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Abstract

In this study, we describe the use of a STAT5 responsive element (LHRE) reporter gene to monitor the activity of the
growth hormone (GH) transduction pathway following expression of heterologous fish GH and rat STAT5b in tilapia
embryos and fish fibroblast cells. Our results indicate that both GH and STAT5b are able to activate the LHRE at high
levels when transferred separately, demonstrating the substantial level of conservation of the GH signal transduction
pathways between fish and mammals. Unexpectedly, co-expression experiments show a strong inhibition of the
GH-dependent activation, suggesting that simultaneous GH and STAT5b overexpression can counteract effects of

GH expression in tilapia embryos.
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Introduction

Growth is the result of complex molecular interac-
tions in which growth hormone plays a major role in all ver-
tebrates. Although the physiological effects of GH result
from transcriptional regulation by several signalling path-
ways, the most direct involves the JAK/STAT signalling
pathway (Moutoussamy et al., 1998). Fish GH receptor
(GHR) cDNAs have been recently cloned and encode pro-
teins of approximately 600 amino acids (Calduch-Giner et
al., 2001; Lee et al., 2001). The GHR signal transduction
follows a pattern shared amongst the receptors of the class I
cytokine receptor superfamily. Briefly, the interaction of
the hormone with the receptors induces receptor homodi-
merisation which in turn activates the GHR-associated Ja-
nus Kinase 2 (JAK2). The subsequent phosphorylation of
the receptor tyrosines allows the recruitment of a class of
highly related cytoplasmic proteins called signal transduc-
ers and activators of transcription or STATs. The GHR-
bound STATs are themselves phosphorylated by JAK2.
Once phosphorylated, the cytoplasmic STATs form
dimers, translocate into the nucleus where they bind to a
palindromic DNA motif present in STAT inducible gene
promoters and activate the transcription of target genes
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(Kopchick and Andry, 2000; Takeda and Akira, 2000). GH
activates STAT1, STAT3 and STATS (Moutoussamy et
al., 1998). In mammals, GH responsive elements have been
identified within several gene promoters and some of them
have been investigated using reporter genes (Sotiropoulos
etal., 1996; Liu et al., 1997; Storz et al., 1999; von Laue et
al., 2000; Ehret et al., 2001).

In fish, growth enhancement has been achieved by
transgenic overexpression of GH in several lines, while no
enhancement has been observed in others, including a recent
report of lack of growth enhancement in genetically selected
strains of trout (Du et al., 1992; Devlin et al., 1994; de la
Fuente ef al., 1999; Rahman and Maclean, 1999; Devlin et
al., 2001). Additionally, better growth enhancement has
been obtained with relatively low levels of circulating GH
(de la Fuente et al., 1999). Even though several genes from
the JAK/STAT signal transduction pathway have been iden-
tified in fish (Rycyzyn et al., 1998; Baudler et al., 1999;
Oates et al., 1999a, 1999b; Leu et al., 2000), little is known
about fish GH signal transduction pathways and just recently
the GH receptor itself has been cloned in this group of verte-
brates (Calduch-Giner et al., 2001; Lee ef al., 2001).

In the present study, we describe the use of LHRE
(lactogenic hormone responsive element), a STATS re-
sponsive element (Sotiropoulos et al., 1996) spliced to a lu-
ciferase reporter gene, to monitor the activation of the
JAK/STAT signalling pathway in response to heterologous
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GH and STATS5b overexpression in fish embryos. To ex-
amine this question we have used vectors expressing the
marine silverside (Odontesthes argentinensis) fish GH and
the rat STATSb. We show that the GH and the STATSb are
able to induce the expression of a luciferase gene under
control of a STATS5 responsive element both in fish
fibroblasts and tilapia embryos. Moreover, we show that
the overexpression of both GH and STATS5b inhibits the ex-
pression of the LHRE element.

Materials and Methods

Plasmids

pP3PA-cBActin/lacZ (hereafter referred to as pcfA/
lacZ) consists of the lacZ gene under the control of the carp
B-actin promoter and pCMV/STAT5b-GFP expresses a
STATSb-GFP fusion protein under the control of the cyto-
megalovirus promoter (Alam et al., 1996; Herrington et al.,
1999). pLHRE-TK/luc and pTK/luc consist of the luciferase
gene under the control of the thymidine kinase minimal pro-
moter with and without a six times repeat of the lactogenic re-
sponsive element respectively (Sotiropoulos ef al., 1996). The
pcPA/msGH was constructed by replacing the lacZ sequence
of pcfA/lacZ by a Ncol/EcoRI fragment containing the cDNA
of the growth hormone gene of the marine silverside fish
(Genbank/EMBL accession number AF236091). The inser-
tion was confirmed by sequencing. The vector pP3PA-
cBAcin/GFP was constructed as the pcBA/msGH but the
c¢DNA coding for the green fluorescent protein was used in-
stead of the msGH (S. Brooks, unpublished).

