
Plasmid Miniprep kit (Thermo Scienti ﬁc, Waltham, MA) and digested

Adult female lampreys were collected from ﬁsh ladders in coastal
New Hampshire rivers (Cocheco River, Dover, NH; Exeter River, Exeter,
NH; Lamprey River, Newmarket, NH) in May 2013–2015, and transported to the Anadromous Fish and Aquatic Invertebrate Research

with NotI restriction endonuclease (New England Biolabs, Ipswich,
MA). Restriction fragments were analyzed by agarose gel electrophoresis. The clones bearing an insert of the expected size were sequenced
by Euroﬁns genomics (Louisville, KY) using the standard M13
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Table 1
Primers used to clone lGpB5, generate the expression plasmids for recombinant thyrostimulin, and perform qPCR. The expected amplicon size and accession numbers
are provided for lamprey sequences. The underlined sequences represent the restriction endonuclease recognition sequence.
Target Gene

Name

Direction

Sequence (5′–3′)

Amplicon size

Accession #

GpB5

lGPB5_F10
lGPB5_CDS3_1
ORFF
CDS3b1
B5-qF1
B5-qR1
lGpHb forward
lGpHb reverse
lGpA-qF1
lGpA-qR1
PM EF1a F
PM EF1a Reverse
PM EF1A ORF-F1
PM EF1A Reverse
pPIC9K_XbaI_F2
pPIC9K_XbaI_R2
AOX5′
AOX3′
αMF

5′
3′
5′
3′
5′
3′
5′
3′
5′
3′
5′
3′
5′
3′
5′
3′
5′
3′
5′

CTTGCGGGGCGCCTCGTTC
TCAGTAGGTCTCGCACTCGGTGTCGTC
ATGGCTGATGACTCCTTCCATC
TCAGTAGGTCTCGCACTCGG
CCGTGCGGGAGTTCACGTT
GCGTCGGCTTCTCCCATGTC
CGCCGAGTGTCGTTACATCA
ACCTCCTGGGCAATCTTCCT
ACTACCGCCACAACATCACCT
TGAACACCTCCATCACGTGGT
CTGGCCACAGGGACTTCATC
ACCGGCCTCAAACTCACCTA
CCTCCATCCATCGGCAAGGAAAA
ACCGGCCTCAAACTCACCTA
TGCTCTAGACCGAGGCCCTTTCGTC
GGTCTAGATGCTCACCGCAATGC
GACTGGTTCCAATTGACAAGC
GCAAATGGCATTCTGACATCC
TACTATTGCCAGCATTGCTGC

451 bp

BN001271.1

lGpHβ
GpA2
EF1α

pPIC9K primers

sequencing primer. Blastn sequence alignment analysis validated the
clones containing the full-length lGpB5 cDNA. The signal peptide was
predicted using SignalP 3.0.

2.3. Synteny and phylogenetic analyses
To investigate the conservation of the gene organization in the
neighborhood of the GpB5 glycoprotein hormone genes, we examined
the genes nearby to lGpB5 in the lamprey genome and compared these
to other vertebrates. Gene loci organization in the genomic regions was
obtained from comparing data from the lamprey genome assembly
(Smith et al., 2013 ), Genomicus version 86.01 (Louis et al., 2013; Louis
et al., 2015), Ensembl Genome Browser (http://www.ensembl.org ;
Lamprey Ensembl Release 87), and the UCSC Genome Browser (http://
genome.ucsc.edu/). Additionally, updated information on the relevant
region in a soon-to-be-released new assembly of the lamprey genome
was shared by the Lamprey genome Consortium (pers. comm.).
Phylogenetic analyses were based on publicly available whole
genome data from 30 phylogenetically informative metazoan taxa
(Supplementary Table S1). Our pipeline includes the following steps:
First, all genomes were searched individually with BLAST (Altschul
et al., 1997) using the query sequences indicated in Fig. 3. BLAST
searches retained the top 10 genes that met a low stringency acceptance
threshold of 10 −2. Data were then concatenated into a single ﬁle and
redundant sequences were removed using cdhit (Fu et al., 2012). Sequences were then aligned using MAFFT (Katoh and Standley, 2013 )
and those that were shorter than 40% of the mean sequence length were
additionally removed using custom scripts. Sequences were then subjected to another round of alignment and gaps with fewer than 20%
data occupancy were removed using trimAI (Capella-Gutierrez et al.,
2009). The data matrices for glycoprotein hormone peptides are reported in Supplementary Data Table 1 (S1). Phylogenetic analyses were
then conducted under the best ﬁtting model, which in all cases was
determined empirically to be WAG with gamma-distributed rates and
empirical residue frequencies, using RAxML 8.0 (Stamatakis, 2014).
Analyses were conducted 20 times with random starting trees and the
best scoring of these trees is reported here. Bootstrapping support for all
trees was conducted with 1000 bootstrap replicates. Resulting trees
were visualized in FigTree v1.4.2 (http://tree.bio.ed.ac.uk/software/
ﬁgtree/).

522 bp
105 bp
95 bp

AY730276.1

111 bp

FJ265881.2

101 bp

DW021175

421 bp

2.4. lGpB5 tissue distribution
2.4.1. Tissue collection
Twenty adult and ten parasitic sea lampreys were decapitated and
the brain, eye, gonads, heart, intestine, kidney, liver, muscle, pituitary,
skin and thyroid were dissected and immediately snap frozen in liquid
nitrogen. Twenty ammocoetes were also decapitated and the brain,
eyespot, gonads, heart, intestine, kidney tissue, liver, muscle, pituitary,
skin, and endostyle were removed and ﬂash frozen in liquid nitrogen.
Tissues were stored at −80 °C until RNA extraction.

2.4.2. RNA extraction and cDNA synthesis
Adult lamprey tissues were homogenized in 1 ml of QIAzol lysis
reagent using a Tissuelyser II system (QIAGEN, Hilden, Germany) 2–4
times at 25 Hz for 2 min. Tissues from four parasitic lampreys, two of
each sex, and from three ammocoetes (four in the case of the eyespots),
were homogenized individually in 0.5 ml and 0.3 ml of QIAzol Lysis
reagent (QIAGEN) respectively, and the lysates of like tissues were
combined before proceeding with the RNA extraction. The RNA extraction was performed as previously described in Section 2.2.1, and
precipitated with 7.5 M lithium chloride when necessary.
2.5 μg of total RNA were reverse transcribed in a total volume of
20 μl using anchored oligo dT(22) primer and Superscript III reverse
transcriptase as described in Section 2.2.1.

