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Abstract

Objective: Inhibition of GH signaling has been associated with increased
longevity and cancer resistance. As the fetal estrogen estetrol was also linked to
longevity and cancer resistance, we hypothesized that these effects of estetrol
are mediated by inhibition of GH activity.

Design: The CNMm-6TR mammary cell line, stably transfected with
doxycycline (DOX)-inducible GHR (CNMm-cGHR cells), HEK293 cell line
transfected with rtGHR and the human T47D cell line were used to assess effects
of estetrol on GH signal transduction. Proliferation was measured using the
colorimetric 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide assay
(MTT). Spi-luciferase reporter activity, responsive to phosphorylated Stat5, was

used to assess GH signaling. GHR mRNA expression was normalized to a
reference gene.

Results: Treatment of CNMm-cGHR cells with GH resulted in decreased
proliferation rates. No effect was seen by the co-inhibition with estetrol. Using
the spi-luc reporter activity, it was shown that GH activates the GHR/Jak2/
Stat5 pathway. Estetrol partially inhibited this activation. In the HEK-rGHR cells,
estetrol was able to inhibit the GH induced activation of the spi-luc reporter, but
only in the presence of an ERa expression plasmid. Effects of estetrol on the
expression of GHR mRNA was assessed in T47D cells, a cell-line expressing
ER, PR and GHR under natural promoters. After incubation with estetrol, a
mean 4-fold inhibition of GHR mRNA expression was observed.

Conclusion: Using different cell systems, it was shown that estetrol is able
to inhibit GH signaling, a process dependent on the presence of the Estrogen
Receptor (ER). Estetrol may therefore be used to inhibit GH-induced effects on
breast cancer proliferation.
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Progesterone effects on the local release of GH in the dog are
mediated by binding to the Progesterone Receptor A (PR-A) isoform
as the Progesterone Receptor B (PR-B) isoform in the dog lacks
overall transcriptional activity due to mutations in the AF3 domain
[9]. Also in humans, overexpression of the PR-A isoform is related to
more aggressive carcinomas making the dog a valid model for human
breast cancer [7,8,10].

Introduction

About 75% of human breast cancers are hormone receptor
positive (Estrogen Receptor (ER), and Progesterone Receptor (PR)).
Combined treatment of women with estrogens and progestin’s results
in a significant increased incidence of human breast cancer [1],
whereas estrogen only decreases the incidence of [2,3] and mortality

[4] due to breast cancer.
Besides the stimulated production and release of GH by

progesterone, also the GH receptor (GHR) plays an essential role in
human and canine recruitment of mammary stem cells and thereby
stimulates both tumor regrowth and metastasis [7,8]. Inhibition of
GH signaling is associated with increased longevity and decreased
tumor formation [11-13], most outspoken seen in Laron dwarfism.
It is therefore both in terms of healthy aging and prevention of
tumorigenesis of interest to find compounds that inhibit GH signaling

Progesterone is a major stimulating factor in the pathogenesis of
canine mammary carcinoma, resulting in increased local mammary
expression of Growth Hormone (GH) mRNA [5,6]. The locally
produced GH within the mammary gland under the influence of
progesterone, is responsible for the expansions of canine mammary
stem and progenitor cells when the mammary gland grows during
puberty, pregnancy and lactation and also in the menstrual cycle

when progesterone levels are higher [7]. In the human, during many
menstrual cycles, development of mammary gland is affected by
repeated exposure to progesterone and GH and this can eventually
lead to an expanded progenitor cell population. Progenitor cells,
being more proliferative, have a higher risk for transformation
through oncogenic hits [8].

[13].

According to the so-called ‘estrogen paradox’ estrogens may
both stimulate and inhibit breast cancer growth [14]. They may
also modulate the GH axis [15]. Estrogens modulate GH Receptor
(GHR) expression and activity in the liver [16] when administered
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Table 1: Primers used for PCR amplifications.

orally. This results in decreased GH signal transduction in the liver by
enhanced expression of suppressor of cytokine signaling 2 (SOCS2),
an inhibitor of Janus kinase 2 (Jak2) activity, but in an increased
expression of GHR.