Cell culture and transfections

The BF-2 cell line (Bluegill sunfish fibroblasts, Ref.
87032603, ECACC, Bath, UK) were cultured in L-15 me-
dium, supplemented with 10% foetal calf serum (ICN),
2 mM glutamine (Sigma) and antibiotic/antimycotic solu-
tion (Sigma) at 26 °C without CO,. For transient trans-
fection 300,000 cells per well (12-well plates) were seeded
and incubated overnight. Transfections were performed at
approximately 60% confluence using FuGENE 6 trans-
fection reagent (Roche Molecular Biochemicals, UK).
Prior to transfection, the cells were washed to remove the
serum. For the transfection, 400 UL of medium without se-
rum plus 100 puL of DNA-FuGENE 6 mixture were added
to each well in all experiments. The total amount of DNA
transfected per well was always 1 pg. Cells were incubated
for 24 h at 26 °C without CO, and then analysed for lucifer-
ase expression.

The dose response experiment was carried out by
transfecting increasing quantities of the pcBA/msGH con-
struct (0 to 200 ng) together with the pLHRE-TK/luc re-
porter construct (330 ng), and pcfA/lacZ (330 ng). The
transfections were completed with the pcBA/GFP construct
to keep the amount of transfected DNA (1 pg) constant. In
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order to confirm GH secretion into the medium, we also re-
covered, centrifuged and filtered the supernatant of BF-2
cells previously transfected with pcBA/msGH and utilised
this to replace the medium of cells transfected without
pcBA/msGH. In a second set of experiments, in order to
verify the effect of the heterologous STATSb gene expres-
sion on the JAK/STAT signalling pathway in fish fibroblast
cells, 100 ng of the vector expressing the rat STATSb
(pCMV/STATS5b-GFP) were co-transfected with pLHRE-
TK/luc and pcPA/lacZ, with or without pcfA/msGH
(100 ng). For all these tests, control experiments with the
pTK/luc instead of the pPLHRE-TK/luc were carried out un-
der the same conditions. Every transfection experiment was
performed at least three times in triplicate.

Tilapia egg microinjections

Transgenic tilapias were generated by co-injecting
3x10° copies of GH expression vector (pcPA/msGH) and
either pLHRE-TK/luc or pTK/luc into the cytoplasm of
one-cell stage fertilised eggs. A second experiment was
carried out using STATSb expressing vector instead of the
GH expressing vector. Groups of embryos were injected
with either pLHRE-TK/Iuc or pTK/luc and used as con-
trols. Total DNA injected was kept at 10° copies using
pcBA/GPF whenever necessary. A total number of 562 em-
bryos were reared until hatching and immediately frozen in
liquid nitrogen and stored at -70 °C until the luciferase as-
say.

Luciferase and B-Galactosidase assay

The Luciferase Assay System (Promega, UK) was
used to analyse both cells and tilapia embryos. Briefly, 24 h
after transfection or 4 h after the change of medium, the
cells were washed twice with PBS and lysed in 600 UL of
the 1X Cell Culture Lysis solution. 20 uL of the lysate was
transferred into scintillation vials and counted after addi-
tion of 100uL luciferin solution. The samples were mea-
sured in a liquid scintillation counter (LKB-Wallac).
Frozen tilapia embryos were thawed at room temperature
and homogenised in 300uL of 1X Cell Culture Lysis solu-
tion and 100uL of the lysate was used for counting.

B-Galactosidase assays were performed as described
in Rahman et al. (2000). After normalisation of the Iucifer-
ase activity by the B-Galactosidase activity in each well,
data are presented as the mean fold-induction + S.E. Cell
culture data were analysed using t-test, while the data for
embryo were analysed using the Mann-Whitney U-test.