2.4.3. Ampliﬁcation of cDNA by PCR
One microliter of ﬁrst strand cDNA from ammocoete, parasitic, and
adult lamprey tissues, together with 0.2 μM forward and reverse primers, lGPB5_F10 and lGPB5_CDS3_1 (Table 1) were used to amplify
lGpB5 cDNA under the following PCR parameters: one cycle at 98 °C for
3 min, followed by 32 cycles of 98 °C/15 s, 70 °C/15 s, 72 °C/20 s, with a
ﬁnal extension at 72 °C/3 min. The reference gene EF1α was ampliﬁed
with primers PM EF1A ORF-F1 and PM EF1A Reverse (Table 1) under
the following PCR conditions: one cycle at 98 °C/3 m, followed by 30
cycles at 98 °C/20 s, 61 °C/30 s, and 72 °C/45 s, and a ﬁnal extension of
72 °C/4 m. All reactions were performed using Q5 Hot Start DNA
polymerase (New England Biolabs, Ipswich, MA) according to the
manufacturer’s protocol except for the use of 10 μl ﬁnal reaction volume and the addition of 3% DMSO. Gel Red nucleic acid stain (Phenix
Research Products, Candler, NC) was used for agarose gel electrophoresis analysis. Representative results from at least three independent experiments per tissue and per life stage are shown.