Estetrol (E4), a natural human estrogen that is synthesized
exclusively by the fetal liver during pregnancy, has recently been
linked to longevity and cancer resistance [17]. We therefore
hypothesize that E4 may function as an inhibitor of GH signaling
within the mammary gland thereby protecting against breast cancer
development or reducing its proliferative character.

Materials and Methods

Cell lines

Canine mammary cell lines used in this study were described
previously [18-20] as was the generation of CNMm-6TR cell line
[9]. The CNMm-6TR cells do not express a functional progesterone
receptor but are positive for ERa. The cells were cultured on
DMEM:F12 (Invitrogen, The Netherlands) supplemented with
10 % FBS (FBS Gold, PAA). For generation of CNMm-6TR cell
line with doxycycline (DOX)-inducible canine GHR (CNMm-
cGHR), full length coding region of cGHR was amplified from
a c¢cDNA pool of various canine mammary cell lines (using
primer Fw 5-ATGGATCTCTGGCAGCTGCTGTT-3' and Rv
5'-GAAAGGCTACGGCATGATTTTGTT-3") and cloned into
pcDNA-4TO vector. CNMm-6TR cell line was subsequently
transfected with pcDNA-4TO-cGHR using Lipofectamine 2000
(Invitrogen) and stably transfected cells were selected using DMEMEF:
12 supplemented with 10% tetracycline negative (Tet-free) FBS

Gene Forward Reversed
GH 5-CTGCTGCTCATCCAGTCGT-3' 5-CAGGTCCTTGAGCTTCTCGT-3’
GHR (qRT-PCR) 5-GCGCATCCCAGAGTCTACA-3’ 5-ACCATGACGAACCCCATCT-3
GHR (full length) 5-TATGGATCTCTGGCAGCTGCTGTT-3' 5'-GAAAGGCTACGGCATGATTTTGTT-3'
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Figure 1: Expression of GHR mRNA in a panel of canine mammary tumor by gPCR (a) or Western blot (b). The reporter Spi-luciferase construct is
cell lines (a), PCR for full length GHR (b), and fold activation of spi-luc activated only in CNMm-cGHR cells, although already some activation is
reporter activity in cell lines after incubation with GH (c), and after transient seen without doxycycline (-) (c), and in Tet-free FBS (d). — indicates no DOX;
transfection with an rGHR construct (d). + indicates DOX treatment.

(PAA), 3ug/mL blasticidin (Invitrogen) and 400ug/MI zeocin
(Invitrogen). The HEK-rGHR cell line was a generous gift of Prof Ger
Strous (UMCU, University of Utrecht, The Netherlands) [21]. The
human T47D cell line was obtained from Prof Carol Sartorius [22].

Transfections and luciferase assays

Transfections for luciferase assays were performed as described
before [9] using 0.8ug Spi-luc reporter plasmid [23] that is responsive
to phosphorylated Stat5. In case of co-transfection of canine cells
with rabbit GHR (rGHR), cells were transfected with 10ng pcDNA3-
rGHR (gift from Prof. Ger Strous). HEK-rGHR cells were co-
transfected with 0.8ug pCLneo-cERa (Canine ESRI1, GenScript,
Piscataway, USA). Cells were left to recover for 24h in serum free
medium, following by a treatment with 1ug/mL porcine GH (Dr. A.F.
Parlow, NHPP, USA). All transfection experiments were performed
using three replicate samples and each experiment was independently
repeated [2-4] times.

RNA isolation and (quantitative) RT-PCR

RNA isolation, cDNA synthesis and (quantitative) PCR were
performed as described previously [9]. Information about the primers
used for (quantitative) RT-PCR is shown in (Table I). Relative
target gene expression was normalized to that of the reference gene
RPS19 using a delta Ct method [24], and relative induction of gene
expression was statistically tested using paired, two tailed Student’s t
test in Microsoft Office Excel.

