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and blood levels are associated with more aggressive pi-
tuitary tumors (10, 11).

We identified altered FGFR4 expression in pituitary
tumors (12) due to expression of an N-terminally deleted
isoform, pituitary tumor-derived FGFR4 (13), generated
by alternative transcription initiation from a cryptic in-
tronic promoter (14, 15).

In a large cohort of pituitary neoplasms, strong FGFR4
protein expression was more frequently observed in larger
adenomas (16). Subsequently, a common FGFR4 germline
single nucleotide polymorphism that converts guanine to
adenine, resulting in the substitution of arginine for glycine
at codon 388 in the transmembrane domain, was identified
(17). This FGFR4-R388 allele has been associated with poor
outcomes in sarcoma (18); prostate (19), lung (20, 21), co-
lon (17), and head and neck carcinomas (22); melanoma
(23); and advanced breast cancer (24). Furthermore, we
found that FGFR4-R388 was associated with more aggres-
sive clinical behavior and diminished responsiveness to
mammalian target of rapamycin inhibition therapy in pa-
tients with pancreatic neuroendocrine tumors (25).

We recently showed that the FGFR4-R388 allele modu-
lates GH levels and is associated with larger pituitary tumor
size in patients with acromegaly (26). Moreover, an inde-
pendent clinical report noted that the FGFR4-G388 allele
and FGFR4 overexpression were associated with a higher
frequency of small microadenomas and recurrent Cushing
disease (27). Cushing disease is a potentially lethal condition
resulting from a pituitary corticotroph adenoma of the pro-
opiomelanocortin (POMC)-derived ACTH cell lineage. En-
dowed with the capacity to stimulate adrenocortical hormone
production, corticotroph tumors are clinically associated with
elevated circulating cortisol levels (28). Most corticotroph tu-
mors are small but very hormonally active, densely granulated
basophilic adenomas; less frequently, they are larger, sparsely
granulated chromophobic tumors with less prominent hor-
mone hyperactivity, and up to 20% are regarded as silent cor-
ticotroph adenomas (SCA), clinically nonfunctioning pituitary
adenomas with immunopositivity for ACTH (29). SCAs often
exhibit a more aggressive clinical course (30-33).

In this report, we identify distinct signaling and hor-
mone regulatory properties of the FGFR4-G388 and
FGFR4-R388 isoforms of relevance to the different forms
of Cushing disease.

Materials and Methods

Cell lines and cultures
Because there are no human-derived hormone-producing pi-

tuitary cell lines, we used mouse AtT20 corticotroph cells that
were propagated in DMEM~-10% fetal bovine serum (FBS) (Life
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Technologies), 1 mM sodium pyruvate, and 0.2 mg/mL G418
(37°C, 95% humidity, and 5% CO, atmosphere incubation).

Plasmids and transfection

Plasmids encoding human prototypic FGFR4 (G388) or the
polymorphic form FGFR4-R388 were generated and stably intro-
duced into AtT20 cells as described previously (13). Construct
fidelity was confirmed by DNA sequencing after introduction into
pcDNA3.1. The signal transducer and activator of transcription
(STAT) 3 expression vector was kindly provided by M. Minden
(University of Toronto, Toronto, ON, Canada); the constitutively
active tyrosine form of STAT3 (STAT3-CA) and constitutively ac-
tive serine form of STAT3 (STAT3-5S727D) were kindly provided
by J. Chen (University of Illinois, Urbana, Illinois) (34). Cells were
transfected using Lipofectamine 2000 (Life Technologies) accord-
ing to the manufacturer’s instructions. Stable clones were selected
using neomycin (G418) at a concentration of 0.2 mg/mL. At least 3
clones of each isoform were used for further analyses.

Cell treatments

Treatments with dexamethasone (2-25 nM; Sigma-Aldrich)
were performed on cells grown on 100-mm plates (3.5 x 10°
cells/plate) after 24 hours of preincubation in serum-free defined
medium (DMEM with 0.5% albumin bovine factor V). Treat-
ments with dexamethasone were based on earlier dose and time
course studies ranging from 10 minutes up to 24 hours.