dependent experiments per tissue and per life stage are shown.
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2.5. In vivo biological activity study
Adult female lampreys (nine lampreys per treatment) were intraperitoneally injected twice following the protocol previously described ( Sower et al., 2006) at 24 h intervals with either 100 μg/kg
lGnRH-I, -II, -III (American Peptide Co, Inc., Sunnyvale, CA), or thyrotropin-releasing hormone (TRH) (Peninsula Laboratory, San Carlos,
CA) dissolved in 0.6% saline. Twenty-four hours after the last injection,
pituitaries were dissected, snap frozen in liquid nitrogen, and stored at
−80 °C until RNA extraction. Pituitaries were individually homogenized in 0.3 ml of QIAzol lysis reagent (QIAGEN, Hilden, Germany)
and total RNA was extracted as described in Section 2.2.1. Total RNA
was treated with 3U of RNase-free DNase (Promega, Madison, WI) for
one hour at 37 °C, and subjected to an additional RNA extraction with
QIAzol to remove DNase. RNA was precipitated with 3 M sodium
acetate and absolute ethanol. First-strand cDNA was generated from
2.5 μg of total RNA using 0.5 μg of random hexamers (Promega, Madison, WI) and 200U of SuperScript III reverse transcriptase (Invitrogen,
Carlsbad, CA) per the manufacturer’s protocol. Potential carryover RNA
was removed by incubating the cDNA with 5U of RNase H (Promega,
Madison, WI) at 37 °C for 20 min.
SYBR Select Master Mix (Applied Biosystems, Foster City, CA) was
used to perform qPCR with 3 μl of 1/10 diluted cDNA as template.
Forward and reverse primers (Table 1) were added at a ﬁnal concentration of 350 nM each for GpB5, and 400 nM for lGpHβ, lGpA2, and
EF1α. Thermal cycling was performed according to the manufacturer’s
recommendations on a 7500 Fast Real-Time PCR System (Applied
Biosystems, Foster City, CA). Thermal cycling conditions included an
initial denaturation step at 95 °C/5 min, denaturation and annealing/
extension for 40 cycles at 95 °C/15 s and 60 °C/60 s, respectively, and a
ﬁnal dissociation analysis (95 °C/15 s, 60 °C/60 s, 95 °C/15 s). Each PCR
product yielded a single dissociation peak and no primer dimers. A no
reverse transcriptase pool was utilized to ensure the absence of genomic
DNA carry-over. A series of 25-fold dilutions of cDNA pools per tissue
were used as the standard samples to determine eﬃciencies of the reactions (90–110%). The fold changes in expression of lGpA2, lGpB5,
and lGpHβ, relative to EF1α, were determined by the Pfaﬄ method
(Pfaﬄ, 2001 ), and are represented as mean fold-change ± SEM of
triplicate assays. The in vivo experiment was performed once. Graphpad
Prism 6 was used to determine statistical signiﬁcance by one-way
ANOVA and Kruskal-Wallis test.
2.6. Heterodimer formation study
Determination of heterodimerization was achieved by generating
recombinant lGpB5-His 6 and lGpA2-Flag with independent expression
promoters in one plasmid (pPIC9K; Invitrogen, Carlsbad, CA) based on
Yu et al. (2010). Lamprey GpA2-Flag and GpB5-His 6 sequences were
synthesized and codon optimized for Pichia pastoris by GeneWiz (South
Plainﬁeld, NJ), independently cloned into the yeast expression vector
pPIC9K, and transformed into TOP10 competent cells (Invitrogen,
Carlsbad, CA) (Sower et al., 2015). GpA2-Flag-pPIC9K pDNA was ampliﬁed by PCR with pPIC9K_XbaI_F2 and R2 primers (Table 1), resulting
in the lGpA2 expression cassette (XbaI-AOX 5′-αMF-GpA2-Flag-AOX1
3′-XbaI). This PCR product was column puriﬁed (GeneJet; Thermo
Scientiﬁc, Waltham, MA) and digested in parallel with lGpB5-His 6pPIC9K pDNA with 10U XbaI (Promega, Madison, WI). Digested products (50 ng each) were ligated together with T4 ligase (NEB, Ipswitch,
MA), and transformed into TOP10 competent cells. Successful transformants were determined by colony PCR (OneTaq Hot Start; NEB,
Ipswitch, MA) with AOX5′ and AOX3′ primers (Table 1), resulting in
expected 800 (lGpA2) and 900 (lGpB5) bp bands. Each band was
carefully excised, gel-puriﬁed with a QIAEX II gel extraction kit
(QIAGEN, Hilden, Germany), and sequenced (Euro ﬁns Genomics,
Louisville, KY) with the αMF primer (Table 1) to validate the cassette
sequence. The heterodimeric expression construct lGpB5His /
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lGpA2Flag – pPIC9K was transformed into Pichia pastoris GS115, and
the recombinant protein was produced as previously described (Sower
et al., 2015). In addition to the heterodimeric expression construct,
lGpA2-His 6-pPIC9K and lGpB5-His 6-pPIC9K were produced as individual monomers by the same methodology.
Two 1L cultures of lGpB5His 6/lGpA2Flag – pPIC9K transformed P.
pastoris were grown in parallel and one of the cultures was subjected to
nickel-batch puriﬁcation (His tag pulldown [PD]) as previously described (Sower et al., 2015). The other culture was not subjected to a
His tag PD, but was concentrated using an Amicon stirred-cell through a
regenerated cellulose ultraﬁltration disk (76 mm, 5 kDa NWCO; Millipore, Billerica, MA). All samples were dialyzed twice over 48 h against
0.1 M PBS in 6–8 kDa NWCO tubing (SpectrumLabs, Rancho Dominguez, CA).
Samples were deglycosylated by 500U PNGase F (NEB, Ipswich,
MA), boiled in sample buﬀer (4X orange protein sample loading buﬀer;
LiCor, Lincoln, NE), separated by reducing SDS-PAGE (15%/5%), and
transferred to a nitrocellulose membrane. The membrane was blocked
overnight at 4 °C in 3% BSA/TBST, then it was cut into three pieces, and
each piece was incubated with diﬀering primary antibody complexes,
which were rabbit-anti-His/mouse-anti-FLAG, rabbit-anti lGpA2/
mouse-anti-FLAG, or rabbit-anti lGpB5/mouse-anti-FLAG. References
for production of rabbit-anti lGpA2 and lGpB5 are in Marquis et al.,
(2017). Speciﬁcally, primary antibodies (M2 mouse-anti-Flag (Sigma
Aldrich, St. Louis, MO) and either rabbit-anti-His (Genscript, Piscataway, NJ), rabbit-anti-lGpB5 (Cocalico, Stevens, PA), or rabbit-antilGpA2 (Cocalico) in 3% BSA/TBST [1:4000]) were applied for 1 h.
Biotin conjugated goat-anti-rabbit IgG (1:20,000; Thermo Fisher, Waltham, MA) secondary antibody, targeted against rabbit primary antibodies, was diluted in 3% BSA/TBST and applied for 1 hr, followed by a
45 min co-incubation with [1:20,000] goat-anti-mouse IgG IRDye
800cw and streptavidin-IRDye 680RD (LiCor, Lincoln, NE) in TBST. The
membrane was visualized on an Odyssey infrared imaging system
(LiCor, Lincoln, NE).
2.7. Generation of tethered recombinant glycoprotein hormones
Tethered recombinant lamprey thyrostimulin (tl-thyrostimulin),
lamprey GpH (t-lGpH), carp LH and FSH, and tilapia LH and FSH were
generated as previously described (Aizen et al., 2007; Hollander-Cohen
et al., 2017; Kasuto and Levavi-Sivan, 2005; Sower et al., 2015). Brieﬂy,
synthetic fusion gene products (5′ lGpB5-His 6-GS3-lGpA2 3′ for tlthyrostimulin and 5′ lGpHβ-His 6-GS3-lGpA2 3′ for t-lGpH) were codon
optimized for P. pastoris, cloned into the pPIC9K expression vector, and
transfected into the methylotropic yeast, Pichia pastoris (GS115). Cultures were fed methanol every 24 h for three days in order to induce the
production of the recombinant proteins. Then the media was harvested
and subjected to Ni 2+ batch puriﬁcation (QIAgen). Ni 2+ bound protein
was washed, eluted with 250 mM imidazole, and dialyzed twice overnight against 0.1 M PBS. Protein concentration was determined by
spectrophotometry and veriﬁed by western blot as described in Section
2.6 of this report.
2.8. Receptor activation assays
Activation of lGpH-R I and lGpH-R II by recombinant lamprey glycoprotein hormones was determined by cAMP enzymeimmunoassay
(EIA). COS-7 cells were transfected with 1 μg of lGpH-R I-pcDNA3.1 or
lGpH-R II-pcDNA3.1 plasmid DNA (GenBank accession numbers
AY750688 and AAW80619, respectively) under control of the CMV
promoter using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA).
The next day, cells were replated into 96 well plates at a density of
4 × 10 5 cells/ml and allowed to grow overnight in 10% FBS/DMEM.
The cells were then starved overnight by replacing the media with
serum-free DMEM. Afterwards cells were stimulated for 6 h with
100 μl/well of t-lGpH or tl-thyrostimulin (5 pg/ml to 93 μg/ml), then

sequence.

The

heterodimeric

expression

construct

lGpB5His 6/

100 μl/well of t-lGpH or tl-thyrostimulin (5 pg/ml to 93 μg/ml), then
19

K.N. Hausken et al.