Proliferation analysis (MTT)

Cell proliferation was determined using the colorimetric
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
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assay (MTT) (Sigma, The Netherlands). Cells were seeded in 96 well
plates at a density of 6,500 cells/100 ul and cultured in DMEM/F12
medium plus 5% Tet free charcoal stripped FBS. Cells were incubated
for 24h with medium alone (control) or in the presence of 10ug/mL
doxycycline, 1ug/mL GH or the combination. After 24h, 48h and 72h
20uL MTT was added in Hanks balanced salt solution and incubated
for another 2h at 37°C. Then medium was removed, and cells were
dissolved using 100uL. DMSO. Finally, the absorbance was measured
at 595nm and plotted against the concentration of E4 added to the
medium.

Protein isolation and western blot

To measure the effect of E2 and E4 on GH-activated GHR
phosphorylation cells were incubated with GH in the absence or
presence of 1 nM E2 or 100 nM E4. As controls cells were incubated
without GH, or with GH in the presence of 104M of the JAK-inhibitor
Apoquel (generous gift of Zoetis BV, Rotterdam, The Netherlands).

Protein isolation and western blotting was performed as
described previously [9]. All steps were carried out on ice. For the
isolation of total cellular protein cells were washed with HANK’s
balanced salt solution. Cell lysis was performed using RIPA (Lysis)
buffer consisting of phosphate buffered saline (pH 7.x), 1 % Igepal,
0.5% sodium deoxycholate (w/v), 0.1% SDS (v/v), 0.1lmg/mL PMSF,
15ug/mL Aprotinin, and 0.1mM sodium orthovanadate. Cells were
scraped with a scrubber and transferred to a cold Eppendorf tube
and incubated for 30 min by end-over-end rotation at 4'C. After
centrifugation in a cooled centrifuge (4°C) for 3 min at 1000 rpm
supernatants were pipetted carefully and stored for further use at
-20°C. Protein concentration was measured using the DC Protein
Assay (BioRad Laboratories) and bovine serum albumin (BSA) as the
standard.

For analysis of cGHR protein induction in CNMm-cGHR, cells
were seeded in 6-well plates (Primaria) at 400,000 cells/well 24h prior
to 24h treatment with 1ug/mL DOX (Sigma). Twenty ug of total cell
lysates was subjected to SDS-PAGE and analyzed by Western blot
using primary antibody against GHR (aGHR, gift from Prof. G.J.
Strous), anti-phosphotyrosine pY (Millipore 05-231, clone 4G10)
or Pan actin (NeoMarkers/ Labvision, UK) and the secondary goat
anti rabbit or goat anti mouse HRP-conjugated antibody (HAF008
or HAF007, respectively, R&D Systems). HRP was visualized using
AdvanceTM Enhanced chemiluminescence (ECL, Amersham,
GE Healthcare) and analyzed using GelDoc2000 (BioRad, The
Netherlands).

Results

Assessment of GH and GHR expression in canine

mammary tumor cell lines

We initially screened a panel of canine mammary tumor cell
lines for the expression of GH and GHR mRNA. All of canine
mammary tumor cell lines had undetectable levels of GH mRNA
(data not shown). Assessment of GHR mRNA expression showed
differential levels of the transcript across the cell lines. A relatively
high expression of GHR mRNA was detected in CHMp, CNMp and
CNMm cell lines (Figure 1a).

