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therapeutic target for pituitary somatotroph adenomas.

Introduction

Pituitary tumors are benign monoclonal adenomas that account
for approximately 15% of intracranial tumors (1). They arise from
highly differentiated anterior pituitary cells expressing one or
more pituitary hormone gene products. Pituitary somatotroph
adenomas (growth hormone-secreting [GH-secreting] pituitary
adenomas) are associated with dysregulated GH hypersecretion,
leading to acromegaly, a disorder of disproportionate skeletal, tis-
sue, and organ growth (2).

Enhanced understanding of mechanisms underlying soma-
totroph adenoma pathogenesis is required for elucidation of
novel cell targets because of limitations of current therapies,
which include surgery, radiotherapy, somatostatin receptor lig-
ands, and a GHR antagonist (2-4). These approaches are chal-
lenged by unique side effects, moderate patient-specific effi-
cacy, and inability to directly target persistent postoperative GH
hypersecretion in aggressive or recurrent tumors (2, 3). Multiple
neurotransmitter pathways as well as a variety of peripheral
feedback signals regulate GH secretion (5, 6). Transcription fac-
tors paired-like homeodomain factor 1 (PROPI) and POU class 1
homeobox 1 (POUIFI) determine somatotroph development and
proliferation, and commitment to synthesizing and secreting GH
(2, 7), but are not dysregulated in somatotroph tumorigenesis.
Aberrant growth factor signaling as well as cell-cycle-regulating
genes contribute to the pathogenesis of somatotroph adenomas
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Pituitary somatotroph adenomas result in dysregulated growth hormone (GH) hypersecretion and acromegaly; however,
regulatory mechanisms that promote GH hypersecretion remain elusive. Here, we provide evidence that STAT3 directly
induces somatotroph tumor cell GH. Evaluation of pituitary tumors revealed that STAT3 expression was enhanced in human
GH-secreting adenomas compared with that in nonsecreting pituitary tumors. Moreover, STAT3 and GH expression were
concordant in a somatotroph adenoma tissue array. Promoter and expression analysis in a GH-secreting rat cell line (GH3)
revealed that STAT3 specifically binds the Gh promoter and induces transcription. Stable expression of STAT3 in GH3 cells
induced expression of endogenous GH, and expression of a constitutively active STAT3 further enhanced GH production.
Conversely, expression of dominant-negative STAT3 abrogated GH expression. In primary human somatotroph adenoma-
derived cell cultures, STAT3 suppression with the specific inhibitor S31-201 attenuated GH transcription and reduced GH
secretion in the majority of derivative cultures. In addition, S31-201 attenuated somatotroph tumor growth and GH secretion
in a rat xenograft model. GH induced STAT3 phosphorylation and nuclear translocation, indicating a positive feedback loop
between STAT3 and GH in somatotroph tumor cells. Together, these results indicate that adenoma GH hypersecretion is

the result of STAT3-dependent GH induction, which in turn promotes STAT3 expression, and suggest STAT3 as a potential

(2, 8), yet proximal regulatory mechanisms enabling GH hyper-
secretion in these adenomas remain elusive.

STAT3, a member of the STAT family, participates in cellular
responses to cytokines and growth factors (9). Phosphorylated
cytoplasmic STAT3 dimerizes and translocates to the nucleus, sub-
sequently regulating target genes to modulate cell proliferation,
survival and differentiation (10-12), and overexpression and/or
constitutive activation of STAT3 are encountered in human can-
cers (11, 13). STAT3 is a cancer therapeutic target, as constitutive
STAT3 inhibition by small-molecule inhibitors is associated with
cell growth suppression and cell death (14-16), and phase I/II
oncology trials using STAT3 inhibition are ongoing (17). In the
pituitary, STAT3 mediates gp130-controlled corticotroph cell pro-
liferation and function (18, 19), and STAT3 acts as a critical regula-
tor for leukemia inhibitory factor-mediated proopiomelanocortin
expression and adrenocorticotrophin secretion (19-23).

In this study, we provide evidence that STAT3 directly induces
GH in somatotroph tumor cells. Increased STAT3 expression
observed in human somatotroph adenoma tissues is concordant
with GH expression, and STAT3 specifically bound the rat Gk pro-
moter and activated Gh transcription. STAT3-induced GH expres-
sion was further enhanced by constitutively activated STAT3
(STAT3-C) and abrogated by dominant-negative STAT3 (STAT3-
DN). Pharmacologic suppression of STAT3 decreased GH and
also attenuated xenografted somatotroph tumor growth in vivo.
Attenuating STAT3 signaling dose-dependently suppressed GH
in primary cell cultures derived from human somatotroph ade-
nomas. Moreover, we show that GH induces STAT3 phosphoryla-
tion and nuclear translocation, indicating the presence of mutual
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focal immunofluorescence in 23 pituitary somatotroph
adenomas, 31 nonsecreting pituitary tumors, and 2 normal
tissue specimens. Expression was semiquantified as a per-
centage of positively stained cells. Weak STAT3 expression
(18%) was detected in 2 normal pituitary tissue specimens,
while low-to-moderate STAT3 staining (27% * 4%) was
observed in 31 nonsecreting pituitary tumors. STAT3 expres-
sion was significantly enhanced in somatotroph adenomas

Normal Somatotroph Nonsecreting (67% * 5%) as compared with nonsecreting pituitary tumor
pituitary adenoma pituitary adenoma expression (unpaired ¢ test, P < 0.001) (Figure 1, A and B).

