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Abstract

Human growth hormone (GH) binds and activates GH receptor (GHR) and prolactin (PRL)
receptor (PRLR). LNCaP human prostate cancer cells express only GHR. A soluble fragment of
IGF-1 receptor (IGF-1R) extracellular domain (sol IGF-1R) interacts with GHR and blocks GH
signaling. We now explore sol IGF-1R’s specificity for inhibiting GH signaling via GHR vs.
PRLR and test GHR and PRLR extracellular domain inhibition determinants. Although T47D
human breast cancer cells express GHR and PRLR, GH signaling is largely PRLR- mediated. In
T47D, sol IGF-1R inhibited neither GH- nor PRL-induced STATS5 activation. However, sol
IGF-1R inhibited GH-induced STATS5 activation in T47D-shPRLR cells, which harbor reduced
PRLR. In MIN6 mouse B-cells, bovine GH (bGH) activates mouse GHR, not PRLR, while human
GH activates mouse GHR and PRLR. In MING, sol IGF-1R inhibited bGH-induced STAT5
activation, but partially inhibited human GH-induced STAT5 activation. These findings suggest sol
IGF-1R’s inhibition is GHR-specific. Using a cellular reconstitution system, we compared effects
of sol IGF-1R on signaling through GHR, PRLR, or chimeras in which extracellular subdomains 2
(S2) of the receptors were swapped. Sol IGF-1R inhibited GH-induced STATS5 activation in GHR-
expressing, not PRLR-expressing cells, consistent with GHR specificity of sol IGF-1R.
Interestingly, we found that GHR S2 (which harbors the GHR-GHR dimer interface) was required,
but not sufficient for sol IGF-1R inhibition of GHR signaling. These results suggest sol IGF-1R
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specifically inhibits GH-induced GHR-mediated signaling, possibly through interaction with GHR
S1 and S2 domains. Our findings have implications for GH antagonist development.
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1. Introduction

Growth hormone (GH), a 22 kDa polypeptide hormone derived mostly from the anterior
pituitary gland, signals powerful anabolic and metabolic actions (Isaksson et al., 1985;
Waters et al., 2006; Moller and Jorgensen, 2009). Cell surface GH receptor (GHR) is a 620
residue transmembrane glycoprotein member of the cytokine receptor superfamily (Bazan,
1990; Huising et al., 2006; Waters and Brooks, 2011). GH binds to preformed GHR dimers
and induces a conformational change that results in the activation of GHR, the GHR-
associated tyrosine kinase, JAK2, and downstream signaling pathways, including the STAT5
pathway (Herrington and Carter-Su, 2001; Frank and Messina, 2002; Brooks et al., 2014;
Liu et al., 2014). Previous crystal structure analysis revealed a 1:2 GH:GHR stoichiometry
of the ligand-receptor complex and that the receptor dimerization interface resides on the
GHR extracellular domain (ECD) subdomain 2 (S2) (Ultsch et al., 1991).

Prolactin (PRL) signaling, which mainly impacts breast development and lactation (Goffin et
al., 2002), shares features with GH signaling, such as the utilization of JAK2/STAT5
pathway (Campbell et al., 1994; Rui et al., 1994; Huang et al., 2006). PRL receptor (PRLR)
also belongs to the cytokine receptor superfamily and has similarities with GHR in both
sequence and folded structure (Boutin et al., 1989). Similar to GHR, PRLR is predimerized,
mediated by the interface between S2 domains of the dimer partners (Broutin et al., 2010;
van Agthoven et al., 2010).

In humans, GH activates both GHR and PRLR, while PRL binds PRLR but not GHR. The
physiological significance of this interesting feature is incompletely understood, but might
be relevant for the diverse effects of GH in humans (Hughes and Friesen, 1985; Cunningham
etal., 1990; Somers et al., 1994; Fu et al., 1992). Development and characterization of novel
GHR-specific antagonist of GH signaling and actions might be of particular interest to allow
more precise therapeutic targeting approaches. One such example is our anti-GHRayt-mab, @
monoclonal antibody (mAb) whose epitope resides largely within the S2 domain of GHR.
Treatment with anti-GHRgx-map does not greatly affect GH binding, but inhibits the GH-
induced GHR conformational change(s) required for signaling (Jiang et al., 2004, 2011).

Type 1 insulin-like growth factor-1 receptor (IGF-1R) is cell surface tyrosine kinase receptor
that transduces IGF-1 signaling. IGF-1R exists as heterotetramer that consists of two a- and
two p-chains (Ullrich et al., 1986; LeRoith, 2000; Nakae et al., 2001). Interestingly, our
recent studies suggested that, in addition to binding IGF-1, IGF-1R functions as a
component of the GH signaling pathway in an IGF-1-independent fashion (Huang et al.,
2004a; Gan et al., 2010, 2013, 2014a). Further, we found that a soluble fragment of the
IGF-1R ECD (sol IGF-1R) that includes the L1-CR-L2 region of the a-chain interacts with
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GHR upon GH treatment and inhibits GH-induced signaling in multiple cell lines, including
mouse primary calvarial cells, mouse 3T3-F442A preadipocyte fibroblasts, and human
LNCaP prostate cancer cells (Gan et al., 20144, 2014b). In the current study, we use several
cell systems to examine the specificity of the inhibitory effect of sol IGF-1R. Comparison of
its effects on GH-induced signaling mediated by GHR vs. PRLR strongly suggests that sol
IGF-1R is a GHR-specific GH signaling inhibitor, competing with endogenous IGF-1R for
GHR interaction in a dominant-negative manner. We also explore the GHR ECD component
(s) required for sol IGF-1R’s action. Our results indicate both the S1 and S2 of GHR ECD
are required for sol IGF-1R to inhibit GH signaling.

2. Materials and methods

2.1.