lysed according to the Amersham cAMP Biotrak EIA manufacturer’s
protocol (non-acetylated determination of intracellular cAMP; GE
Healthcare, Little Chalfont, United Kingdom), and frozen at −20 °C
overnight. The next day, the EIA was carried out according to the
manufacturer’s protocol. Percent of bound to free antibody was calculated and the concentrations of unknown cAMP were interpolated in
Graphpad Prism 6, where data was corrected to the baseline (0 ng/ml
treatment) and plotted as a sigmoidal dose-response curve. The data are
represented as the mean fold-change over baseline ± SEM for one representative experiment. This experiment was repeated two times.
We used functional expression analysis with COS-7 cells to evaluate
the response, binding selectivity, and signal transduction pathways of
lGpH-R I and lGpH-R II to recombinant carp and tilapia LH and FSH.
Transient transfection, cell procedures and stimulation protocols were
generally according to Sower et al., 2015. Brieﬂy, COS-7 cells were
grown in DMEM supplemented with 10% FBS, 1% glutamine, 100 U/ml
penicillin, and 100 mg/ml streptomycin (Biological Industries) under
5% CO 2 until conﬂuent. Co-transfection of either lGpH-R I-pcDNA3.1 or
lGpH-R II-pcDNA3.1 (3 μg/plate), a CRE-Luciferase reporter plasmid
(3 μg/plate), and pCMV-β-galactosidase (1 μg/plate) was carried out
with TransIT®-LT1 Transfection Reagent (Mirus). The cells were serum
starved for 18 h, stimulated with vehicle or various concentrations of
recombinant LH or FSH. The concentrations of carp and tilapia LH and
FSH used were from 0.5 pg/ml to 4 μg/ml. Six hours after stimulation,
the cells were harvested and analyzed. Lysates prepared from the harvested cells were assayed for both luciferase activity and β-galactosidase activity, which was used as an internal standard to normalize the
luciferase activity. Transfection experiments were performed in triplicate.
3. Results
3.1. Cloning, synteny, and phylogenetic analysis of lGpB5
The full-length cDNA of lGpB5 encodes a 174 amino acid protein
with a putative 42 amino acid signal peptide (Fig. 1A). Amino acid
alignment of lGpB5 with protostome, invertebrate deuterostome, and
vertebrate GpB5 sequences shows that lGpB5 has ten cysteine residues
and one glycosylation site that are conserved with other vertebrate
GpB5 sequences (Fig. 1B).
The genomic region harboring the lamprey GpB5 gene further emphasizes that it shares a common ancestral origin with gnathostome
GpB5 (Fig. 2). The neighborhood of lamprey GpB5 in the genomic assembly shows similarity with GpB5-gene harboring areas of humans
and other animals (Dos Santos et al., 2011). Released while this
manuscript was in review, the ﬁrst assembly of the sea lamprey
germline genome (Smith et al., 2018), which surpasses the existing
Sanger-based somatic assembly, builds the case for further shared ancestry. This is indicated by several additional gene family members
(ACTN1,ATL1, SLC8A3, TRIM9, FERMT2, SPTB, and a retinol dehydrogenase) that are in the same neighborhood in the lamprey scaﬀold
00029 and human chromosome 14. Similarly, in chicken and zebra ﬁsh
most of those genes are in the same regions of chromosome 5 and 13,
respectively. While the additional analysis bolsters for support that the
region shares an evolutionary origin, there is evidence of altered arrangements of the genes along the respective chromosomes, presumably due to extensive local duplication events and gene losses since
the last shared ancestor. Thus, these additional genes are not strict 1:1
syntenic matches.
Our phylogenetic analysis places two monophyletic lGpB5 sequences into a clade with other vertebrate GpB5 paralogs (Fig. 3 ). The
data we present in this report (GpB5 1) is for the sequence originally
identiﬁed by Dos Santos et al. (2009) . The primers and probes in this
report and others (Marquis et al., 2017; Sower et al., 2015) were targeted through exon boundaries. Additionally, we have identiﬁed the
nucleotide sequence of a second lamprey GpB5 (GpB5 2) that has 54%
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identity with lGpB5 1, however we have not cloned or investigated it.
Our current analysis also identiﬁed two additional lGpHβ sequences
(lGpHβ 2 and lGpHβ 3) in addition to the previously reported lGpHβ 1
(Sower et al., 2006). Exhaustive molecular and functional experiments
do not support transcription of these additional sequences (GpB5 2,
lGpHβ 2 and lGpHβ3), and so we propose that they are pseudogenes.
3.2. lGpB5 and lGpA2 tissue distribution in three lamprey life stages
Tissue distributions of lGpA2 and lGpB5 were determined in larval,
parasitic, and adult lampreys by RT-PCR (Fig. 4A, B, C). Except in the
larval stage, lGpB5 was expressed across diﬀerent tissues. Both lGpA2
and lGpB5 mRNAs were detected in the brain and pituitary, as well as in
the gonad of parasitic and adult males and females, suggesting co-expression of both subunits. Larval lampreys did not show detectable
lGpB5 transcripts in the brain or pituitary. Co-expression of lGpA2 and
lGpB5 was also observed in the larval endostyle, liver, and eyes; male
and female parasitic thyroid, intestine and eyes; and adult male and
female muscle.
3.3. Biological activity of lamprey GnRH on the expression of lGpA2 and
lGpB5
Sexually mature, adult female lampreys were injected with 100 μg/
kg lGnRH-I, -II, -III, or TRH to determine if pituitary expression of
lGpA2, lGpB5, and lGpHβ was induced by these hypothalamic releasing
hormones. Transcript expression relative to EF1α was measured by RTqPCR (Fig. 5). We observed that lGnRH-III signiﬁcantly increased the
expression of lGpA2 (p ≤ 0.05) and lGpB5 (p ≤ 0.05) by 3-fold, and
lGpHβ by 4-fold (p ≤ 0.001). Additionally, lGnRH-I signiﬁcantly increased the expression of lGpHβ by 3-fold (p ≤ 0.01), consistent with
our previous reports (Sower et al., 2015; Sower et al., 2006). TRH had
no eﬀect on the expression of any of the subunits.
3.4. Heterodimeric and tethered GpH production
The ability for lGpB5 and lGpA2 to form a heterodimer was demonstrated by the expression of FLAG-tagged lGpA2 and His-tagged
lGpB5 under independent promoters in Pichia pastoris. A recombinant
expression vector with independent promoters bearing FLAG-tagged
lGpA2 (rlGpA2-Flag) and His-tagged lGpB5 (rlGpB5-His) under each
promoter was generated. Cultures of P. pastoris transfected with this
vector underwent either a nickel pulldown (PD) puriﬁcation or concentration of the conditioned media (CM). After protein separation
through SDS-PAGE and western blot analysis, rlGpA2-Flag (green) at
∼12 kDa and rlGpB5-His (red) at ∼14 kDa were both detected in the
conditioned media (CM) and the nickel pulldown (PD) samples. The
presence of both lGpA2 and lGpB5 monomers in the PD sample indicates heterodimerization of these two subunits (Fig. 6, left). To conﬁrm the identity of the monomers, expression of monomeric His-tagged
lGpA2 was detected in a western blot using a lGpA2 speciﬁ c antiserum
(Fig. 6, center) revealing a ∼12 kDa band, which corresponds to green
Flag-tagged GpA2 in the PD and CM samples. Similarly, expression of
monomeric His-tagged lGpB5 detected with a speci ﬁc lGpB5 antiserum
(Fig. 6, right) revealed two bands at ∼12 kDa and ∼14 kDa. PNGase F
is visible at 36 kDa.
3.5. Receptor activation assays
The concentration of cAMP produced through activation of lGpH-R I
(Fig. 7A) and lGpH-R II (Fig. 7B) by recombinant lamprey GpHs was
determined by enzymeimmunoassay (EIA). Graded concentrations of
recombinant l-thyrostimulin (TSN) stimulated a cAMP response from
lGpH-R I and lGpH-R II with an EC 50 of 1.88 ng/ml and 1.18 ng/ml,
respectively. Recombinant lGpH activated lGpH-R I with an EC 50 of
49 pg/ml.