Alternative transcripts of canine GHR have previously been
reported [25] and resulted from different alternative processing of
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Figure 3: Proliferation of canine CNMm-cGHR cells. Cells were incubated
for 24h (A), 72h (B), or 144h (C) with medium (Ctrl), 1 nM E2, 100 nM E4 or
the combination of E2 and E4 in the absence or presence of 1 pg/mL GH.
Cells were incubated in medium containing 10% Tet-free FBS (open bars) or
charcoal treated FBS devoid of steroids and growth factors (gray bars). (D)
Spi-luc reporter gene activity. Incubation with 1pg/mL GH clearly stimulated
Spi-luc activity which was partially inhibited using co-incubation with E2, E4
or the combination E2/E4.
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Figure 4: Spi-luc activity of HEK293-rGHR cells was greatly stimulated by
incubation with 1pug/mL GH, whereas no effect was seen of co-incubation
of GH with 1nM E2, 100 nM E4 or the combination (A) unless cells were
transiently transfected using a canine ERa expression plasmid (B). In the
presence of ERa almost complete inhibition of reporter activity was seen.
Western blot analysis (C) of the effect of E2, E4 or the combination on the
protein expression of the GHR or GHR phosphorylation (pY) in HEK293 cells
after stimulation with GH. Medium without GH is taken as control, inhibition of
GHR phosphorylation is done by incubation with the JAK1/2 inhibitor Apoquel
(AQ). Actin (Act) expression is taken as loading control.

internal exons 6-9. Primers used to quantify GHR transcript amplify
region of exon 2 and 3 and are therefore unable to discriminate
between different GHR transcripts. To check for expression of
alternative GHR transcripts, PCR was performed using primers
that should amplify the whole coding region of GHR. Only the full-
length transcript of 1924 bp was detected in the analyzed cell lines
implying that the overall majority of transcripts are full length (Figure
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Figure 5: Effects of 1nM E2, 100 nM E4 or the combination on the expression
of GHR mRNA in T47D cells. Both estrogens inhibited the relative expression
of the GHR mRNA in comparison to the expression of reference gene Rps19.

1b). Nonetheless, we were unable to detect the expression of GHR
protein in the whole cell lysates of the cell lines (data not shown).
To alternatively test for the expression of functional GHR protein,
cell lines were transiently transfected with Spi-luc reporter that
is responsive to phosphorylated Stat5 protein [23] and thereby to
activation of GHR. HEK cell line stably expressing rabbit GHR (HEK-
rGHR) responded to treatment with exogenous GH, while none of
the tested canine mammary cell lines showed enhanced Spi-luc
reporter activity (Figure 1¢c). Upon transient transfection with rGHR,
CNMp and CNMm cell lines were able to respond to GH treatment
(Figure 1d) implicating insufficient levels of endogenous functional
GHR protein in the regarding cell lines.

In order to generate a canine mammary cell line model responsive
to GH, the CNMm-6TR cell line was stably transfected with DOX-
inducible canine GHR (CNMm-cGHR). Induction of GHR mRNA
(Figure 2) and protein (Figure 2) was detectable and stable for a
period of 24 to 96 hours after doxycycline treatment, almost absent
in the non-transfected CNMm-6TR cells, and low before doxycycline
treatment. Moreover, upon induction of GHR, cells were responsive
to GH treatment as measured by Spi-luc reporter transactivation
(Figure 2). Of note, even in the absence of DOX treatment transfected
GHR was expressed at low levels (Figure 2c) left, sufficient to render
cells responsive to GH (Figure 2). Using Tet-free fetal bovine serum
the basal Spi-luc reporter activity was greatly reduced (Figure 2).

Effect of E4 on CNMm-cGHR cells

The effects of incubation of the CNMm-cGHR cells with the
estrogens E2, E4 or a combination of E2 and E4 in the absence or
presence of GH were investigated. Cell viability was measured using
a MTT assay (Figure 3). No effect was seen of doxycycline addition
on the proliferation rate (not shown) so all further experiments were
done in the presence of doxycycline to induce GHR expression.

The proliferation rate was much higher in the presence of 10%
untreated Tet-free FBS in comparison with the FBS that was stripped
using charcoal. No major differences were seen in the proliferation
rates, with a small increased proliferation after addition of E2 or
E4 only in the incubation with complete FBS. Treatment with GH
resulted in decreased proliferation rates after 144h incubation,
whereas addition of estrogens had either no effect (estrogens alone)
or showed some lifting of the GH-induced decreased proliferation
rates (E2/E4 combination).

Next the effect of estrogens were tested on GH-induced activation
of a Spi-luc reporter construct that is activated by phosphorylated

Stat5 protein. GH stimulated almost 4-fold the reporter activity
(Figure 3) that was partially inhibited by co-incubation with the
estrogens alone or in combination.