Materials

Routine reagents were purchased from Sigma Aldrich Corp. (St. Louis, MO) unless
otherwise noted. Fetal bovine serum, gentamicin sulfate, penicillin, and streptomycin were
purchased from BioFluids (Rockville, MD). Recombinant hGH was kindly provided by Eli
Lilly & Co. (Indianapolis, IN). Bovine GH (bGH; lot number APF11182B) was kindly
provided by Dr. A. F. Parlow, Pituitary Hormones and Antisera Center, Harbor-UCLA
Medical Center (Torrance, CA) and the NIDDK, National Institutes of Health National
Hormone and Pituitary Program. Recombinant human PRL was obtained from the National
Hormone and Pituitary Program.

2.2. Antibodies

Polyclonal anti-pSTAT5 was purchased from Cell Signaling Technology, Inc. (Danvers,
MA\). Polyclonal anti-STAT5 was purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Monoclonal anti-phosphotyrosine (pY, 4G10) was purchased from Upstate
Biotechnology, Inc. (Lake Placid, NY). Polyclonal anti-pJAK2 antibody was purchased from
EMD Millipore (Darmstadt, Germany). Polyclonal anti-GHRcya .47 (referred to as anti-
GHR) against the intracellular domain of GHR (Jiang et al., 1998), polyclonal anti-
PRLRcytaL-g4 (referred to as anti-PRLR) against the intracellular domain of PRLR (Chen et
al., 2015), polyclonal anti-JAK24 33 (referred to as anti-JAK2) (Jiang et al., 1998),
monoclonal anti-GHRgyt-mab against the extracellular domain of GHR (Jiang et al., 2004,
2011; Alele et al., 1998; Kim et al., 1998; Zhang et al., 1999; Liu et al., 2017), monoclonal
anti-GHR¢yt-map against the intracellular domain of GHR (Zhang et al., 1999), and
monoclonal anti-PRLRgyt.map against the extracellular domain of the long form of human
PRLR (Liu et al., 2017) were described previously.

2.3. Cell culture and stable transfection

Human T47D breast cancer and human LNCaP prostate cancer cells were purchased from
American Type Culture Collection (Manassas, VA). T47D cells were cultured in RPMI 1640
medium, supplemented with 10% fetal bovine serum (FBS), 50 ug/ml gentamicin sulfate,
100 units/ml penicillin, and 100 ug/ml streptomycin. LNCaP cells were cultured in RPMI
1640 medium, supplemented with 10% FBS, 1.5 g/ liter sodium bicarbonate, 1.0 mm
sodium pyruvate, 50 pg/ml gentamicin sulfate, 100 U/ml penicillin, and 100 pg/ml
streptomycin.
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T47D-SCR and T47D-ShPRLR cells and their derivation and preparation have been
previously described (Plotnikov et al., 2009). The cells were cultured in DMEM/F12
medium, supplemented with 10% FBS, 50 pg/ml gentamicin sulfate, 100 U/ml penicillin,
and 100 pg/ml streptomycin and puromycin, as described (Plotnikov et al., 2009).

Mouse MING cells were cultured in DMEM with 4.5 g/liter glucose, supplemented with
10% FBS, 100 units/ml penicillin, 100 pg/ml streptomycin, and 50 pM B-mercaptoethanol.
Y2A-JAK?2 cells were generated by transfection of -y2A cells (Kohlhuber et al., 1997) (gift
from G. Stark, Cleveland Clinic, Cleveland, OH) with pcDNAS3.1 (+)/zeo-JAK2 and carried
in culture, as described previously (Loesch et al., 2006; Deng et al., 2007). The human GHR
complementary DNA (cDNA) in pcDNAL was a gift provided by R. Ross (University of
Sheffield, Sheffield, UK). The human PRLR cDNA in pEF/V5/HIS was a gift provided by
C. Clevenger (Virginia Commonwealth University, Richmond, VVA). Generation of the
plasmids encoding GHR, PRLR, GHR (PRLR-S2) (in which the PRLR-S2 replaces the
GHR-S2), and PRLR (GHR-S2) (in which the GHR-S2 replaces the PRLR-S2) has been
previously described (Liu et al., 2017). y2A-JAK2-GHR cells were generated by
cotransfection of -y2A-JAK2 cells with pcDNA3.1(+)/zeo-GHR and a hygromycin-encoding
plasmid at a weight ratio as 20:1, followed by hygromycin selection and single clone
amplification. y2A-JAK2-PRLR, y2A-JAK2-GHR(PRLR-S2), y2A-JAK2-PRLR(GHR-S2)
cells were made in the same fashion.

2.4. Adenovirus and lentivirus and conditioned medium preparation

Adenoviruses driving expression of human sol IGF-1R or control human sol IR were
amplified and purified, as previously described (Gan et al., 2014b). Details of the
preparation of the conditioned medium (CM) containing the sol IGF-1R and control sol IR
proteins have been described previously (Gan et al., 2014a). Briefly, HEK293 cells were
infected with the appropriate adenoviruses at 70%—-80% confluence. For each 10-cm? dish of
cells, complete medium was first replaced with 2 ml of serum-free medium, and each
adenovirus was added at 400 multiplicity of infection to the serum-free medium and
incubated at 37 °C for 1 h. At the end of incubation, 8 mL of complete medium was added
and the infected cells were incubated at 37 °C overnight. The medium was then replaced
with 10 mL of serum-free medium for 48 h. Supernatant (referred to as conditioned medium,
CM) was collected and clarified by centrifugation and used undiluted.