nucleotide sequence of a second lamprey GpB5 (GpB5 2) that has 54%

49 pg/ml.
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Fig. 1. Lamprey GpB5 sequence and comparison with other bilaterian GpB5 sequences. A: lGpB5 full-length cDNA and deduced amino acid sequences. The putative
signal peptide is underlined with grey letters, and the conserved N-glycosylation motif is highlighted by a green box. B: alignment of mature GpB5 sequences (signal
peptide removed) of mouse (Mus musculus, NP_783575.2), chicken (Gallus gallus , XP_015143387.1), turtle (Pelodiscus sinensis, XP_006110823), frog (Xenopus laevis,
XP_017952316.1), zebraﬁsh (Danio rerio, NP_001159810), sea lamprey (Petromyzon marinus, CAR95358.1), amphioxus (Branchiostoma lanceolatum, CAR94631.1),
sea urchin (Strongylocentrotus purpuratus, NP_001268683.1), and ﬂy (Drosophila melanogaster, NM_001110864.2). Conserved cysteine residues are highlighted in
yellow, and the conserved potential N-glycosylation site is marked with a green and blue box.

Activation of lGpH-R I and lGpH-R II by heterologous, recombinant
tilapia and carp LH and FSH was demonstrated by indirect measurement of cAMP via CRE-luciferase activity. Recombinant carp and tilapia
LH both activated lGpH-R I with an EC 50 = 14.3 ng/ml and
EC 50 = 1.45 ng/ml, respectively (Fig. 8A) and lGpH-R II with an
EC 50 = 54.8 ng/ml and EC 50 = 123 ng/ml, respectively (Fig. 8C). Additionally, both lGpH-R I (Fig. 8B) and lGpH-R II (Fig. 8D) were activated by recombinant carp (EC 50 = 165 ng/ml for lGpH-R I and
EC 50 = 132 ng/ml for lGpH-R II) and tilapia FSH (EC 50 = 0.23 ng/ml
for lGpH-R I and EC 50 = 1.96 ng/ml for lGpH-R II).
4. Discussion
We report the cloning and characterization of a novel sea lamprey
pituitary glycoprotein hormone, l-thyrostimulin, which consists of
lGpA2 (Sower et al., 2015) and lGpB5 subunits. The full-length, 522 bp
cDNA of lGpB5 encodes a 174-amino acid protein with ten disulﬁde
cysteine residues and one N-glycosylation site that are conserved with
other vertebrate GpB5 sequences. We show that lGpA2 and lGpB5 are

co-expressed in the pituitary of parasitic and adult lampreys. Pituitary
RNA expression of lGpA2 and lGpB5 was signiﬁ cantly increased in
sexually mature, adult female lampreys in response to intraperitoneal
injections of hypothalamic lGnRH-III. Additionally, tethered recombinant l-thyrostimulin and tethered recombinant lGpH stimulated a
cAMP response in COS7 cells transfected with lGpH-R I and lGpH-R II.
The phylogenetic and synteny analyses presented here support the
ancestry of lamprey GpB5 to the vertebrate beta subunit clades. These
data provide evidence for the existence of a new functional pituitary
glycoprotein hormone in the sea lamprey, l-thyrostimulin, which may
participate in the regulation of overlapping hypothalamic-pituitarygonadal/thyroidal (HPG/T) axes.
Lamprey GpB5 is a 174-amino acid protein containing one conserved, vertebrate-only N-glycosylation site, which is absent in any
invertebrate GpB5 sequences. Dos Santos et al. performed in silico
searches of metazoan GpB5 sequences and identiﬁed the sequence of
the ﬁrst exon and putative second exon of lGpB5 from the lamprey
genome trace archives, but this was not conﬁrmed by cloning or sequencing (Dos Santos et al., 2009). In this report, we have cloned and

quencing (Dos Santos et al., 2009). In this report, we have cloned and

other vertebrate GpB5 sequences. We show that lGpA2 and lGpB5 are
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Fig. 2. Shared synteny of glycoprotein hormone gpb5 genes. The genes nearby
to gpb5 in the lamprey genome were compared to those in other vertebrates.
Gene loci organization in the genomic regions was obtained from comparing
data from the lamprey genome assembly (Smith et al., 2013), Genomicus (Louis
et al., 2013; Louis et al., 2015), Ensembl Genome Browser (http://www.
ensembl.org), and the UCSC Genome Browser (http://genome.ucsc.edu/). The
orientation of each chromosome (chr.) and scaﬀold (sf.) is indicated with line
arrows. A pointed box represents the orientation of each gene.