Results and Discussion

Activation of the LHRE by msGH overexpression

The new vector pcBA/msGH was tested by
co-transfection experiments in fish fibroblast cells with the
pLHRE-TK/luc reporter construct. As expected, increasing
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quantities of the GH expressing construct pcBA/msGH led
to increased expression of the pPLHRE-TK/luc in the BF-2
cells, while none of the pcBA/msGH concentrations tested
affected the luciferase induction of the control pTK/luc
vector (Figure 1a). A basal activity of STATS is likely to be
present in BF-2 cells since luciferase expression was found
to be higher in cells transfected with the LHRE reporter
construct alone when compared to cells transfected with the
pTK/luc (Figure 1b). The luciferase activity of the
pLHRE-TK/luc increased steadily with transfected concen-
tration of the pcBA/msGH construct up to a maximum of
13.5 fold induction. Further addition of the GH expressing
construct reduced the LHRE-TK promoter induction there-
after. The bell-shaped activation curve suggests that, in fish
as in mammals, STATSb induction is dependent on
dimerisation of the GH receptor (Ilondo et al., 1994). To
demonstrate the secretion of the msGH, cells were
transfected without msGH but exposed for 4 h to the
supernatant from cells transfected with pcBA/msGH (0 to
200 ng DNA). This supernatant was indeed able to signifi-
cantly induce luciferase expression to levels up to 70% of
the pcBA/msGH transfected cell, (p < 0.05, t-test, data not
shown). This expression cannot be explained by leftover
DNA/FuGENE 6 mixture in the supernatant since 4 h is not
sufficient to observe any transfection in BF-2 cells (data not
shown).

We next injected the pcBA/msGH construct together
with the pLHRE-TK/luc into one-cell stage tilapia eggs. As
shown in Figure 2, our results demonstrate a highly signifi-
cant increase of luciferase induction (10.3-fold) in a group
of fish co-injected with pcBA/msGH and pLHRE-TK/luc
when compared to the control group (p < 0.001,
Mann-Whitney U-test). Again, no significant induction of
luciferase expression was observed in embryos injected
with the pTK/luc vector. These observations are in agree-
ment with the data obtained from ex vivo experiments and
prove that the marine silverside GH driven by the
carpP-actin promoter (pcBA/msGH) is able to induce the
GH signalling pathway to high levels both in fish fibroblast
cells and in tilapia embryos.

Activation of the LHRE by rat STAT5b

Overexpression of STATSb induces a slight but sig-
nificant increase in luciferase expression in LHRE-TK/luc
transfected cells (1.4-fold induction, p <0.05, t-test, Figure
3a). The overexpression of STATSb in fish embryos pro-
duced a highly significant 10-fold induction of luciferase
over the control batches of injected embryos (p < 0.001,
Mann-Whitney U-test, Figure 3b). This high level of induc-
tion observed in tilapia embryos suggests that rat STAT5b
is activated by endogenous fish growth factors and is fully
functional in fish. To the best of our knowledge, this is the
first demonstration that a mammalian STATSb is func-
tional in a teleost. Taken together with the results on activa-
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tion of the JAK/STAT signal transduction pathway in
mammalian cells by the tilapia prolactin receptor (Sohm et
al., 1998) or the zebrafish STATI1 (Oates et al., 1999b),
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Figure 1 - a) Luciferase expression induced by increasing quantities of the
GH expressing vector (pcfA/msGH) in fish fibroblast cells co-transfected
with a reporter vector with or without STATS responsive element
(pLHRE-TK/luc or pTK/luc, respectively). Fold-induction corresponds to
the ratio of the mean luciferase activity obtained at each point by the mean
luciferase activity derived from the experiment where the appropriate re-
porter vector was transfected alone. b) Basal activity of pPLHRE-TK/luc
and pTK/luc in absence of hormone. The asterisks indicate the level of sig-
nificant difference with the corresponding reporter vector transfected
alone: * =p <0.05, ** =p <0.01, t-test, n = 3.
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Figure 2 - Luciferase expression induced by the GH expressing vector in
tilapia embryos. Control: pLHRE-TK/luc or pTK/luc vector injected
alone. GH: pcBA/msGH was co-injected either with the pLHRE-TK/luc
vector or the pTK/luc vector. Fold induction, see Figure 1. The asterisk in-
dicates a significant difference with the group which was injected with the
corresponding reporter vector alone: * =p <0.001, Mann-Whitney U-test,
n=32to 78.
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Figure 3 - Luciferase expression induced by the STATSb expressing vec-
tor in fish fibroblast cells (a) and in tilapia embryos (b). Control: pPLHRE-
TK/luc or pTK/luc vector transfected alone. STATSb: pPCMV/STATSb
co-transfected with the pLHRE-TK/Iuc vector or the pTK/luc vector. The
fold induction and asterisks are defined as in Figure 1. * = p < 0.05, t-test,
n=3,**=p<0.001, Mann-Whitney U-test.