As an alternative method of CM generation, we employed doxycycline-controlled lentivirus-
driven expression of sol IGF-1R or sol IR in stable (HEK-293) cell lines. The respective
coding sequences were cloned into a lentiviral vector immediately downstream of the
tetracycline (Tet)-responsive element (TRE). The expression strategy further incorporated an
internal ribosomal entry site (IRES) and a contiguous downstream sequence comprising the
puromycin (puro), T2A, and enhanced green fluorescent protein (EGFP) open reading frame
(Hildebrandt et al., 2015; Go et al., 2015). The integrity of the recombinant vectors was
confirmed by nucleotide sequencing. Sol IGF-1R and sol IR were produced by expression in
293HEK cells. Briefly, vectors comprising the sol IGF-1R and sol IR sequences were
packaged, pseudotyped with vesicular stomatitis virus (VSV) G protein, and used to
transduce 293F cells (Invitrogen) that constitutively express the reverse Tet transactivator

Mol Cell Endocrinol. Author manuscript; available in PMC 2020 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 5

(rtTA), as we and others have described (Hildebrandt et al., 2015; Urlinger et al., 2000). The
vector transduced cells were enriched by incubation for 18 h in a DMEM/F12 culture
medium containing 1 pg/ml of doxycycline (Dox) and then for 7 days in a medium
supplemented with both Dox (0.5 pug/ml) and puro (25 pg/ ml). The selected cells were
adapted for growth in a serum-free suspension culture medium (CDM4HEK293TM,
Thermo) supplemented with 1% pluronic (Gibco); 1% Pen-Strep-Glutamine (Gibco); 1% L-
Glutamine(Gibco); and 0.1% Fungizong (Gibco). For the production of exogenous sol
IGF-1R and sol IR protein, the cells were expanded in suspension culture and treated with 1
pg/ml of Dox after reaching a volume of 250 ml and a density of 5 x 106 cells per ml. After
48 h of culture with Dox, the supernatants (conditioned media: CM) were separated from
cells by centrifugation, and cryostored at —80 °C. (We note that indistinguishable results
were obtained with CM derived by adenovirus and lentivirus-based expression systems.)

2.5. Cell starvation, cell stimulation, and protein extraction

2.6.

Serum starvation of cells was accomplished by substitution of 0.5% (w/v) bovine serum
albumin (fraction V: Roche Molecular Biochemicals, Indianapolis, IN) for fetal bovine
serum in the culture medium for 16—20 h prior to the experiments. Pretreatments and
stimulations were carried out at 37 °C in serum-free medium. Stimulations were terminated
by washing the cells once with ice-cold phosphate-buffered saline supplemented with 0.4
mM sodium orthovanadate. The cells were then harvested in lysis buffer (1% Triton X-100,
150 mM NaCL, 10% glycerol, 50 mM Tris-HCL, 100 mM NaF, 2 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 10 mM benzamidine, 5 pg/ml
aprotinin, and 5 pg/ml leupeptin. Cells were lysed for 30 min at 4 °C in lysis buffer before
centrifugation at 15, 000xg for 10 min at 4 °C. The protein concentration was determined
and equal amounts of protein extracts (supernatant) were subjected to immunoprecipitation
or were directly electrophoresed and immunoblotted as indicated.

Immunoprecipitation and Western blotting

For immunoprecipitation, 0.5-1 mg protein was incubated with antibody against JAK2 or
PRLR overnight at 4 °C. Protein A sepharose (fast flow, Pharmacia Biotech, Providence, RI)
was then added, and incubations continued for 1 h at 4 °C. The beads were washed five
times with lysis buffer. SDS Sample buffer eluates were resolved by SDS-PAGE under
reducing conditions in a similar fashion as were non-immunoprecipitated cell extracts.
Resolved proteins were transferred to nitrocellulose membranes (Amersham Biosciences,
Pittsburgh, PA), followed by blocking with 2% BSA. Western transfers were immunoblotted
with anti-pY (4G10) (1:2000), anti-pJAK2 (1:1000), anti-JAK2 33 (1:1000), anti-pSTAT5
(1:1000), anti-STATS (1:1000), anti-GHRcyt.aL-47 (1:1000), anti-PRLR¢yt-aL-g4 (1:1000)
antibodies.

3. Results

3.1

Effects of soluble IGF-1R on GH signaling in LNCaP and T47D cells

In our previous work, we have reported that a soluble fragment of IGF-1R extracellular
domain, sollIGF-1R, was able to inhibit GH-induced STAT5 phosphorylation in multiple cell
lines, such as mouse primary calvarial cells, mouse 3T3-F442A preadipocyte fibroblasts, as
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well as human LNCaP prostate cancer cells (Gan et al., 2014a, 2014b). The effect of soluble
IGF-IR on GH-induced STAT5 phosphorylation in LNCaP cells is demonstrated in Fig. 1A.
Serum-starved LNCaP cells were preincubated with the CM containing either soluble
IGF-1R (sol IGF-1R; lane 1 and 2) or soluble insulin receptor (sol IR; lane 3 and 4) or
serum-free medium as control (lane 5 and 6). One hour later, cells were treated with vehicle
or GH (500 ng/ml) for 5min, after which detergent extracts were resolved by SDS-PAGE
and immunoblotted with an antibody that recognizes tyrosine phosphorylated STAT5
(pSTATDS). As expected, GH induced similar STAT5 phosphorylation in cells that were
incubated with CM containing sol IR (lane 4) or serum-free medium (lane 6), while GH-
induced STAT5 phosphorylation was blocked in cells treated with CM containing sol
IGF-1R (lane 2). When the blot was stripped and reprobed with antibody for total STAT5
(STATD), a clear shift of STATS5 in response to GH was observed in cells treated with sol IR
(lane 4) or serum-free medium (lane 6), but not in cells treated with sol IGF-1R (lane 2).
These are consistent with previous findings that sol IGF-1R, but not sol IR, was able to
inhibit acute GH-induced STATS signaling.