conﬁrmed the full-length coding sequence of lGpB5. Amino acid
alignment of lGpB5 with vertebrate and invertebrate GpB5 sequences
shows ten conserved cysteine residues that participate in the conserved
structural core-knot typical of all GpHs, and in heterodimer association.
In the current study, lGpA2 and lGpB5 were shown to form a heterodimer. However, the mechanism of heterodimerization is not
known. Typically, LHβ, FSHβ, and TSHβ subunits form heterodimers
with the GpH α subunit to produce biologically active GpHs. The Cterminal portion of the beta subunit (the seatbelt) is generally latched
to loop 1 by a disulﬁde bridge, generating a hole that facilitates the
threading of the alpha subunit (Xing et al., 2004). It has been questioned whether the subunits of thyrostimulin, GpA2 and GpB5, can
form a heterodimer because GpB5 presents a C-terminal truncation in
its sequence that does not exist in LHβ, FSHβ, TSHβ, and CGβ (Alvarez
et al., 2009; Tando and Kubokawa, 2009a,b). Previously, mammal and
ﬂy GpA2 and GpB5 were shown to heterodimerize by yeast two-hybrid
(Nakabayashi et al., 2002) and immunoblotting/immunoprecipitation
(Nagasaki et al., 2006; Nakabayashi et al., 2002; Okada et al., 2006;
Okajima et al., 2008; Sudo et al., 2005; Sun et al., 2010). GpB5 and
salmon FSH have similar disulﬁde bond arrangements due to the conservation of only 10 cysteine residues (Xing et al., 2004). Salmon FSHβ
has been shown to latch the seatbelt to an N-terminal cysteine residue
after subunit association in a wrap-around fashion, suggestive of a
functional GpA2/ GpB5 heterodimer (Xing et al., 2004 ). Two assumptions could be made of GpH subunits that associate by the wrap-around
mechanism: a) if the seatbelt were latched prior to subunit association it
would reduce the amount of observable heterodimers, and b) once
subunits were associated they would be less susceptible to dissociation.
In support of the ﬁ rst point, observed heterodimerization of hGpA2 and
hGpB5 was 45% less than that of hTSH (Okajima et al., 2008). In
support of the second point, a mutagenic hCG (salmon FSH seatbelt and
latch site) that was forced to heterodimerize by the wrap-around mechanism took 14 h at pH 2 to dissociate by 85%, whereas 100% of
native hCG dissociated within 30 min (Xing et al., 2004). Given the
permissive GpH/GpH-R interactions in certain teleost species, FSH association could have been driven to reduce cross-reactivity between LH-
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R and FSH-R (Xing et al., 2004). In spite of the C-terminal truncation of
GpB5, we have shown that lGpA2 and lGpB5 form a heterodimer. The
mechanism of GpB5 heterodimerization compared to other GpHs may
play a role in its function, however this still requires extensive investigation.
In this report, recombinant l-thyrostimulin was shown to activate
both lGpH-R I and lGpH-R II. Additionally, we conﬁrmed that recombinant lGpH activates lGpH-R I, and not lGpH-R II. These data
support a functional, dual GpH/GpH-R system in lampreys that may be
representative of a more primitive system derived from extinct vertebrate ancestors compared to later evolved gnathostomes (Freamat and
Sower, 2008a). Previous studies have shown that a tethered, chimeric
GpH comprised of lGpHβ and the alpha subunit of hCG stimulated
cAMP production of lGpH-R I and II by ∼ 25% and ∼5% over basal,
respectively, in transiently transfected COS7 cells (Freamat and Sower,
2008a). In 2015, when the lamprey alpha subunit (GpA2) was identiﬁed, a tethered recombinant lGpH was shown to activate only lGpH-R I
(Sower et al., 2015). We have demonstrated that stimulation with
lamprey and piscine recombinant tethered GpHs resulted in ∼0.5 to 2fold activation of lGpH-R I and/or lGpH-R II. Heterologous expression
of both individual subunits of GpHs in P. pastoris tend to give more
robust biological responses than heterologous expression of tethered
recombinant GpHs (Kasuto and Levavi-Sivan, 2005; Yu et al., 2010).
The activities of tethered recombinant GpHs are dependent on correct
protein folding, length and composition of linker segments, and glycosylation patterns. Our data show that both lamprey GpH-Rs are
functional, however kinetic binding assays with each of the two puriﬁed native lamprey GpHs from lamprey pituitaries are still necessary to
determine speciﬁc binding interactions between these hormones and
the lGpH-Rs.
As vertebrates evolved, a greater speci ﬁcity of GpHs for their receptors was proposed to be favored (Moyle et al., 1994). Since the
structural and functional divergence of GpHs and GpH-Rs coincided
with the diversiﬁcation of gnathostomes, it is likely that the ancestral
receptor(s) displayed ﬂexible binding preferences (Freamat and Sower,
2008a). A cognate receptor for thyrostimulin has not been identiﬁed in
vertebrates. Whether one of the lGpH-Rs can be considered a cognate
receptor for thyrostimulin is not known from our studies. All glycoprotein hormone receptors belong to the type A leucine rich repeat Gprotein coupled receptors (LGR-A) family, which diversiﬁed in the
vertebrates. In ﬂ ies (Sudo et al., 2005) and amphioxus (Dong et al.,
2013) a single LGR-A has been identiﬁed. Drosophila (D)LGR-1 was
speciﬁcally activated by thyrostimulin, whereas DLGR-2 was identi ﬁed
as a bursicon receptor (LGR-B) (Sudo et al., 2005). This is suggestive
that the only GpH/GpH-R pair in invertebrates is thyrostimulin/LGR-A.
Thyrostimulin was initially found to exclusively bind to hTSHR and not
FSH-R or LH-R (Nakabayashi et al., 2002). TSH has one high-aﬃnity
binding site on hTSH-R, whereas thyrostimulin has two (Okada et al.,
2006). At the shared binding site, thyrostimulin was a potent competitor for 125I-TSH binding, whereas unlabeled TSH did not compete for
125
I-thyrostimulin binding (Okada et al., 2006). These data suggest the
retention of ancestral activation determinants between thyrostimulin
and an ancestral-type TSH-R. A signature of all TSH-Rs is an extended
signal speciﬁcity domain that contains a cleavable peptide not found in
LH-R or FSH-R (Kleinau et al., 2013). Sea lampreys have only two
glycoprotein hormone receptors, lGpH-R I and lGpH-R II. The signal
speciﬁcity domain of lGpH-R II, but not lGpH-R I, aligns with the extended cleavable peptide of hTSH-R (Freamat and Sower, 2008b;
Kleinau et al., 2013). However, sequence analyses revealed that both
lGpH-R I and II share extensive structural characteristics with both
gonadotropin and thyrotropin receptors (Freamat et al., 2006; Freamat
and Sower, 2008a, b). The activation of lGpH-Rs by carp and tilapia LH
and FSH lend support that GpH/GpH-R have less speciﬁc interactions
during early vertebrate evolution. Speciﬁc interactions of each gnathostome GpH (TSH, LH, and FSH) with its respective receptor increase
during co-evolution of the ligand/receptor pair (Sower, in press).