Effect of E4 on HEK cells transfected with rGHR

To demonstrate that the effects of estrogens on GH-induced
activation of the GHR-JAK2-Stat5 signal transduction cascade were
indeed mediated by the estrogen receptor, a HEK293 cell line stably
transfected with rGHR was used. These cells do not express the
estrogen receptor (ERa) endogenously. Incubation of these cells with
GH showed a great stimulation of the Spi-luc reporter activity upon
GH-treatment. Co-incubation with E2, E4 or the combination did
not affect the reporter activity (Figure 4). However, after transient co-
transfection with a canine ERa expression plasmid, almost complete
inhibition of reporter activity by both E2 and E4 was noticed (Figure
4).

The same HEK293 cell line that has high rGHR expression
was used to assess the effect on the stability of the GHR and the
phosphorylation of the GHR (Figure 4). Some decrease in GHR
content was seen especially after incubation in the presence of both
E2 and E4. Phosphorylation of the GHR was greatly enhanced by
GH stimulation, an effect that could be inhibited by using the JAK
inhibitor Apoquel (AQ). E2 and the combination of E2 and E4
showed partial inhibition of GHR phosphorylation (Figure 4). The
expression of the GHR mRNA in the HEK293-rGHR and CNMm-
cGHR, however, is under an artificial promoter, reason that nothing
can be said about effect on normal GHR expression. To study this
the human T47D mammary carcinoma cell line was used, which
expresses ER, PR and GHR.

Effect of E4 on T47D cells

In contrast to results reported in the literature we could not find
a stimulatory effect of E2 or GH on the proliferation of T47D cells,
neither after culture in complete 10% fetal calf serum, nor in charcoal
treated serum (not shown). Also no effect was seen by incubation
with E4 making this cell line less useful for the study of proliferation
effects. However, these cells do express ER, PR and the GHR under
natural promoters, and were used to see whether the estrogens have
an effect on GHR mRNA expression. A mean 4-fold inhibition of
GHR mRNA expression was found after incubation with E2, E4 or
the combination (Figure 5).

Discussion

Oncogenic potential of progesterone in the canine mammary
gland is suggested to involve induction of mammary GH expression.
This locally produced GH has a dual effect on mammary gland
proliferation exerted by the presence of GH receptor on mammary
stem cells and on cells in the stromal compartment [7]. With respect
to mammary stem cells, GH is thought to stimulate early recruitment
whereas in the stromal compartment GH induced IGF-I production
is involved in further clonal expansion and proliferation. Apart
from locally produced GH, having autocrine and paracrine working
mechanisms within the mammary gland, also systemic GH plays an
important role as endocrine stimulator of IGF-I production. Both GH
and IGF-I play important roles in longevity and tumor progression
[26]. Low plasma GH and IGF-I concentrations are associated
with enhanced longevity and reduced tumor formation making
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the mechanism of GH-signaling an important target in oncology
and healthy aging [13]. Estetrol (E4) has also been associated with
increased longevity and cancer resistance [17]. We therefore tested
in this study our hypothesis that the effects of E4 are mediated by
inhibition of GH-induced GHR activation.

Asno normal canine mammary cell lines were available to test this
model, a panel of canine mammary tumor cell lines was screened for
their activity and responsiveness of GH signaling. None of the tested
celllines expressed GH mRNA. This is a rather surprising observation,
regarding the fact that the majority of mammary tumor tissues were
shown to express GH [27]. Loss of GH expression upon generation
of cell line cultures has been previously observed even in case of
tumors with a high expression of GH (E. van Garderen, personal
communication). Similarly, all cell lines differentially expressed
GHR mRNA, but lacked the responsiveness to GH due to insufficient
levels of functional GHR protein. Additional attempts to detect
unprocessed GHR protein in whole cell lysates using biotinylated
human GH failed due to low affinity of human GH for canine GHR
protein (data not shown). Moreover, GHR expression and signaling
have previously been detected and studied in CMT-U335 cell line
[28]. We additionally tested the responsiveness of this cell line using
Spi-luc reporter and were unable to confirm previously published
results (data not shown). The discrepancy may come from the fact
that the previous study relied on immunocytochemical staining for
GHR and phosphorylation of Stat5a and Stat5b upon GH treatment
on western blot of immunoprecipitated Stat proteins using a general
antiphosphotyrosine antibody [28] whereas we used a Spi-luc
reporter.