B P=0.001 We further costained STAT3 and GH by confocal
100, . 1 immunofluorescence in a tissue array derived from 35
901 cose .o pituitary somatotroph adenomas and counted GH- or
T s sseee STAT3-positive cells separately. STAT3 and GH expression
g 701 sse levels correlated significantly (Pearson y? test, P < 0.05).
@ 60 oo o Nine somatotroph adenomas with discrete GH signals
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;D’: 4 4 4 seven specimens showed moderate GH staining with mod-
2 39 o —_—r— erate-to-high levels of STAT3 expression (Figure 1C). In 4
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STAT3 binds the rat Gh promoter and actives Gh tran-
scription. Since no human somatotroph cell lines are avail-
able, we used rat GH3 cells (secreting both GH and prolac-
tin) to study mechanisms for STAT3 actions in vitro. We
screened the rat Gh promoter with Genomatix MatInspec-
tor and detected several potential STAT-binding sites (Fig-
ure 2A), indicating that Gh may act as a direct STAT3 target
gene. Similar STAT-binding motifs are also located on the
human GH promoter. Accordingly, we performed ChIP to
identify STAT3 binding to the rat Gh promoter. GH3 cells
were fixed and sonicated into 200- to 800-bp chromatin

Figure 1. STAT3 expression in human pituitary tumor specimens, as assessed
by confocal immunofluorescence. (A) Abundant STAT3 expression in somato-
troph adenomas, with weak STAT3 staining in normal pituitary tissues and low

DNA fragments. Equal amounts of chromatin DNA were
incubated with IgG-negative control or STAT3 antibody,

STAT3 staining in a nonsecreting adenoma. Green signal, STAT3 staining; blue

signal, DAPI nuclear staining; yellow signal, autofluorescence background. Original
magnification, x63. (B) Quantification of STAT3 expression. STAT3 expression was
evaluated as a percentage of positively stained cells in 2 normal pituitary tissues,
23 somatotroph adenomas, and 31 nonsecreting adenomas. horizontal bars indicate
the median. Unpaired t test, P < 0.001. (C) Representative images of concordant

expression of STAT3 and GH in 35 somatotroph adenomas. Left, middle, and

right panels depict discrete, moderate, and abundant staining of STAT3 and GH,
respectively. Green signal, STAT3 staining; red signal, GH staining; blue signal, DAPI

nuclear staining. Original magnification, x63.

intrapituitary feedback regulation of STAT3 and GH. These results
elucidate a mechanism that we believe to be novel underlying GH
hypersecretion in pituitary somatotroph adenomas, whereby abun-
dantly expressed adenoma STAT3 induces GH. The results provide
a rationale for STAT3 as a potential therapeutic target to abrogate
somatotroph tumor growth and dysregulated GH hypersecretion.

Results

STAT3 is abundantly expressed in human somatotroph adenomas and
correlates with GH. As the STAT3 expression profile is unknown in
human pituitary tumors, we assessed STAT3 expression by con-

respectively. Chromatin DNA captured by protein G beads
was used as a template, and 3 pairs of promoter primers
were designed for PCR. Primer 1 is the furthest from the
transcriptional initiation site and primer 3 is the closest.
As shown in Figure 2B, anti-STAT3-immunoprecipitated
DNA with the enriched STAT locus was strongly amplified
by primer pair 3, indicating specific STAT3 binding to the
Gh promoter around this region.

To further measure Gh promoter activity in response
to STAT3, we constructed two different rat Gh promoter
plasmids, -4,192/+167 and -1,752/+167, in pGL, , vector
and created stable STAT3 transfectants to perform dual luciferase
reporter assays. We transfected GH3 cells with pIRES2-ZsGreenl
controls or STAT3/pIRES2-ZsGreenl plasmids and selected sta-
ble transfectants expressing ZsGreen. Equal numbers of STAT3/
pIRES2-ZsGreenl and pIRES2-ZsGreenl stable transfectants
were seeded in 24-well plates (5 x 10° cells per well) and trans-
fected with the rat Gh promoter -4,192/+167, -1,752/+167, or
pGL,,, vector as control, respectively. As shown in Figure 2C,
STAT3 overexpression resulted in approximately 2-fold induction
of Gh promoter activity compared with pIRES2-ZsGreenl, using
both-4,192/+167 and -1,752/+167 promoters.
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Figure 2. STAT3 binds the rat Gh promoter and activates Gh transcription. (A) Representation of potential STAT-binding motifs on the rat Gh promoter
and 3 primer pairs designed for ChIP. (B) STAT3 binds the Gh promoter, as assessed by ChIP. Normalized inputs of GH3 chromatin DNA were pulled down by
STAT3 or negative IgG antibodies. The DNA template was amplified by PCR using primer pairs 1-3. Quantitative ChIP results are shown. Ratios of the “ChIP
band” to the “input band” were calculated, and IgG controls were normalized to 1. ChIP experiments and PCR reactions were repeated twice, and quan-
tification is presented as mean + SEM. (C) STAT3 activates Gh transcription, as assessed by a dual-luciferase reporter assay. Equal amounts of STAT3 or
pIRES2-ZsGreen1 (ZsGreen) stable cells (5 x 10° cells per well) were transfected with the rat Gh promoter -4,192/+167, -1,752/+167, or pGL4.10 control, and
luciferase activity was measured. (D) STAT3 inhibitor S31-201 suppresses Gh transcription. GH3 cells were transfected with rat Gh promoter -4,192/+167,
-1,752/+167, or pGL4.10 control and treated with increasing amounts of S31-201. Transcriptional activities of rat Gh promoter -4,192/+167 and -1,752/+167
were both normalized to pGL4.10 controls. Ten ng pGL4.74 (hRIuc/TK) plasmid was cotransfected to normalize transfection efficiency. Experiments were
repeated 3 times. C and D show representative experiments, and cells were transfected or treated in triplicate wells. Results are presented as mean + SEM.

Student’s t test, *P < 0.01.