Cell proliferation assay

Cells (5 x 10* cells/well) were seeded in 12-well plates, and growth
rates were determined by direct counting 1,4, and 5 days after seeding
using the Vi-Cell XR 2.03 program of the Beckman Coulter system.
Cells were also stained for Ki67 scoring as an additional measure of
proliferation. Experiments were performed on 3 independent occa-
sions, and each was performed in triplicate.

Growth in soft agar

A total of 2500 cells were plated in 35-mm dishes as a single
cell suspension in 0.3% agar in DMEM supplemented with
10% FBS over an underlayer of 0.5% agar prepared in DMEM
as above. Colony formation was monitored daily with a light
microscope, and colonies were photographed 3 weeks later.
Each cell type (control, FGFR4-G388, or FGFR4-R388) was
grown in 4 to 6 soft agar plates in each experiment.

Western blotting and antibodies

Nuclear and cytoplasmic protein samples were prepared us-
ing NE-PER nuclear and cytoplasmic extraction reagents
(Thermo Fisher Scientific). Cells were lysed in lysis buffer (0.5%
sodium deoxycholate, 0.1% SDS, 1% Nonidet P-40, and 1X
PBS) containing proteinase inhibitors (100 pg/mL phenylmeth-
ylsulfonylfluoride, 13.8 ug/mL aprotinin (Sigma-Aldrich), and
1 mM sodium orthovanadate (Sigma-Aldrich). Total cell lysates
were incubated on ice for 30 minutes, followed by microcen-
trifugation at 10 000 X g for 10 minutes at 4°C. Protein con-
centrations of the supernatants were determined by the Bio-Rad
method. Equal amounts of protein (40 ug) were mixed with 5%
SDS sample buffer, boiled for 5 minutes, separated on 10 or
15% SDS-PAGE columns, and transferred onto polyvinylidene
difluoride membranes. Immunoblotting was performed using
the following antibodies: a monoclonal antibody to the V5-tag
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(Life Technologies); anti-ACTH (1:10 000; Abcam); anti-B23
(1:5000; Sigma-Aldrich); anti-glucocorticoid receptor (GR)
(BuGR2, 1:5000; Abcam); and GAPDH (1:1000), anti-pGR
(Ser211, 1:1000), anti-pSrc (Y416, 1:1000), anti-pS-STAT3
(5727, 1:1000), anti-pY-STAT3 (Y705, 1:1000), anti-Src (1:
1000), anti-STAT3 (1:2500) (Cell Signaling Technology). Load-
ing was monitored by detection of actin (1:5000; Sigma-Al-
drich). Nonspecific binding was blocked with 5% nonfat milk in
1x TBST (Tris-buffered saline with 0.1% Tween 20). After
being washed 3 times for 10 minutes each in 1X TBST, blots
were exposed to the secondary antibody (anti-mouse or anti-
rabbit IgG-horseradish peroxidase; Santa Cruz Biotechnology)
at a dilution of 1:2000 and were visualized using the ECL chemi-
luminescence detection system (Amersham). Protein band inten-
sities were quantified by a scanning densitometer.

Preparation of cell pellets for immunohistochemistry

Cell were washed 3 times in cold PBS, gently scraped, and
centrifuged into pellets. The pellets were fixed in 10% formalin
for 2 hours, coated in 2% Bacto Agar until solidified, fixed in
10% formalin, and embedded in paraffin. Sections of 4-um
thickness were dewaxed in 5 changes of xylene and rehydrated
through graded alcohols into water. Sections were microwave
heated in Tris-EDTA buffer at pH 9.0 inside a pressure cooker.
Endogenous peroxidase and biotin activities were blocked us-
ing, respectively, 3% hydrogen peroxide and an avidin/biotin
blocking kit (Vector Laboratories). Sections were treated for 10
minutes with protein blocker (ID LABS) and then were incu-
bated overnight with anti-ACTH mouse monoclonal antibody
at 1:800 and anti-Ki67 antibody at 1:100.