To generate a canine mammary cell line responsive to GH
stimulation, CNMm tumor cell line was stably transfected with
DOX-inducible canine GHR. Using this cell line we tested whether
E4 can influence GH-signaling by measuring proliferation and
Spi-luc reporter activity. In contrast with the expected increase in
proliferation we did find a limited inhibition of cell proliferation in
these cells after GH-stimulation. The estrogenic compounds E2 and
E4 alone or in combination showed no or a limited increase in cell
proliferation and partially reversed the surprisingly GH-induced
inhibition of cell proliferation. In the generated CNMm cell line
with inducible cGHR expression, combined DOX and GH treatment
did not stimulate IGF-1 expression (data not shown). In MCF-7
mammary carcinoma cells, it is shown that IGF-I greatly enhances
the proliferative effect of E2 [29,30]. We therefore assume that the
tested effects of GH in this study were only direct and related to
limited differentiation effects. Using the Spi-luciferase reporter,
sensitive to activated phosphorylated-Stat5, we do show that GH
activates the GHR/JAK2/Stat5 and that the estrogens partially inhibit
this activation.

Using the HEK-rGHR cells again, and more outspoken, the
estrogens inhibit the activation of the Spi-luc reporter, but only after
co-transfection with a canine ER-alpha expression plasmid, showing
that the inactivation of GH signaling by estrogens is totally dependent
on the presence of the ER. No differences were found with respect
to this between E2 and E4. Also no difference was found when both
compounds were used together. Obviously, with respect to GH
signaling, both estrogens show an identical working mechanism and
no indications were found that E4 would antagonize E2-induced

ER activity [31,32]. As we do not know whether our HEK293 cells
have membrane estrogen receptors from the nonappearance of an
effect in the absence of the nuclear ER-alpha no conclusions can
be drawn on possible divergent effects by other mechanisms [33].
Western blot analysis of GHR expression and phosphorylation in the
HEK293-rGHR cells point to a decreased stability of the GHR protein
and phosphorylation in the presence of E2 and E4, but by far not as
strong as inhibition by the JAK inhibitor Apoquel and needs further
consideration. In the CNMm-cGHR and HEK293-rGHR cell lines the
expression of the GHR is under an artificial promoter and therefore
GHR mRNA influences cannot be studied. However, preliminary
studies in T47D cells, expressing GHR under natural promoters, also
showed that GHR mRNA expression is negatively influenced by the
estrogens, indicating an additional inhibiting effect on GH signaling.

Both E2 and E4 appeared to be inhibitors of GH-signaling. As
low plasma GH and IGF-I concentrations are important regulators
of longevity and cancer resistance, inhibition of GH signaling will
be beneficial for healthy aging and decreased tumor formation. For
estrogens, this will only work in those cells that co-express both GHR
and ER. So far, no expression of ER has been shown in mammary
stem cells, but in luminal progenitor cells the highest copy numbers
of ER are found relative to unsorted cells or fully differentiated cells
[34], and may therefore present cells that can be sensitive to GHR
inhibition by estrogens. There is an ongoing discussion on the role
of estrogens in female reproductive cancers [35,36]. For breast
cancer treatment both anti-estrogens and estrogens can be effective
under specific circumstances [13]. The data from this study suggest
that the effect of estrogens may be mediated via inhibition of GH
signaling. Apart from its effect on breast cancer progression GH
excess is also related to a hypercoagulable state [37]. It needs to be
further investigated whether the protection from arterial and venous
thrombosis by E4 in mice [38] is also caused by inhibition of GH/
GHR signaling.
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