In addition, we used a specific STAT3 inhibitor, S31-201,
to attenuate endogenous STAT3 expression (24, 25) and mea-
sured Gh promoter activity. S3I-201 targets the Src homology 2
dimerization domain of STAT3 and inhibits STAT3 dimerization,
DNA binding, and target gene activation (24). We transfected
GH3 cells with rat Gh promoters (-4,192/+167 or -1,752/+167),
treated them with increasing amounts of S3I-201 (50-150 uM),
and measured luciferase activity. As shown in Figure 2D, the
STAT3 inhibitor S3I-201 suppressed transcriptional activity of
both Gh promoters by up to 35% at 150 pM.

STAT3 overexpression induces GH expression and secretion. As
STAT3 binds and activates the Gk promoter, we assessed STAT3
regulation of endogenous GH expression in GH3 stable trans-
fectants. We transfected pIRES2-ZsGreenl, wild-type STATS3,
STAT3-C, and STAT3-DN plasmids in GH3 cells, respectively,
and selected stable transfectants. Stable cells expressing ZsGreen
were sorted prior to performing experiments to ensure expres-
sion. Gh mRNA expression was measured by real-time PCR using
Gapdh as internal control. As shown in Figure 3A, overexpressed
STAT3 increased Gh mRNA 1.7-fold and was further enhanced
by STAT3-C (2.5-fold), while STAT3-DN with the Y705F muta-
tion did not show Gk induction compared with controls. In con-
trast to Gh expression, prolactin (Pr]) mRNA levels were lower
in stable STAT3-C transfectants but were not altered in STAT3
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and STAT3-DN stable transfectants, indicating specificity of the
Gh induction. Cell lysates analyzed by Western blotting verified
that GH protein abundance was altered similarly to mRNA levels
(Figure 3B), i.e., upregulated STAT3 induced GH, which was fur-
ther enhanced by STAT3-C. Furthermore, STAT3-DN abolished
STAT3-induced GH protein expression. In contrast, prolactin
was attenuated by STAT3-C and was not modified by STAT3-DN.
Furthermore, we transiently infected GH3 cells with STAT3-DN
in a lentiviral vector. Similar to STAT3-DN stable transfection,
lenti-STAT3-DN transfection resulted in attenuated GH expres-
sion in GH3 cells as compared with lentiviral controls. We also
infected GH3 cells with lenti-Stat3 shRNA, and silencing endoge-
nous STAT3 resulted in suppressed GH expression (Supplemen-
tal Figure 1; supplemental material available online with this
article; doi:10.1172/JCI78173DS1). In addition to GH expression,
STAT3-C also increased GH secretion. After stable GH3 transfec-
tants were serum starved for 48 hours, media GH concentrations
in STAT3-C stable cells were increased by 50%, while prolactin
levels decreased by 50% (Figure 3C).

STAT3 inhibitor S3I-201 attenuates both GH expression and
secretion. As STAT3 abundance increases GH expression, we
used the STAT3 inhibitor S3I-201 to impair endogenous STAT3
expression and examine GH production. We serum starved
GH3 cells for 24 hours, treated them with increasing amounts of
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GH promotes STAT3 phosphorylation and
nuclear  translocation. As GH-dependent
tyrosyl phosphorylation of STAT1, STAT3,
STAT5A, and STATSB occurs in fibroblast,
liver, and melanoma cells (26-28), we exam-
ined GH effects on somatotroph cell STAT3.
We first used Western blotting to confirm GH
receptor (GHR) expression in GH3 and GC
cells, using HCT116 colon cells as positive con-
trols. As shown in Figure 5A, both HCT116 and
GC cells expressed the GHR (~70 kDa); GH3

B )s Quantification 766 cells expressed a weak band at approximately
5 . .
. * s:'Af:n 70 kDa and a stronger band at approximately
o
| S —— |STAT3 o 2 100 kDa. Next, we treated GH3 cells with
o BSTAT3-C . .
| SO |GH S s . * asTATaDN  RCTEAsing amounts of GH (0-500 ng/ml)
S ‘ for 10 minutes and observed dose-dependent
Ac 5 14 STAT3 Tyr705 phosphorylation, while total
e e S— — - .
| |B ctin 05 STATS3 expression was not changed, as mea-
& < of 9$ sured by Western blot (Figure 5B). We fur-
7 EEE 0 h d STAT3 nucl location i
vV SN STAT3 GH PRL ther assesse nuclear trans ocatlon'm
response to GH by transfecting GC cells with
C is GH .- PRL STAT3/pEGFP-N3 plasmids, which express a
7 N T 4 fusion STAT3-GFP protein, because GH3 cells
% 3 @ . ] are loosely adherent with floating clusters
§ 25 S 6 and difficult to image. STAT3/pEGFP-N3 and
= % s | pEGFP-N3 control transfectants were serum
g s 3, N starved overnight and Sf:parately treated with
€ E ;] * GH (500 ng/ml) or vehicle for 6 hours. Accu-
o | E’ 5 ] mulation of nuclear STAT3-GFP was observed
z 05 T 4 in GH-treated cells by fluorescent microscopy
0 & 0 (Figure 5C). These results show that both
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Figure 3. STAT3 induces GH expression and secretion. GH3 cells were transfected with
pIRES2-ZsGreent, STAT3, STAT3-C, or STAT3-DN and selected for stable transfectants. STAT3
increased (A) Gh mRNA and (B) protein expression, (A) as measured by real-time PCR or (B) West-
ern blotting, and also induced GH secretion, (C) as assessed by RIA. Prolactin was measured to
verify specific GH responses to STAT3. Real-time PCR and Western blotting were repeated twice.
RIA was repeated twice and performed in 4 wells per represented value. A and C show representa-
tive experiments. Results are presented as mean + SEM. Student’s t test, *P < 0.05.