We and others previously demonstrated that human T47D breast cancer cells respond to both
GH and PRL (Huang et al., 2006; Xu et al., 2011) (Langenheim and Chen, 2009). In T47D
cells, both GHR and PRLR are endogenously expressed, and GH signaling is mostly
mediated by PRLR (Xu et al., 2011). We first examined the effect of soluble IGF-IR on GH-
induced STAT5 phosphorylation in T47D cells. As shown in Fig. 1B, serum-starved T47D
cells were first incubated with the CM containing either sol IGF-1R (lane 1 and 2) or sol IR
(lane 3 and 4) for 1 h, followed by acute treatment with vehicle or GH. Detergent extracts
were immunoblotted for pSTATS and total STATS sequentially. In contrast to LNCaP cells,
GH was able to induce STAT5 phosphorylation at similar level in the presence of either sol
IGF-1R or sol IR (lane 2 vs. 4), indicating sol IGF-1R was not able to inhibit GH-induced
signaling mediated by PRLR in T47D cells. In a similar fashion, we tested the effect of sol
IGF-1R on prolactin-induced STAT5 phosphorylation (Fig. 1C), and found sol IGF-1R was
also not able to block PRL-induced STAT5 phosphorylation, which was mediated by PRLR
in T47D cells (Fig. 1C; lane 2 vs. 4). Taken together, these results suggest sol IGF-1R might
be able to inhibit GH-induced signaling only when it is mediated by GHR, not PRLR.

We next examined the effect of sol IGF-1R in T47D-ShPRLR cells, in which PRLR
expression was reduced by stable short hairpin RNA (ShRNA) expression, with T47D-SCR
cells as control (Fig. 1D). Serum-starved T47D-SCR cells (Fig. 1D; lane 1-4) or T47D-
ShPRLR cells (Fig. 1D; lane 5-8) were incubated with the CM containing either sol IGF-1R
(lanes 1, 2, 5, and 6) or sol IR (lanes 3, 4, 7, and 8) for 1 h, followed by vehicle or GH
treatment (500 ng/ml) for 5 min. As previously observed (Xu et al., 2013), increased
abundance of GHR protein was observed in T47D-ShPRLR cells compared with T47D-SCR
cells (lanes 5-8 vs. lanes 1-4). In the presence of sol IR (serving as a negative control CM),
enhanced GH-induced STATS5 activation was found in T47D-ShPRLR cells compared with
T47D-SCR cells (lane 8 vs. 4). (We note that in data not shown, sol IR pretreatment had no
impact compared with buffer alone, on GH-induced STATS5 activation in T47D-ShPRLR
cells.) These findings are consistent with our previous studies in which PRLR knockdown
has been shown to decrease the rate of GHR proteolytic turnover, resulting in an increase of
GHR protein and enhanced GH sensitivity (Xu et al., 2013). In T47D-SCR cells, GH
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induced STAT5 phosphorylation at similar levels in the presence of either sol IGF-1R or sol
IR (lane 2 vs. 4), which is consistent with our findings in T47D cells. In contrast, GH-
induced STAT5 phosphorylation was blocked by sol IGF-1R in T47D-ShPRLR cells. We
have previously reported enhanced GHR usage by GH upon PRLR knockdown in T47D-
ShPRLR cells (Xu et al., 2013). Taken together, we conclude sol IGF-1R is able to inhibit
GH-induced signaling only when mediated by GHR.

3.2. Effects of soluble IGF-1R on GH signaling in MING cells

As a well-accepted model system to study p-cell signaling and function (Hohmeier and
Newgard, 2004), mouse MING6 pancreatic B-cells endogenously express GHR. GH treatment
has been shown to activate GHR and downstream signaling, including phosphorylation of
JAK2 and STAT5 (Ma et al., 2011). Human GH (hGH) activates both GHR and PRLR in
rodents, while bovine GH (bGH) only activates GHR (Cunningham et al., 1990; Somers et
al., 1994; Fu et al., 1992; Nielsen et al., 2001; Goffin et al., 1996). We sought to exploit this
unique feature in MING cells to better understand the specificity of sol IGF-1R action. First,
to verify cell responsiveness to bGH, hGH, or PRL treatment, serum-starved MING cells
were exposed to vehicle, bGH (500 ng/ ml), hGH (500 ng/ml), or PRL (500 ng/ml) for 15
min before detergent extraction. To assess PRLR tyrosine phosphorylation, extracted
proteins were immunoprecipitated with our anti-PRLR and eluates were separated by SDS-
PAGE and sequentially immunoblotted with antiphospho-tyrosine (pY) and anti-PRLR. To
assess JAK?2 tyrosine phosphorylation, extracted proteins were immunoprecipitated with our
anti-JAK2, and eluates were separated by SDS-PAGE and sequentially immunoblotted with
antiphospho-tyrosine (pY) and anti-JAK2. We also assessed STATS5 tyrosine
phosphorylation in response to these ligands. As shown in Fig. 2A, hGH treatment induced
tyrosine phosphorylation of PRLR, JAK2, and STAT5 (lane 3 vs. 1). PRL treatment
produced a very similar pattern of activation (lane 4 vs. 1). However, bGH treatment was
able to induce tyrosine phosphorylation of JAK2 and STAT5 without causing detectable
tyrosine phosphorylation of PRLR, consistent with the notion that bGH is able to
productively interact with mouse GHR, but not mouse PRLR.