Immunofluorescence detection of phospho-GR

Cells were grown in 2-chamber slides and preincubated in
serum-free defined medium for 16 hours. Cells were treated
with 10 nM dexamethasone for 1 hour, washed twice with PBS,
fixed with 4% formaldehyde-PBS for 10 minutes, and washed 3
times with PBS. Cells were permeabilized for 10 minutes in PBS
with 0.2% Triton X-100 and blocked for 30 minutes with PBS
containing 5% FBS. Cells were first incubated with rabbit anti-
phospho-GR (1:100) for 30 minutes at room temperature, washed
3 times with PBS, subsequently incubated with anti-rabbit IgG
Alexa Fluor 488 for 30 minutes at room temperature, washed 3
times with PBS, incubated with 4',6-diamidino-2-phenylindole for
15 minutes, and washed 3 times with PBS. Coverslips were
mounted in Fluoromount-G (Electron Microscopy Sciences) on
glass slides. Cells were examined with a two-photon microscope
(LSM 510 META NLO; Zeiss), equipped with a X63 water-im-
mersion objective lens and filters optimized for double-label exper-
iments. Images were analyzed using the LSM IMAGE browser.

Fgfr4-R385 knock-in mice and treatment

Fgfr4-R385 knock-in mice were generated using standard
approaches as described previously (35). Mice were maintained
on a pure C57BL/6 background. Genotyping was performed by
PCR of genomic tail DNA (35). Dexamethasone (Sigma-Al-
drich) was reconstituted in saline and injected ip at a dose of 5
png/g body weight at 6:00 PM and again at 8:00 aAM the next
morning, and then tail blood was collected 1 hour later for
determination of serum corticosterone levels using a commer-
cially available assay (ALPCO Diagnostics).
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Human samples

Human pituitary tumors were retrieved from the files of
the University Health Network and Toranomon Hospital
with research ethics board approval from both institutions.
All tumors had been fully characterized according to currently
accepted criteria (29). Pituitary tumor size was based on the
maximal diameter noted on magnetic resonance imaging. Mi-
croadenomas were defined as tumors of <10 mm in maximal di-
ameter and macroadenomas as tumors of >10 mm. FGFR4 geno-
typing was performed on white blood cells obtained from the
peripheral blood of the same patients as described previously (17).

Ethics statement

The care of animals was approved by the institutional animal
care facilities. Use of human pituitary tissue was approved by
the research ethics boards of the University Health Network and
Toranomon Hospital.

Statistical analysis

Data are presented as means = SD. Statistical analyses were
performed using unpaired, two-sided ¢ tests or ANOVA fol-
lowed by a post hoc test. P = .05 was considered statistically
significant. For analysis of human pituitary tumors, Fisher exact
test was applied.

Results

FGFR4-G388R modulates POMC production and
cell proliferation

As described previously, FGFR4 is expressed in ante-
rior pituitary cells (26) including corticotroph cells (Sup-
plemental Figure 1A). To determine whether the FGFR4
polymorphic isoforms possess distinct functional properties
in ACTH-producing pituitary cells, we compared the effects
of FGFR4-G388 and FGFR4-R388 on pituitary hormone
production in mouse AtT20 corticotroph tumor cells.
FGFR4-G388 enhances production of POMC and its
cleaved product ACTH (Figure 1, A and B). In contrast to
the hormonal changes, AtT20 cells expressing FGFR4-
R388 showed higher proliferative activity evidenced by di-
rect cell counting (Figure 1C), Ki-67 labeling (Figure 1D),
and colony formation in soft agar (Figure 1E).