S31-201 (50-125 uM), and harvested cell lysates after 5 minutes
and 20 hours, respectively. We also collected cell culture media
to measure GH and PRL levels. As assessed by Western blotting,
S31-201 dose-dependently attenuated STAT3 phosphorylation
at Tyr705 within 5 minutes, and decreased GH and total STAT3
protein were also observed at 20 hours (Figure 4A). Prolactin
expression was not altered appreciably. We repeated experi-
ments in GC and GH3 cells cultured with serum and obtained
similar results; i.e., GH expression was dose-dependently sup-
pressed by S31-201 (data not shown). STAT3 Tyr705 phosphory-
lation was specifically decreased by S31-201, while phosphory-
lation and expression of STAT1 and STATS5 were not attenuated
in either GH3 or GC cells (Supplemental Figure 2). Similar to
protein expression, GH secretion in the culture media was dose-
dependently attenuated by S3I-201, whereas prolactin secretion
exhibited an opposite trend (Figure 4B), further supporting the
specificity of STAT3 action on GH.

_ZSGreen STAT3 STAT3-C STAT3-DN

STAT3 phosphorylation and activation are
induced by GH in somatotroph cells.

STAT3 inhibitor S3I-201 attenuates GH3
cell growth in vitro and xenografted somatotroph
tumor growth in vivo. As STAT3 may regulate
cell proliferation, we examined S31-201 effects
on somatotroph tumor cell growth in vitro. We
treated GH3 cells with increasing amounts of
S31-201 and measured cell proliferation by
using WST-1 cell proliferation reagent and BrdU incorporation.
Compared with vehicle-treated controls, S3I-201-treated GH3
cells exhibited up to 56% reduction of WST-1 absorbance after 72
hours. BrdU staining of S31-201-treated GH3 cells was reduced up
to 52% compared with that of control cells after 48 hours, simi-
lar to results obtained with the WST-1 assay (Figure 6A). Similar
results were also obtained in GC cells (data not shown).

Based on these findings, we next evaluated S31-201 effects on
somatotroph tumor xenografts generated by injecting GH3 cells
in the left lumbar area of 4-week-old female Wistar Furth rats
(n=30). After 1 week, once the tumor size reached approximately
100 mm3, S31-201 or vehicle alone was then injected intrave-
nously at 5 mg/kg every 2 or 3 days for 2 weeks. Each group com-
prised 15 rats, and tumors were measured every 2 to 3 days after
S31-201 injection. Compared with vehicle-treated control tumors
(n = 15), which continued to grow, S31-201 treatment of somato-
troph tumor xenografts (n = 15) significantly attenuated tumor
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Figure 4. STAT3 inhibitor S31-201 attenuates GH expression and secretion. (A) S31-201 dose-depen-
dently suppressed STAT3 phosphorylation and GH expression in GH3 cells, as measured by Western blot.
Quantification of fold change, normalized with B-actin, is shown below each blot. (B) S31-201 attenuated
GH secretion in GH3 cells. Prolactin was measured to verify specific GH responses to S31-201. Experiments
were repeated 3 times. Representative experiments are shown. Results are presented as mean + SEM.

Student’s t test, *P < 0.05.

growth for the duration of the experiment (Figure 6B). Tumors
derived from S31-201-treated rats were significantly smaller than
those from the untreated group (220 * 16 mm?® vs. 287 * 16 mm?;
Student’s ¢ test, P < 0.01) as early as 5 days after S31-201 injec-
tion. Fifteen days after treatments, the average tumor volume of
S3I-201-treated rats was 64% of that of controls (449 + 40 mm?
vs. 708 + 83 mm?; Student’s ¢ test, P < 0.01). Rats were sacrificed
and tumors were harvested 15 days after treatment initiation. The
average tumor weight of S31-201-treated rats was 78 + 8 mg, while
tumors derived from control rats weighed 114 + 13 mg (32% reduc-
tion; Student’s ¢ test, P < 0.05). Animals appeared to tolerate S3I-
201, showing no apparent signs of ill health and no differences in
body weight. As measured by real-time PCR, intratumoral Stat3
expression in the xenografts was significantly suppressed by S3I-
201 treatment compared with that in vehicle controls (72% reduc-
tion; Student’s ¢ test, P < 0.01), and Gh expression also showed an
approximately 30% reduction (P = 0.08, Student’s ¢ test) (Figure
6C). Blood samples collected 1 day before S31-201 treatment (pre-
treatment as baseline) and 15 days after treatment (end point of
treatment) were obtained in the morning (10-11 AM) to minimize
GH fluctuations. As shown in Figure 6D, serum GH levels were
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STATS inhibitor (uM)

measured by Western blot (Figure 7B).
Furthermore, media GH concentrations
were markedly attenuated by S31-201 by
up to 60% in 13 of 21 (62%) tumor cell
cultures (repeated-measures ANOVA,
P < 0.0001), while in 8 samples, GH
levels were unchanged (Figure 7C).
Information for GH alterations in all 21
individual primary cultures is shown
in Supplemental Figure 3. In primary cell cultures, B-actin and
GAPDH were both affected by higher doses of S31-201 (data not
shown), and cell numbers could not be counted accurately. We
therefore measured total protein in each group and used these
results to normalize GH protein expression and secretion. Phos-
phorylated STAT3 at Tyr705 was also decreased in 17 primary cul-
tures, as measured by Western blot, indicating efficient activity of
S$31-201, while phospho-STAT3 was undetectable in 4 primary cul-
tures due to the limited amount of protein extracted. Total STAT3
expression was also attenuated in most primary cultures. Detailed
information regarding phospho-STAT3 and STAT3 responses is
provided in Supplemental Figure 4. Figure 7D shows representa-
tive results of concordant GH reduction by S31-201 in a primary
human cell culture. These results confirmed the inhibitory effect of
STATS3 inhibitor on human GH expression and secretion, suggest-
ing STAT3 as a target for somatotroph adenoma therapy.