We next examined the effect of sol IGF-1R on ligand-induced STAT5 activation. Serum
starved MING cells were incubated with CM containing either sol IGF-1R (Fig. 2B; lane 1-
6) or sol IR (lane 7-12) for 1 h, followed by treatment with vehicle, hGH, bGH, or human
prolactin (PRL) at 500 ng/ml for 15 min. Detergent extracts were resolved and
immunoblotted for pSTAT5 and total STAT5S sequentially. As expected, there was no
difference in PRL-induced STAT5 phosphorylation in the presence of sol IGF-1R vs. sol IR
(lane 6 vs. 12), as the signaling was mediated by PRLR. In contrast, bGH-induced STAT5
phosphorylation, mediated by mouse GHR only, was markedly inhibited by sol IGF-1R
incubation (lane 4 vs. 10). Interestingly, hGH-induced STAT5 phosphorylation, which was
mediated by both GHR and PRLR, was partially inhibited by sol IGF-1R incubation (lane 2
vs. 8). (We note that in data not shown, sol IR pretreatment had no impact compared with
buffer alone, on inducible STAT5 activation in MING cells.) These findings further indicate
that the inhibitory effect of sol IGF-1R on STATS activation is GHR-specific.
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3.3. Generation and characterization of stable cells expressing GHR, PRLR, GHR(PRLR-
S2), and PRLR(GHR-S2)

Using both T47D and MING cells, we have established that the inhibition of GH-induced
signaling by sol IGF-1R is GHR-specific. Next, we explored the GHR structural
requirement(s) for such action using a domain-swapping approach. We engineered two
chimera proteins, GHR (PRLR-S2), in which the S2 domain of human GHR (hGHR) was
replaced with the same domain of human PRLR (hPRLR), and PRLR(GHR- S2), in which
the S2 domain of hPRLR was replaced with the same domain of hGHR. Graphic
representation of these chimeras, as well as wild type hGHR and hPRLR, is shown in Fig.
3A. Each of these four proteins was stably transfected into y2A-JAK2 cells (Loesch et al.,
2006; Deng et al., 2007), which are human fibrosarcoma cells that stably express JAK2, but
are deficient in GHR and PRLR. Detergent extracts of each stable cell line were resolved by
SDS-PAGE under reducing conditions and immunoblotted by antibody specific for the
intracellular domain of each protein (Fig. 3A). Similar to our previous findings with rabbit
GHR (He et al., 2003, 2005), hGHR was detected in two forms -an approximately 100-kDa
form that corresponds to the precursor form of GHR, and a broader 110- to 140-kDa form
that corresponds to the mature form of GHR. Replacement of the heavily glycosylated S2
domain of GHR with the S2 domain of PRLR resulted in faster migration of mature
GHR(PRLR-S2) compared to the mature GHR. Expression of human PRLR was easily
detected, and replacement of its S2 domain with the S2 domain of GHR resulted in slower
migration for PRLR(GHR-S2), likely due to the enhanced glycosylation of the GHR S2
domain.

We next examined the GH and prolactin responses in these four stable cells lines (Fig. 3B
and C). Serum starved cells were treated with vehicle, hGH, or hPRL at 500 ng/ml for 10
min. Detergent extracts were resolved by SDS-PAGE and immunoblotted for pJAK?2, total
JAK?2, pSTATS5, and total STATS sequentially to examine GH/PRL signaling. In both y2A-
JAK2-GHR and y2A-JAK2-GHR(PRLR-S2) cells, acute GH treatment (500 ng/ml, 10 min)
induced tyrosine phosphorylation of both JAK2 and STATS5, consistent with the notion that
GH binds GHR mostly via the S1 domain (de Vos et al., 1992). Acute PRL treatment (500
ng/ml, 10 min) did not activate either JAK2 or STAT5, confirming human PRL does not
activate human GHR (Fig. 3B). In both y2A-JAK2-PRLR and y2A-JAK2-PRLR(GHR-S2)
cells, acute GH treatment again activated both JAK2 and STATS, suggesting hGH is able to
activate hPRLR and that only the S1 domain of PRLR is required (Fig. 3C). As expected,
acute PRL treatment activated both JAK2 and STAT5 in -y2A-JAK2-PRLR cells. However,
PRL treatment failed to activate signaling in y2A-JAK2-PRLR(GHR-S2) cells (Fig. 3C). In
light of these findings, our data suggest the PRLR S2 domain is required for PRLR
activation, a key difference compared with GHR activation. Indeed, previous crystal
structure analysis of PRL complexed with PRLR extracellular domain (van Agthoven et al.,
2010) revealed a 1:2 PRL:PRLR complex, similar as the 1:2 GH:GHR complex. Differences
between the two structures were observed in the stem-stem dimerization interface, which
encompassed the S2 domains. Due to such structural difference, PRLR S2 domains in the
PRLR-PRLR complex are closer than are the S2 domains in the GHR-GHR complex.
Detergent extracts from the same experiment were also immunoblotted by antibody specific
for the intracellular domain of GHR or PRLR to verify protein expression. Together, these
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data indicate these wild-type and chimera receptors were expressed at the cell surface and
capable of binding their corresponding ligand and activating downstream signaling.

3.4. Effects of anti-GHR and anti-PRLR ECD monoclonal antibodies on GH-induced
signaling mediated by GHR, PRLR, GHR(PRLR-S2), and PRLR (GHR-S2)