these results indicate that JAK/STAT transduction path-
ways are remarkably similar in fish and in mammals, al-
though we know now that the overall homology between
teleost GHRs and GHRs of other species is in fact rather
low (=40 % in aa identity; Calduch-Giner et al., 2001; Lee
etal.,2001).

Co-expression of msGH and STAT5b

When the pcfA/msGH and pCMV/STAT5b-GFP
constructs were co-transfected in BF-2 cells an induction of
2.4-fold over the pLHRE-TK/luc control (p < 0.01, t-test)
and 1.8-fold over STATSb alone was observed, (p < 0.05,
t-test), but there was a 5-fold inhibition of luciferase ex-
pression (p < 0.005, t-test) when compared to the msGH
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transfected cells (Figure 4a). These results are in contrast to
the observations made in mammalian fibroblasts where GH
and STATS5a were found to act synergistically (von Laue et
al., 2000). Interestingly, tilapia embryos co-injected with
both GH and STATS5b expression vectors demonstrate an
even stronger inhibition (=20x) of the LHRE-TK/luc ex-
pression when compared to the pcBA/msGH injected em-
bryos (p < 0.001, Figure 4b). In mammals, STAT5a/b
interact and are regulated by several growth factors and
hormones that can down regulate their signalling (Y oshi-
mura, 1998; Favre-Young et al., 2000; von Laue et al.,
2000). However, the most likely candidates for the down
regulation of STATS5b signalling in the presence of GH are
the suppressors of cytokine signalling or SOCS proteins
which have been shown to regulate the signal transduction
of GH receptors (Adams et al., 1998; Favre et al., 1999).
Moreover, in mice, STATS is implicated in the
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Figure 4 - Co-expression effects of the pcBA/msGH and pCMV/STAT5b
constructs on the LHRE reporter gene in fibroblast cells (a) and fish em-
bryos (b). Control: pLHRE-TK/Iuc or pTK/luc vector expressed alone.
pcBA/msGH (GH) or pCMV/STAT5b (STAT5b) were expressed either
with the pLHRE-TK/luc vector or the pTK/luc vector. GH+STATSb:
co-expression of both pcBA/msGH and pCMV/STATSb with the reporter
genes. Asterisks represent the level of significant difference of each ex-
pressing vector over pLHRE-TK/Iuc, while stars indicate the level of sig-
nificant difference of GH+STATSb over pcBA/msGH. a) * = p < 0.01,
t-test, n =3, ¥* =p < 0,05, t-test, n =3, %%k %k =p<0.005, t-test, n=3. b)
* ** and %% = p < 0.001, Mann-Whitney U-test, n = 32 to 78.
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GH-dependent transcription of SOCS-3, which in turn in-
hibits GH ability to induce the transcription of the Spi 2.1
promoter (Adams et al., 1998). Our results clearly show
that the overexpression of STATS5b can counteract effects
of GH overexpression in fish, but the precise mechanism of
this down regulation of STATS responsive elements by
overexpressed-STATSb remains to be clarified.

This down regulation of the GH signalling could have
important consequence in fish. Recently, Devlin and col-
laborators have shown that in fast growing selected strains
of trout, growth hormone overexpression frequently did not
improve growth and could even have deleterious effects on
the health of the fish (Devlin ef al., 2001). It is likely that
genetic selection may act to increase plasma GH levels but
may also modify GH signal transduction pathways. In re-
gard to our results, it is probable that GH-dependent
STATS signal transduction pathways are at least partially
responsible for the deleterious effects of GH overexpres-
sion observed in genetically selected fish.

At a time when increasing concern regarding trans-
genesis is being expressed, a proper understanding of the
GH transduction pathway in fish is needed. The production
of fish lineages carrying reporter gene constructs from the
best characterised mammalian transduction signal path-
ways could already bring more understanding of GH trans-
duction signal in fish. STAT responsive elements seem
good candidates to start with and would allow further in-
vestigations of GH, prolactin and cytokines transduction
signal pathways in vivo in teleosts.
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