Discussion

Therapy for acromegaly caused by somatotroph pituitary ade-
nomas is targeted at normalizing GH and IGF1 levels, decreasing
mortality, and reducing tumor volume (29). Although transsphe-
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noidal surgeryis the primary treatment option for microadenomas
(<10 mm) (30-32), invasive macroadenomas, which cannot be
completely resected, are more prominent, and, as GH hyperse-
cretion invariably persists postoperatively, surgical outcomes are
poor (31). Somatostatin receptor ligands and the GHR antagonist
are used for persistent or recurrent acromegaly following noncu-
rative surgery and also as primary therapy for patients unsuitable
for surgery (33). Identification of new therapeutic targets for acro-
megaly is important, as therapies are only maximally effective in
approximately 50% of patients, while subsets of patients do not
respond, and medications are associated with a variety of side
effects (2, 3, 34-36).

Somatotroph tumorigenesis ensues as a consequence of
unrestrained somatotroph proliferation associated with intrinsic
cell-cycle dysfunction as well as altered regulation of both GH
synthesis and secretion and somatotroph cell growth (2). In this
study, we present evidence for a molecular mechanism that we
believe to be novel, whereby STAT3 directly elicits GH produc-
tion in somatotroph tumor cells. Although STATS3 is frequently
activated in human cancers, expression in pituitary tumors has
not been explored extensively. Downstream HGF/c-met effectors
evaluated in pituitary adenomas showed positive STAT3 immu-
noreactivity in all adenomatous cell types (37). STAT3 was pos-
tulated to be involved in regulation of pituitary hormones, as two
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Figure 5. GH promotes STAT3 phosphorylation and nuclear transloca-
tion. (A) Detection of GHR expression in GH3 and GC cells, as measured by
Western blot. (B) GH dose-dependently induced STAT3 phosphorylation

in GH3 cells, as measured by Western blot. Quantification of fold change
normalized with B-actin is shown below each blot. (C) GH promoted
STAT3-GFP nuclear localization in GC cells. GC cells were transfected with
pEGFP-N3 or STAT3/pEGFP-N3 plasmids, serum starved overnight, treated
with vehicle or GH (500 ng/ml) for 6 hours, and imaged by fluorescent
microscopy. Experiments were repeated 2 or 3 times, and figures show
representative experiments. Original magnification, x800.

polymorphic FGFR4 variants that correlate inversely with GH and
PRL in rodent pituitary cells were associated with STAT3 phos-
phorylation (38). Here, we detected enhanced STAT3 expression
in human somatotroph adenomas but not in nonsecreting pitu-
itary tumor types, as previously shown for phospho-STAT3 (38),
and also show selective concordant expression of STAT3 and GH
in human somatotroph adenomas. STAT3 action is direct, as evi-
denced by its binding of the Gh promoter, induction of Gh transac-
tivation and expression, and attenuation by STAT3-DN as well as
the specific inhibitor S31-201. As observed in fibroblasts (26), our
results show that GH also induces somatotroph cell STAT3 phos-
phorylation and nuclear translocation. Based on these results, we
postulate that GH participates in a positive autocrine or paracrine
feedback for STAT3 induction, thus elucidating a novel mecha-
nism for GH hypersecretion in somatotroph adenomas.
Persistent activation of STAT3 contributes to tumor growth
and progression, and STAT3 has been identified as an attractive
anticancer target (17, 39-41). The evidence for elevated soma-
totroph adenoma STAT3 and STAT3 regulation of GH suggests
STAT3 as a potential cellular target to treat acromegaly. Small-mol-
ecule STAT3 inhibitors have been used in preclinical and clinical
studies (17, 24, 25, 42-45), and we tested S31-201, a cell-permeable
amidosalicylic acid compound that selectively inhibits STAT3
DNA-binding activity in vitro (IC50 = 86 * 33 uM) (24, 25). Here,
we show that, using a dose of 5 mg/kg, S3I-201 inhibited rat GH3
pituitary cell growth in vitro and attenuated growth of somato-
troph tumor xenografts in Wistar Furth rats. Tumor volumes,
weight, and circulating GH were decreased. Furthermore, we ver-
ified inhibitory S31-201 effects on GH mRNA, as assessed by real-
time PCR in 17 of 21 of primary cell cultures derived from human
somatotroph tumors, and on GH protein in 15 of 21 of cultures,
as assessed by Western blotting. Medium GH concentrations
were also suppressed in 13 of 21 cultures. GH mRNA expression
of several cultures was attenuated, but medium GH levels did not
respond to S3I-201, possibly indicating the need for longer treat-
ment times or increased in vitro S31-201 dose. Due to effects of
high-dose S31-201 on B-actin and GAPDH, and the impracticality
of appropriate primary human cell counting, we used total protein
harvested from each group to normalize GH protein expression
and medium concentrations, thus normalization of medium GH
levels was not maximally rigorous. Unfortunately, no hormonal
secreting human pituitary cell line is available for study. STAT3
autoregulation has been reported in ectodermal cells (46, 47), and
we show here that Stat3 mRNA expression in somatotroph tumor
xenografts was reduced by approximately 68% in S31-201-treated
tumors, verifying effective S31-201 delivery to the xenografts via
tail vein injection. Similarly, STAT3, as assessed by Western blot-
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Figure 6. STAT3 inhibitor S31-201 constrains somatotroph cell growth in vitro and somatotroph xenograft growth in vivo. (A) 531-201 decreases GH3 cell
growth in vitro. GH3 cells were treated with increasing amounts of S31-201. Cell growth was measured by premixed WST-1 cell proliferation assay or BrdU
incorporation. Experiments were repeated 2 or 3 times, and representative experiments are shown. (B) 531-201 attenuated GH3 somatotroph xenograft
growth in vivo. Thirty Wistar Furth rats were subcutaneously injected with GH3 cells. After 1 week, S31-201 or vehicle (n = 15 per group) was injected intra-
venously at 5 mg/kg every 2 or 3 days for 2 weeks. Tumor size of the 30 rats was assessed twice a week, and tumor volume was calculated. Two weeks
after treatment, animals were euthanized, and all 30 tumors were excised and weighed. (C) S31-201 decreased xenograft Gh mRNA expression. Xenograft
Stat3 and Gh expression was assessed by real-time PCR, using Gapdh as a control. (D) S31-201 decreased xenograft GH secretion. Blood samples were col-
lected 1day before treatment and on the day of euthanization. Serum GH and IGF1 levels were measured by RIA or ELISA, and fold change was calculated
as serum level after treatment/serum level pretreatment. Results are presented as mean + SEM, n = 15. Student’s t test, *P < 0.01, **P < 0.05.