sociation could have been driven to reduce cross-reactivity between LH-

during co-evolution of the ligand/receptor pair (Sower, in press).
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Fig. 3. The phylogenetic relationships of GpH alpha and beta subunits in representative invertebrate and vertebrate species with completed whole genome sequences. Two sequences of lGpB5 group with the vertebrate GpB5 clade. Superscript numbers refer to diﬀerent genome locations of the sequences, and italicized
names are proposed pseudogenes. Genomic databases and additional details are described in Table S1.
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Fig. 5. In vivo expression of lGpA2, lGpB5, and lGpH β transcripts in response to
injections with 100 μg/kg ﬁsh lGnRH-I, -II, -III, or TRH. Gene expression was
measured relative to EF1α by RT-qPCR. Data are represented as mean foldchange ± SEM for each treatment (* p ≤ 0.05).
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Fig. 4. Tissue expression of lGpA2 and lGpB5 in A: larval (all female), B: male
and female parasitic phase, and C: male and female adult lampreys. Total RNA
from brain, eye, gonad, heart, intestine, kidney, liver, muscle, pituitary, skin,
and thyroid tissues from three larval, 2 male or 2 female parasitic-phase, and 1
male or 1 female adult lampreys were extracted and reverse transcribed. Firststrand cDNAs were ampli ﬁed by PCR using gene speciﬁc primers. EF1α was
used as an internal control. The ﬁgure shows the results of 3–4 experiments.

Further studies are necessary to determine if one of the lGpH-Rs interacts solely and speciﬁcally with thyrostimulin.
Co-expression of GpA2 and GpB5 is required for heterodimerization.
In our current and previous studies, we have shown co-expression of
GpA2 and GpB5 in lamprey pituitary (Marquis et al., 2017). Additionally, the expression of GpA2 and GpB5 RNAs in our studies, as
well as the expression of these subunits in other vertebrates, are
widespread in many other tissues (Dos Santos et al., 2009; Hsu et al.,
2002; Nagasaki et al., 2006; Nakabayashi et al., 2002; Okada et al.,
2006; Tando and Kubokawa, 2009a,b). This widespread tissue distribution obscures the biological roles of thyrostimulin. Whether these
subunits form a heterodimer in these other tissues is unknown. Analysis
of the tissue expression pattern by RT-PCR in each lamprey life stage
showed wide, sexually dimorphic tissue distribution patterns for lGpA2
and lGpB5. Previously, expression of lGpH-R I and lGpH-R II was shown

His FLAG

A2 FLAG

B5 FLAG

Fig. 6. Formation of a lGpA2/lGpB5 heterodimer by nickel pulldown of recombinant subunits. An expression construct (pPIC9K) with independent promotors for lGpA2-Flag (green) and lGpB5-His6 (red) was transfected into Pichia
pastoris and batch puriﬁed by nickel pulldown (PD) or concentrated by an
Amicon ﬁltration unit (CM). After deglycosylation with PNGase F and SDSPAGE, the nitrocellulose membrane was cut down the two ladders, and each
piece was subjected to diﬀerent antibody complexes, indicated in the ﬁgure
above each piece. PNGase F is visible at 36 kDa. Left: Deglycosylated lGpA2Flag and lGpB5-His are detected by anti-His and anti- ﬂag antibodies before
(CM) and after (PD) nickel puriﬁcation, indicating that lGpA2-Flag was noncovalently bound to lGpB5-His. Middle: Deglycosylated, monomeric lGpA2-His,
but not lGpB5-His, was detected by antiserum generated against lGpA2 and
migrated to ∼12 kDa. Right: Deglycosylated, monomeric lGpB5-His, but not
lGpA2-His, was detected by antiserum against lGpB5, and migrated to ∼12 and
∼14 kDa.

in a variety of tissues in adult lampreys (Freamat et al., 2006; Freamat
and Sower, 2008a). GpH-Rs tend to show wider tissue distribution in
earlier diverged vertebrates than in mammals (Costagliola et al., 2005;
Oba et al., 2001; Vischer and Bogerd, 2003). The ﬂuctuations and
adaptations of early vertebrate genomes might suggest that less stringent transcriptional control of GpH and GpH-R genes is responsible for
wide distribution of tissue expression (Freamat et al., 2006; Freamat
and Sower, 2008a).
The functional role of thyrostimulin has not been established in
vertebrates or invertebrates. Although thyrostimulin induced an increase in serum thyroxine levels in rats, the authors of this study
hesitated to state its role in the HPT axis and proposed a paracrine
function (Nakabayashi et al., 2002 ). The similarity in phenotypes of the
GpB5 knockout and wildtype mice supports the notion for a paracrine
role of thyrostimulin (Macdonald et al., 2005; Okada et al., 2006).
Several roles have been suggested for thyrostimulin, including

Several roles have been suggested for thyrostimulin, including
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Fig. 7. Activation of lGpH-R I and lGpH-R II by recombinant tethered lGpH and
l-thyrostimulin. Graded concentrations of r-lGpH (red) and rl-thyrostimulin
(green) were used in a functional expression analysis to evaluate the response,
binding selectivity, and signal transduction of lGpH-R I (A) and lGpH-R II (B) in
transiently transfected Cos7 cells. Recombinant l-thyrostimulin activated both
lGpH-R I and II with an EC50 of 1.87 ng/ml and 1.18 ng/ml, respectively.
Lamprey GpH activated only lGpH-R I with an EC50 of 49 ng/ml. The assay was
performed twice, and representative data are presented as mean ± SEM
(n = 3).