Anti-GHRgx-mapb iS @ monoclonal antibody (mADb) that recognizes largely the S2 domain of
GHR (Jiang et al., 2004, 2011). Treatment with anti-GHRayt-map does not dramatically
affect GH binding, but inhibits GH-induced GHR conformational changes required for
signaling (Jiang et al., 2004). Anti-PRLRgyt-mab iS a recently developed monoclonal
antibody (mAb) that recognizes the S2 domain of PRLR and inhibits PRLR signaling (Liu et
al., 2017). To further characterize the chimera receptors, we compared how anti-GHRgxt-mab
and anti-PRLRgxt-map Would affect GH-induced STATS activation mediated through GHR
(PRLR-S2) and PRLR(GHR-S2) (Fig. 4AB). Serum starved cells were treated with either a
control antibody (anti-GHR¢yt.mab, directed at the GHR intracellular domain), anti-
GHRext-mab, OF anti-PRLRext-mab at 20 pg/ml for 15min, followed by treatment with vehicle
or hGH at 500 ng/ml for 10 min. Detergent extracts were immunoblotted for pSTAT5 and
total STATS sequentially. In each of the four cell lines — expressing GHR, GHR(PRLR-S2),
PRLR, or PRLR(GHR-S2) — GH induced tyrosine phosphorylation of STATS in the
presence of control antibody, as expected. In y2A-JAK2-GHR cells, GH-induced STAT5
activation was markedly inhibited by anti-GHRyt.map, Whereas anti-PRLRgyt.map had no
effect on GHR-mediated STAT5 activation. In y2A-JAK2-GHR(PRLR-S2) cells, where the
GHR S2 domain is replaced by the PRLR S2 domain, anti-GHRgyxt-map Was no longer able
to inhibit GH-induced STATS5 activation. Interestingly, GH-induced STATS5 activation
mediated by GHR(PRLR-S2) was markedly inhibited by anti-PRLRgyt.map (Fig. 4A).
Similarly, in y2A-JAK2-PRLR cells, GH-induced STATS activation was markedly inhibited
by anti-PRLReyxt-mab, Whereas anti-GHRgxi-map had no effect (Fig. 4B). In y2A-JAK2-
PRLR(GHR-S2) cells, in which the PRLR S2 domain is replaced by the GHR S2 domain,
anti-PRLRgyt-map l0st its capability to inhibit GH-induced STAT5 activation. In contrast,
GH-induced STAT5 activation mediated by PRLR(GHR-S2) was markedly inhibited by anti-
GHRexi-mab (Fig. 4B). These results are consistent with our previous results that anti-
GHReyt-mapb interacts mostly with the S2 domain of GHR while anti-PRLRgyt-map interacts
with the S2 domain of PRLR (Jiang et al., 2004, 2011; Liu et al., 2017). Furthermore, our
findings indicate the S2 domain of either GHR or PRLR, when swapped, maintains its
structural integrity and sensitivity to the corresponding antibody.

3.5. Effects of soluble IGF-1R on GH-induced signaling mediated by GHR, PRLR,
GHR(PRLR-S2), and PRLR(GHR-S2)

Our findings in both T47D and MING cells have suggested the inhibitory effect of sol
IGF-1R to be GHR-specific. Next we examined the effect of sol IGF-1R on GH-induced
STATS5 activation mediated by the GHR/PRLR chimera receptors to determine the structural
requirement (s) of GHR. Serum-starved cells were incubated with CM containing either sol
IGF-1R (Fig. 5; lane 1 and 2) or sol IR (lane 3 and 4), followed by acute treatment with
vehicle or hGH at 500 ng/ml for 10 min. Detergent extracts were resolved by SDS-PAGE
and sequentially immunoblotted for pSTATS and total STAT5. In y2A-JAK2-GHR cells,
acute GH-induced STATS5 activation was completely inhibited by sol IGF-1R (Fig. 5A; lane
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2 vs. 4). In y2A-JAK2-GHR(PRLR-S2) cells, there was no difference in GH-induced STAT5
activation with either sol IGF-1R or sol IR (Fig. 5B; lane 2 vs. 4), suggesting the S2 domain
of GHR is required for sol IGF-1R to inhibit GHR-mediated GH signaling. In y2A-JAK2-
PRLR cells, as expected, GH-induced STATS5 activation mediated by PRLR was not
inhibited by sol IGF-1R (Fig. 5C; lane 2 vs. 4). Interestingly, in y2A-JAK2-PRLR(GHR-S2)
cells, sol IGF-IR again failed to inhibit GH-induced STAT5 activation (Fig. 5D; lane 2 vs. 4),
indicating S2 domain of GHR alone is not sufficient for sol IGF-1R to act. (We note that
basal (non-GH-dependent) STAT5 phosphorylation was detected in y2A-JAK2-
PRLR(GHR-S2) cells (Figs. 4B and 5D); we do not know the reason for this basal signal at
this time.) Taken together, these findings suggest sol IGF-1R specifically inhibits GH-
induced signaling mediated by GHR, possibly through physical and/or functional interaction
with both the S1 and S2 domains of GHR.

4. Discussion

GH-induced signaling plays important roles in many cellular and physiological functions.
GH induces expression and secretion of IGF-1, a GH effector. IGF-1 signals through
IGF-1R and plays important roles in proliferation, anti-apoptosis, and other cellular actions
(LeRoith, 2000; Nakae et al., 2001). The relationship between the GH signaling cascade and
the IGF-1 signaling cascade has been studied intensively. In particular, we have previously
reported a GH-induced complex that includes GHR, JAK2, and IGF-1R in multiple cell
systems. Further studies revealed that IGF-1R, independent of its own ligand or tyrosine
kinase activity, collaborates with GHR to enhance GH-induced signaling, an action that
targets the proximal steps of the GH signaling pathway (Gan et al., 2014a; Ma et al., 2011,
Huang et al., 2004b).

IGF-1R is a disulfide-linked heterotetramer consisting of an a2p2 assemblage in which the
a-chain is entirely extracellular and the B-chain is a transmembrane protein that harbors
tyrosine kinase activity (Ullrich et al., 1986; LeRoith, 2000; Nakae et al., 2001). A soluble
fragment of IGF-1R extracellular domain (sol IGF-1R; residues 1-482) has been shown to
specifically interact with GHR in response to GH treatment and to reduce GH-induced
signaling, including the most proximal steps of GH-induced tyrosine phosphorylation of
GHR (Gan et al., 2014a). GH-induced IGF-1 gene expression has been shown to be
significantly blunted by sol IGF-1R in primary osteoblasts and LNCaP cells (Gan et al.,
2014a). These results suggest sol IGF-1R competes with endogenous IGF-1R for GHR
interaction and functions as a dominant-negative inhibitor of GHR-mediated GH signaling.
The current study extends these studies substantially and offers more detailed mechanisms
for the action of sol IGF-1R.