ting, was also reduced in most primary human cell cultures by
higher S31-201 doses. Taken together, we report in vivo, ex vivo,
and in vitro evidence supporting the hypothesis that blocking
STAT3 suppresses somatotroph tumor growth and inhibits GH
hypersecretion. These results provide a rationale for using STAT3
inhibitors to treat benign GH-secreting pituitary tumors.

Methods

Tumor specimen immunofluorescence. Human pituitary tumor sam-
ples were obtained from the pathologist, and diagnosis of individual
tumors was established on the basis of clinical features, histology,
and pituitary hormone immunohistochemistry. We established a
human somatotroph adenoma tissue array at the Yale Cancer Cen-
ter/Pathology Tissue Microarray Facility (http://medicine.yale.edu/
pathology/research/tissueservices), with samples obtained from ver-
ified pituitary tumor specimens. Slides were deparaffinized in xylene,
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hydrated in graded ethanol, and heated in Target Retrieval Solution
(DakoCytomation) to retrieve antigen at 95°C for 40 minutes. Slides
were permeabilized with 1% Triton X-100 in PBS for 30 minutes and
incubated in blocking buffer (10% goat serum, 1% BSA, and 0.1%
Triton X-100 in PBS). After washing, slides were hybridized with
antibody against STAT3 (1:1,000; Cell Signaling catalog no. 9139) or
against STAT3 and human GH (1:60,000; A.F. Parlow, Harbor-UCLA
Research and Education Institute, Torrance, California, USA) at 4°C
overnight. Alexa Fluor antibodies (Molecular Probes) were used as
secondary antibodies and incubated at room temperature, avoiding
light for 1 hour. Slides were mounted with ProLong Gold Antifade
Reagent with DAPI (Life Technologies), and nuclei were dyed by
DAPI with blue fluorescence.

Confocal microscopy. Samples were imaged with a Leica TCS/
SP spectral confocal scanner (Leica Microsystems) in dual-emission
mode to separate autofluorescence from specific staining. For single
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Figure 7. STAT3 inhibitor S31-201 attenuates GH expression and secretion in primary cells derived from human somatotroph adenomas. (A) As assessed
by real-time PCR, S31-201 dose-dependently suppressed GH mRNA levels in 17 tumor cell cultures (repeated-measures ANOVA, P < 0.0001), whereas 4
specimens did not respond. (B) As measured by Western blot, S31-201 dose-dependently inhibited GH protein levels in 15 tumor cell cultures (repeated
-measures ANOVA, P < 0.0001), while GH was not altered in 6 tumor cell cultures. (C) As measured by immunoassay, 531-201 dose-dependently attenuated
medium GH secretion in 13 tumor cell cultures (repeated-measures ANOVA, P < 0.0001), while GH was unchanged in 8 tumor cell cultures. (B) Concordant
GH mRNA and protein reductions by S31-201in a representative primary cell culture. The Ponceau staining blot indicates similar amounts of protein load-
ing as that shown for Western blotting. Results are presented as mean + SE. Student’s t test, *P < 0.05, **P < 0.01, ***P < 0.001.

STAT3 staining, a spectral window of 500- to 550-nm wavelength
detected Alexa Fluor 488 emission as green. A second window from
560 to 620 nm detected the autofluorescence contribution as red. As
the 2 images were merged, autofluorescence appeared as yellow, and
true signals appeared as green. For double staining, STAT3 stained
with Alexa Fluor 488 was colored green, and GH stained with Alexa
Fluor 568 was colored red and was imaged with a 540-nm HeNe laser.

Immunofluorescence evaluation. Immunofluorescent slides were
examined independently by two blinded observers. Expression of
STAT3 or GH was determined as a percentage of positively stained
cells. For double staining, STAT3 expression was calculated as follows:
+, if positively stained cells were <40% of total cells counted; ++, if
stained cells were 240% and <60% of total cells counted; and +++,
if stained cells were 260% of total cells counted. GH expression was
evaluated as follows: +, if stained cells are <30% of total cells counted;
++, if stained cells are 230% and <50% of total cells counted; and +++,

if stained cells are 250% of total cells counted. STAT3 and GH expres-
sion were correlated using Pearson y? test with SPSS10.0 statistical
software (IBM Software) and P < 0.05 considered significant.
Primary cell cultures derived from human somatotroph adenomas.
Twenty-one somatotroph adenomas were obtained from patients
with acromegaly at the time of surgical resection. Tumor tissues were
transferred in 0.3% BSA-containing DMEM media. After washing,
tumor tissues were chopped with a sterile scalpel into approximately
0.5- to 1-mm fragments, rinsed, and digested with DMEM containing
0.3% BSA, 0.35% collagenase, and 0.15% hyaluronidase at 37°C for
30 to 60 minutes (digestion time adjusted by tissue size). The mix-
ture was centrifuged at 350 g for 5 minutes at 4°C, and the cell pellet
was suspended in NeuroCult NS-A Basal Medium containing pro-
liferation supplement (Stemcell Technologies) and antibiotics. Pri-
mary cells were aliquoted to 16 wells of 24-well plates precoated with
ECL Cell Attachment Matrix (Millipore) and attached after 24-hour
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incubation. Subsequently, culture medium was carefully removed,
and medium containing $31-201 was added at doses of O to 150 pM.
After 48 hours, primary cells were harvested for total RNA and pro-
tein extraction by TRIzol (Life Technologies), and culture medium
was collected. GH concentrations were normalized to total protein
extracted from the same culture wells.