development (Dos Santos et al., 2009), ion transport (Paluzzi et al.,
2014), ovarian regulation (Sun et al., 2010), cancer (Huang et al.,
2016), bone growth (Bassett et al., 2015), inﬂammation (Suzuki et al.,
2007), and immunity (van Zeijl et al., 2011). In vertebrates, GpA2 and
GpB5 expression have been identiﬁed in many tissues besides the
thyroid (Hsu et al., 2002; Lantz et al., 2007; Nagasaki et al., 2006;
Nakabayashi et al., 2002; Okada et al., 2006; Sun et al., 2010). Extrathyroidal expression of TSH-R could facilitate a multitude of biological
cascades by endocrine or paracrine mechanisms (Nakabayashi et al.,
2002; Williams, 2011). Our activation data supports a role for thyrostimulin in the HPG or HPT axes in lampreys, however more extensive
biological and functional assays need to be performed to conﬁrm this
hypothesis. There are several studies where function or expression has
been determined for thyrostimulin, however far too few have investigated both function and expression together. Narrowing this data
gap should clarify the wide tissue distribution of GpA2 and GpB5 and
how expression is related to function.
The identiﬁcation of thyrostimulin introduced major insight into the
evolution of the GpH family in invertebrates and vertebrates (Sudo
et al., 2005). The subunits of thyrostimulin, GpA2 and GpB5, are considered ancestral alpha and beta subunits that gave rise to the vertebrate GpH family after local duplications and one (1R) or two (2R)

rounds of whole genome duplication (Nakabayashi et al., 2002; Sudo
et al., 2005). These duplication events gave rise to the GpH subunits
seen in gnathostomes, although the timing of 1R and/or 2R relative to
vertebrate evolution is still not clear (Smith and Keinath, 2015; Smith
et al., 2013). Our phylogenetic data agree with the previous analyses of
the GpH subunits (Heyland et al., 2012; Maugars et al., 2014; Roch and
Sherwood, 2014; Sower et al., 2015; Sower et al., 2006). Lamprey
GpHβ was shown to form an outgroup to LHβ, FSHβ, and TSHβ, each of
which fall into distinct clades that are paralogous to the vertebrate
GpB5 clade. Syntenic and phylogenetic analyses of GpH genes in extant
gnathostomes support a second round of duplications that gave rise to
modern LHβ, FSHβ, TSHβ, and TSHβ 2, (Buechi and Bridgham, 2017;
Dos Santos et al., 2011; Maugars et al., 2014). This second TSHβ is
present in cartilaginous and early lobe-ﬁnned ﬁsh and was most likely
lost in the tetrapod lineage, supporting the scenario that a duplication
event resulted in GpB5, GpA2, GtHβ, and TSHβ in early vertebrates
(Buechi and Bridgham, 2017; Dos Santos et al., 2011; Maugars et al.,
2014). While hagﬁ sh have the typical GpHα, it has been lost in the
lamprey lineage; lampreys only have GpA2. However, GpA2 has not yet
been identiﬁed in hagﬁsh (Sower et al., 2015; Uchida et al., 2013). Both
lamprey and hagﬁsh have ancestral-type GpHβ subunits that are removed from the LHβ, FSHβ, and TSHβ clades (Sower et al., 2006;
Uchida et al., 2013). There is no evidence of TSH in lampreys, which
suggests that it may have been lost in the lamprey lineage in this
evolutionary scenario. These data strongly suggest that lamprey GpA2,
GpHβ, and GpB5 are ancestral-type forms of the vertebrate glycoprotein
hormone subunit family.
Lampreys are the earliest evolved extant vertebrates to have a hypothalamic-pituitary (HP) axis (Sower et al., 2009). The role of the HPG
axis in reproduction has been well characterized in lampreys, whereas
central coordination of metabolism via the HPT axis has not received as
much attention (Sower and Hausken, 2017). Unlike gnathostomes that
have one or two hypothalamic GnRHs, lampreys have three unique
GnRH molecules (lGnRH-I, -II, -III) that diﬀuse to the pars distalis of the
pituitary and stimulate the secretion of GpHs through three receptors
(lGnRH-R-1, -2, -3), ultimately regulating steroidogenesis and gametogenesis (reviewed in Sower, 2015). By injecting lGnRH-I, -II, -III, or
TRH into sexually mature, adult female sea lampreys, we observed that
lGpA2, lGpB5, and lGpHβ expression was signiﬁcantly increased over
controls in response to GnRH-III stimulation, consistent with the results
of our previous in vivo (Sower et al., 2006) and in vitro (Sower et al.,
2015) studies. We did not observe any eﬀect of TRH on GpA2 or GpB5
expression, consistent with a report in rats (Nagasaki et al., 2006). In
lampreys, TRH has not been sequenced, however immunological evidence supports its existence (Del Carmen De Andres et al., 2002;
Youngs et al., 1985). Although TRH increases pituitary TSH secretion in
birds, reptiles, and amphibians, there is increasing evidence that corticotropin releasing hormone (CRH) may be the principal regulator of
TSH synthesis in these non-mammalian vertebrates ( De Groef et al.,
2006). CRH was recently identiﬁed in lampreys, however further investigation into CRH expression and function will be required to understand its role(s) (Endsin et al., 2017). There is also a need for further
investigations of the functions and structures of other neurohormones
that may inﬂuence GpH subunit expression and function in lampreys. A
more complete characterization of these neuroendocrine hormones is
required to better understand the evolution and function of the lamprey
HPG and HPT axes.
In summary, the results of this study provide further evidence for
the existence of two functional pituitary GpHs in lampreys. Lamprey
thyrostimulin and lGpH may be representative of the ancestral structure-function relationships that led to the evolution of the highly specialized gnathostome GpHs: FSH, LH, and TSH (Fig. 9). The HPG axis is
largely conserved in lampreys, however in many ways it is considered
more primitive than that of the jawed vertebrates. Our data provide
support for the hypothesis that lampreys have functionally overlapping
HPG and HPT axes due to being in an intermediate stage of pituitary

brate GpH family after local duplications and one (1R) or two (2R)

HPG and HPT axes due to being in an intermediate stage of pituitary
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Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.ygcen.2018.04.010 .
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Fig. 9. Venn diagram of pituitary glycoprotein hormone subunits in lampreys
and gnathostomes. All jawed vertebrates have three classic pituitary glycoprotein hormones, LH, FSH, and TSH, as well as thyrostimulin. Lampreys only
have lGpH and l-thyrostimulin.

development in vertebrate evolution (Sower, 2015; Sower et al., 2015;
Sower et al., 2009). Further studies are required to understand the
highly complex network of these neuroendocrine signaling pathways
and their control over reproductive and metabolic processes in lampreys in order to gain an understanding of the evolution of these systems.
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