In the current study, sol IGF-1R (with sol IR as control) pretreatment greatly reduced GH-
induced signaling mediated by GHR across several model cell systems. These include: 1)
human LNCaP prostate cancer cells, in which PRLR is naturally absent and GH-induced
signaling is mostly mediated through GHR; 2) human T47D breast cancer cells, in which
PRLR level was reduced by stable ShRNA expression and GHR utilization is enhanced
compared to control cells; 3) mouse MING B cells, in which GHR can be activated by both
bovine and human GH. In contrast, sol IGF-1R did not affect GH-induced signaling when it
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is mediated by PRLR, as in control T47D cells. These findings strongly suggest that the
action of sol IGF-1R is GHR-specific. Furthermore, we note that sol IGF-1R inhibits GH
signaling by both mouse and human GHR (this study and (Gan et al., 2014a; Gan et al.,
2014b)); this suggests a common element(s) in GHR that allows physical or functional
interaction with sol IGF-1R is found across GHR species, but not between GHR and PRLR
within species.

GHR and PRLR are cytokine receptors that share topographical features. To determine
which domain(s) of GHR is required for sol IGF-1R to exert its inhibitory effect, we
exploited a domain swapping approach (Liu et al., 2017) and utilized human fibrosarcoma
Y2A-JAK?2 cells to stably express GHR, PRLR, GHR(PRLR-S2), or PRLR(GHR-S2), and
examined the effect of sol IGF-1R. Sol IGF-1R only inhibited GH-induced signaling when
mediated by wild type GHR, but not by GHR (PRLR-S2), in which the GHR S2 is replaced
by that from PRLR, suggesting GHR S2 is required for sol IGF-1R to exert its inhibition.
Sol IGF-1R did not affect GH-induced signaling mediated by either wild type PRLR or
PRLR(GHR-S2), in which PRLR S2 is replaced by that from GHR, indicating that fusion of
GHR S2 with PRLR S1 is not sufficient for sol IGF-1R to act. These findings indicate sol
IGF-1R clearly distinguishes the ECDs of GHR vs. PRLR and functionally interacts with
GHR ECD specifically, either directly or in collaboration with another (unidentified)
molecule(s) (Fig. 5E).

Our findings that sol IGF-1R dampens GH signaling specifically via the GHR and not via
the PRLR have implications for potential development of antagonists of GH action. Such
antagonists occupy an important place, for example, in the therapy of acromegaly, in which
excessive GH emanates from a pituitary tumor; pegvisomant, a PEG-ylated form of the
recombinant GH mutant, B2036, is a useful primary and/or adjunctive therapy for
acromegaly (Molitch, 2017; Giustina et al., 2017) that binds GHR (and not PRLR (Goffin et
al., 1999)) specifically and with high affinity largely to subdomain 1, but cannot activate
receptor signaling. Our anti-GHRgyt.mapb also specifically inhibits GHR-mediated signaling
in vitroand /n vivo (Liu et al., 2014, 2017; Jiang et al., 2004, 2011; Yang et al., 2007, 2008);
in contrast to pegvisomant, however, anti-GHRgyt.map interacts with GHR subdomain 2 to
exert its antagonistic effect on GH signaling, likely in a fashion mechanistically distinct from
that of pegvisomant. Our findings in this study suggest that sol IGF-1R may emerge as a
bona fide specific GHR antagonist, at least in the setting of coexpression of GHR and
IGF-1R. The mechanism(s) by which sol IGF-1R inhibits GH action remains uncertain, but
is likely to differ from those of both pegvisomant and anti-GHRgyt.mab (Gan et al., 2014a).
Given that GHR may mediate effects of local GH in certain cancers and that deficiency of
GHR may protect against cancer development (Chesnokova et al., 2016; Guevara-Aguirre et
al., 2011), it will be of interest to develop sol IGF-1R as a potentially novel antagonist by
further refining its determinants of inhibition.
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Fig. 1. Effects of sol IGF-1R human LNCaP prostate cancer cellsand T47D breast cancer cells.
A, Sol IGF-1R blunts GH-induced STATS5 activation in LNCaP cells. Serum-starved LNCaP

cells were preincubated with CM containing either sol IGF-1R (lanes 1 and 2) or soluble
insulin receptor (sol IR; lanes 3 and 4), or serum-free medium (lanes 5 and 6). One hour
later, cells were treated with without or with GH (500 ng/ml) for 5 min, after which
detergent cell extracts were resolved by SDS-PAGE and immunoblotted sequentially with
anti-pSTAT5 and anti-STATS. The data shown are representative of three such experiments.
Densitometric estimates of the relative intensity of the pSTAT5 band normalized by the
abundance of total STAT5 (in arbitrary units with 1 as maximum control condition within
the representative experiment) are shown. B and C, Sol IGF-1R has no effect on GH- or
PRL-induced STATS5 activation in T47D cells. Serum-starved T47D cells were preincubated
with CM containing either sol IGF-1R (lanes 1 and 2) or sol IR (lanes 3 and 4) for 1 h,
followed by treatment without or with GH (500 ng/ml) (B) or PRL (500 ng/ml) (C) for 10
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min. Detergent cell extracts were resolved by SDS-PAGE and immunoblotted sequentially
with anti-pSTATS and anti-STAT5. The data shown are representative of two such
experiments. Densitometric estimates of the relative intensity of the pSTAT5 band
normalized by the abundance of total STATS5 (in arbitrary units with 1 as maximum control
condition within the representative experiment) are shown. D, Sol IGF-1R inhibits GH-
induced STATS5 activation in T47D-ShPRLR cells. Serum-starved T47D-SCR or T47D-
ShPRLR cells were preincubated with CM containing either sol IGF-1R (lanes 1, 2, 5, and
6) or sol IR (lanes 3, 4, 7, and 8) for 1 h, followed by treatment without or with GH (500
ng/ml) for 10 min. Detergent cell extracts were resolved by SDS-PAGE and immunoblotted
with anti-GHR, anti-pSTATS5, and anti-STAT5. The data shown are representative of two
such experiments. Densitometric estimates of the relative intensity of the pSTAT5 band
normalized by the abundance of total STATS5 (in arbitrary units with 1 as maximum control
condition within the representative experiment) are shown.
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Fig. 2. Effects of Sol IGF-1R on GH signaling in mouse M N6 B-cells.
A, GH- or PRL-induced signaling in MING cells. Serum-starved MING cells were treated