Cell culture, transfection and stable cell selection, and lentiviral
infection. GH3 and GC cells were obtained from ATCC. GH3 cells
were cultured in DMEM/F12 medium containing 15% horse serum,
2.5% fetal bovine serum, and Antibiotic-Antimycotic (Life Technol-
ogies). GC cells were cultured in DMEM medium containing 10%
fetal bovine serum and Antibiotic-Antimycotic. Cell transfection was
performed in wells with 70% to 80% confluent cells using Lipofect-
amine 2000 (Life Technologies). Geneticin (50 pg/ml) was added to
GH3 transfectants for 14 days to select stable cells, which expressed
ZsGreen. A mass population of green stable transfectants was sorted
by the MoFlo Cell Sorter (Beckman Coulter) to ensure expression
prior to performing experiments. Lentiviral infection was performed
in 6-well plate with 70% to 80% confluent cells according to the Santa
Cruz Biotechnology protocol. Cells were harvested 6 days later, and
protein was extracted.

ChlIP. Ten million GH3 cells were cross-linked and lysed using the
ChIP-IT Express Kit (Active Motif). Chromatin was sonicated to 200-
to 800-bp length fragments with 8 rounds of 10-second pulses using
25% power. Normalized, sheared chromatin DNA inputs were incu-
bated with 4 pg negative control IgG or STAT3 antibody (Cell Signal-
ing catalog no. 9139) overnight at 4°C. PCR reactions were amplified
using precipitated immunocomplexes as templates and the following
rat Gh promoter primers: primer 1 forward, 5 CCACGCCCTGACT-
TAC 3'; primer 1 reverse, 5 CTTAGAGGCTGCCAACT 3'; primer
2 forward, 5 CATCAGTTTATGCTGCTATG 3'; primer 2 reverse,
5" CTCCTCCTCCTGCTCTT 3'; primer 3 forward, 5 GGCGGTG-
GAAAGGT 35 primer 3 reverse, 5 GGCGGAAGTTGGGAT 3'. Primer
pairs were designed for different promoter regions, with primer 1 the
furthest from ATG and primer 3 the closest to ATG.

Plasmids. Wild-type STAT3, STAT3-C, and STAT3-DN plas-
mids were cloned into pIRES2-ZsGreenl vector (Clontech) (48).
Wild-type STAT3 cDNA devoid of stop codons was cloned in frame
to pEGFP-N3 vector (Clontech), which encodes the fusion STAT3-
GFP protein. STAT3-DN was subcloned to the lenti-GFP vector
and packaged, and viral particles were provided by the Viral Vec-
tor Core at Cedars-Sinai Medical Center. Lentiviral particles of rat
Stat3 shRNA and controls were purchased from Santa Cruz Biotech-
nology (catalog no. sc-270027-V and sc-108080). Rat Gh promoter
-4,192/+167 was synthesized by GenScript and subcloned into
pGL, ,, vector (Promega) by Sac I and Nhe I. The shorter Gh pro-
moter (-1,752/+167) in pGL, ,, was modified from the -4,192/+167
promoter. The -4,192/+167 promoter was digested with Nhe I and
EcoR I (internally located at -1,752/-1746 in the Gh promoter),
blunted, and ligated.

Reporter assay. Stable GH3 STAT3/pIRES2-ZsGreenl transfec-
tants or pIRES2-ZsGreenl controls were split into 24-well plates
(5% 103 cells per well) and separately transfected with rat Gh promoter
-4,192/+167, promoter -1,752/+167, or pGL,  luciferase vector as
control (1.2 pg per well). Forty-eight hours later, whole-cell lysate was
collected for reporter detection by the Dual Luciferase Reporter Sys-
tem (Promega). For STAT3 inhibitor S31-201 (EMD Millipore) treat-
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ments, GH3 cells were transfected with 1 ug pGL,,, or rat Gh promot-
ers (-4,192/+167 or -1,752/+167). Twenty-four hours later, cells were
treated with STAT3 inhibitor (0-150 pM) for 24 hours, and protein was
4,4 (hRluc/TK) encoding Renilla
luciferase (Promega) was cotransfected as an internal control (10 ng

harvested for reporter assays. pGL

per well) to assess transfection efficiency. Reactions were measured
using an Orion Microplate Luminometer (Berthold Detection Sys-
tem). Transfections were performed in triplicate and repeated 3 times
to assure reproducibility.

RNA extraction and real-time PCR. Total RNA were isolated by the
RNeasy Mini Kit (QIAGEN). One microgram total RNA was used to
synthesize cDNA with the iScript cDNA Synthesis Kit (Bio-Rad). For
primary human cells derived from somatotroph adenomas, total RNA
was extracted by TRIzol (Life Technologies) and 0.5 ug RNA was used
for reverse transcription. Real-time PCR was amplified in 20 pl reac-
tion mixtures (100 ng template, 0.5 uM of each primer, 10 ul 2x SYBR
GREEN Master Mix [Life Technologies]) using the following parame-
ters: 95°C for 1 minute, followed by 40 cycles of 95°C for 20 seconds,
and 60°C for 40 seconds. Gapdh was used as an internal control. Rat
Stat3 (PPR44745B), Gh (PPR61690A), Prl (PPRO6703A), and Gapdh
(PPRO6557A) primers as well as human GH (PPHOO0577B), STAT3
(PPHOO708F), and 18S (PPHOS5666E) primers were all purchased
from QIAGEN. Human RPL13A primers were designed as follows: for-
ward, 5-CCTGGAGGAGAAGAGGAAAGAGA-3';reverse, 5-TTGAG-
GACCTCTGTGTATTTGTCAA-3'.