with vehicle, bovine GH (bGH), human GH (hGH), or PRL at 500 ng/ml for 15 min.
Detergent cell extracts were immunoprecipitated with either anti-PRLR or anti-JAK2, and
eluates were resolved by SDS-PAGE and immunoblotted sequentially with antiphospho-
tyrosine (pY) and anti-PRLR or anti-pY and anti-JAK2. Detergent cell extracts were also
resolved by SDS-PAGE and immunoblotted with anti-pSTATS and anti-STAT5. B, Sol
IGF-1R partially inhibits hGH-induced STAT5 activation and completely blocks bGH-
induced STATS5 activation in MING cells. Serum-starved MING cells were preincubated with
CM containing either sol IGF-1R (lanes 1-6) or soluble IR (lanes 7-12) for 1 h, followed by
treatment without or with hGH, bGH, or PRL at 500 ng/ml for 10 min. Detergent cell
extracts were resolved by SDS-PAGE and immunoblotted with anti-pSTATS5 and anti-STAT5
sequentially. The data shown are representative of two such experiments. Densitometric
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estimates of the relative intensity of the pSTAT5 band normalized by the abundance of total
STATS (in arbitrary units with 1 as maximum control condition within the representative
experiment) are shown.
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Fig. 3. Generation and characterization of y2A stable cellsexpressing GHR, PRLR,
GHR(PRLR-S2), and PRLR(GHR-S2).

A, Schematic diagram of domain-swapped human GHR/PRLR chimeras. GHR is in white.
PRLR is in gray. GHR(PRLR-S2) is GHR with its S2 replaced with that of PRLR.
PRLR(GHR-S2) is PRLR with its S2 replaced with that of GHR. Detergent extracts of y2A-
JAK?2 cells stably expressing each receptor were resolved by SDS-PAGE and immunoblotted
with antibody specific to the cytoplasmic domain of each receptor. B,C GH- and PRL-
induced signaling in y2A stable cells expressing GHR, PRLR, GHR(PRLR-S2), and
PRLR(GHR-S2). Serum-starved cells were treated with vehicle (=), GH, or PRL at 500
ng/ml for 10 min. Detergent extracts were resolved by SDS-PAGE under reducing
conditions and sequentially immunoblotted for pJAK2, total JAK2, pSTAT5, and STATS.
Detergent extracts were resolved on a separate SDS-PAGE and immunoblotted by anti-GHR
or anti-PRLR to verify receptor expression. The data shown are representative of three such
experiments.
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Fig. 4.

Effects of anti-GHR and anti-PRLR ECD monoclonal antibodies on GH-induced signaling
mediated by GHR, PRLR, GHR(PRLR-S2), and PRLR (GHR-S2). A, B Serum-starved cells
were treated with either a control antibody (anti-GHR¢yt-mab, directed at the GHR
intracellular domain), anti-GHRgxi-mab, OF anti-PRLRex-map at 20 ug/ml for 15min,
followed by treatment with vehicle (=) or hGH at 500 ng/ml for 10 min. Detergent extracts
were immunoblotted for pSTATS5 and total STATS sequentially. Aliquot of detergent extracts
were resolved on a separate SDS-PAGE and immunoblotted by anti-GHR (A) or anti-PRLR
(B) to verify receptor expression. The data shown are representative of two such
experiments.
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Fig. 5. Both S1 and S2 of GHR ECD arerequired for sol | GF-1R to inhibit GH-induced STAT5
activation.

A-D, Serum starved cells expressing GHR, PRLR, GHR(PRLR-S2), or PRLR(GHR-S2)
were incubated with CM containing either sol IGF-1R (lanes 1 and 2) or sol IR (lanes 3 and
4), followed by treatment with vehicle (=) or hGH (+) at 500 ng/ ml for 10 min. Detergent
extracts were immunoblotted for pPSTATS5 and total STATS5 sequentially. The data shown are
representative of three such experiments. Densitometric estimates of the relative intensity of
the pSTATS band normalized by the abundance of total STATS5 (in arbitrary units with 1 as
maximum control condition within the representative experiment) are shown. £,
Diagrammatic summary and interpretation of findings. GHR is in white. PRLR is in gray.
Soluble IGF-1R is in black. GH-induced signaling mediated by GHR, not PRLR, is subject
to inhibition by sol IGF-1R. The GHR/sol IGF-1R association is cartooned as involving both
the S1 and S2 of the GHR ECD. Such association could be direct or mediated by other
unidentified molecule(s). Note that the association between sol IGF-1R and GHR(PRLR-S2)
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or PRLR (GHR-S2) is depicted as partial in this diagram, which is not sufficient to block
downstream signaling. It remains possible that there is no interaction between sol IGF-1R
and these chimera receptors.
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