Western blotting. Total cell lysate was prepared in RIPA buffer (Sig-
ma-Aldrich) containing Protease Inhibitor Cocktail (Sigma-Aldrich).
Total primary cell culture protein derived from human somatotroph
tumors was isolated by TRIzol (Life Technologies). Protein concentra-
tions were measured by the Coomassie Plus Assay Kit (Pierce) using
BSA as standard. Equal amounts were separated by NuPAGE Novex
Bis-Tris Gels (Life Technologies), transferred onto polyvinylidene
difluoride membrane (Millipore), and incubated in blocking solu-
tion (TBS buffer containing 5% nonfat dry milk [Bio-Rad]) for 1 hour
at room temperature, followed by incubation with primary antibody
(STAT3: 1:1,000, Cell Signaling catalog no. 9139; phospho-STAT3
[Tyr705]: 1:500, Cell Signaling catalog no. 9131; STAT1: 1:1,000, Cell
Signaling catalog no. 9172; phospho-STAT1 [Tyr701]: 1:500, Cell Sig-
naling catalog no. 7649; STAT5: 1:1,000, Cell Signaling catalog no.
9358; phospho-STAT5 [Tyr694]: 1:500, Cell Signaling catalog no.
4322;rat GH and PRL antibodies, 1:2,000, A.F. Parlow, Harbor-UCLA
Research and Education Institute; human GH: 1:5,000, R&D Systems
AF1067; actin: 1:10,000, Millipore catalog no. MAB1501) at 4°C over-
night. After 0.5% Tween-20 in TBS washings, membranes were incu-
bated with horseradish peroxidase-linked secondary antibody (GE
Healthcare) for 1 hour at room temperature and developed using ECL
Western Blotting Detection Reagents (GE Healthcare). Western blots
were quantified by Image] (NIH).

Hormone radioimmunoassay and ELISA. Rat GH radioimmunoas-
say (RIA) was performed in triplicate, using reagents provided by A.F.
Parlow at the National Hormone and Peptide Program (Harbor-UCLA
Medical Center). Iodination of rat GH (5 pg) with iodine-125 (500 uCi;
Perkin-Elmer Life & Analytical Sciences) mixed with 0.1 mg Iodo-Gen
(Pierce) was performed using 10 ml G-75 Sephadex columns (Sigma-Al-
drich). Rat serum prolactin and IGF1 concentrations were measured by
ELISA (prolactin, MD Biosciences; IGF1, ALIPCO). Human GH was
measured by IMMULITE 2000 Immunoassay System (Siemens).
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Cell proliferation assay. For WST-1 cell proliferation assays, GH3
cells (5 x 10° cells) were plated in flat-bottomed 96-well plates in 100 pl
culture medium and treated with vehicle or S31-201 at 50 to 125 pM.
Each group consisted of 6 parallel wells. After 72 hours, premixed
WST-1 cell proliferation reagent (Clontech) was added (1:10) and incu-
bated for 4 hours at 37°C in a humidified atmosphere maintained at
5% CO,, after which absorbance was measured at 450 nm.

For BrdU incorporation, GH3 cells (1 x 106 cells) were plated in
60-mm plates in 20 ml culture medium and treated with vehicle or
S31-201 at 50 to 100 uM. Each group consisted of 3 parallel plates.
After 48 hours, BrdU was added to the culture medium at 1:1,000 and
incubated for 40 minutes at 37°C in a humidified atmosphere main-
tained at 5% CO,,. Cells were stained for BrdU (5-Bromo-2"-deoxy-uri-
dine Labeling and Detection Kit II, Roche) and counted by FACS.

Xenograft transplantation and in vivo tumor studies. Four-week-old
female Wistar Furth rats were purchased from Harlan, and animal pro-
tocols were approved by the Cedars-Sinai Institutional Animal Care
and Use Committee. GH3 cells (5 x 10° cells in 100 pl Matrigel) were
subcutaneously injected into the left lumbar area. After 7 days, tumors
with a volume of approximately 100 mm? were established. Rats were
given S3I-201 intravenously at 5 mg/kg every 2 or 3 days for 2 weeks.
Tumor size was measured by caliper measurements twice a week, and
volume was calculated as follows: volume = (length x width?) /2. Three
weeks after cell inoculations, animals were euthanized and excised
tumors were weighed. Blood samples were collected 1 day before S31-
201 treatment and again on the day of euthanization. Serum GH and
prolactin were assessed by RIA or ELISA, respectively.

Statistics. For STAT3 immunofluorescence in human pituitary
tumors (Figure 1B), groups were compared by 2-tailed unpaired ¢ test.
For STAT3 and GH costaining (Figure 1C), correlation was analyzed
by Pearson y? test. For GH expression in primary human pituitary cul-
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tures (Figure 7, A-C), groups were compared by repeated-measures
ANOVA. All other comparisons were analyzed by 2-tailed Student’s ¢
test. Pvalues of less than 0.05 were considered statistically significant.

Study approval. The protocol for collecting human pituitary spec-
imens for immunofluorescence was approved by the Cedars-Sinai
Medical Center Institutional Review Board, and informed consent
was obtained. The protocol for harvesting human pituitary specimens
for primary cultures was approved by the Peking Union Medical Col-
lege Hospital Institutional Review Board, and informed consent was
obtained. Animal protocols were approved by the Cedars-Sinai Insti-
tutional Animal Care and Use Commiittee.
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