FGFR4 polymorphic variants support distinct
STAT3 modifications

To examine the mechanisms underlying the observed
cellular responses, we compared signaling differences in
AtT20 cells expressing the 2 FGFR4 isoforms. Src phos-
phorylation at Y416 was appreciably higher in cells ex-
pressing FGFR4-R388 than in those expressing FGFR4-
G388, whereas phosphorylation at Y527 was unchanged
(Figure 2, A and B). Importantly, FGFR4-R388 cells show
higher STAT3 serine phosphorylation at S727 (Figure 2,
A and C). In contrast, FGFR4-G388 cells displayed higher
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Figure 1. FGFR4 polymorphic variants modulate corticotroph hormone production and cellular growth. A, POMC protein expression was examined in
mouse AtT20 corticotroph tumor cells stably expressing empty vector (control), the prototypic form of the FGFR4 receptor (G388), or the polymorphic
FGFR4-R388 variant by Western blotting. B, Densitometric means derived from 3 independent experiments are shown in the corresponding bar graphs,
and significant differences are shown. C, Growth of AtT20 cells expressing empty vector (control), FGFR4-G388, or FGFR4-R388 was monitored by
counting the number of cells at 1, 4, and 5 days as detailed in Materials and Methods. Bar graphs indicate the average number of cells, based on 3
independent experiments each performed in triplicate. D, AtT20 cells expressing empty vector (control), FGFR4-G388, or FGFR4-R388 were stained for
ACTH and Ki67. The proliferation index was calculated as the number of positive cells per 100 cells averaged in 3 areas of each slide, and significant
differences are shown with corresponding statistical P values. Statistical comparisons were performed by ANOVA followed by post hoc analysis. E, AtT20
cells expressing empty vector (control), FGFR4-G388, or FGFR4-R388 were examined in soft agar as detailed in Materials and Methods. Shown is the
change in the number of colonies (mean = SD) derived from 4 independent experiments. Statistically significant (P < .001) increased colony numbers
were noted as indicated. Statistical comparisons were performed by ANOVA followed by post hoc analysis.

pY-STATS3 levels, which were further enhanced by dexa-
methasone treatment (Figure 2, A and D). In contrast,
dexamethasone did not further alter Src or STAT3 serine
phosphorylation levels in either cell type. Moreover, in-
troduction of a constitutively active serine STAT3
(STAT3-S727D) mutant enhanced colony formation, an
effect not shared with a constitutively active tyrosine
STAT3 (STAT3-CA) construct (Supplemental Figure 1B).
STAT1 and STATS phosphorylation were not affected by
either FGFR4 isoform (data not shown).

FGFR4 isoform-mediated STAT3 signaling
regulates POMC expression

Because glucocorticoids play a major role in negatively
regulating their own expression through feedback inhibition

of the pituitary-adrenal axis, we next tested responsiveness
to dexamethasone. FGFR4-R388 cells showed enhanced
dose-responsive inhibition of POMC to dexametha-
sone when compared with that of cells expressing the
FGFR4-G388 variant (Figure 3, A and B) or control
AtT20 cells (Supplemental Figure 2). To determine
whether differential STAT3 modifications are respon-
sible for pituitary POMC regulation, we tested AtT20
cells expressing constitutively active STAT3 murtants.
Introduction of the tyrosine active STAT3-CA mimicked
the effect of FGFR4-G388 with relative hormone insensitivity
to dexamethasone (Figure 3, C and D). In contrast, introduc-
tion of a serine active form of STAT3 (STAT3-S727D) repro-
duced the enhanced suppression of POMC (Figure 3, Cand D)
noted in FGFR4-R388 cells.



doi: 10.1210/me.2013-1412

A . AtT20
FGFR4-G388 FGFR4-R388
2 5 1025 ¢ 2 5105

Dexamethasone (nM) o

pSre (Y416)
pSre (Y527)
PS-STAT3 | ¢
PY-STAT3
STAT3

w

pSte (Y416) (%of control)

Dexamethasone (nM)

FGFR4-G388 FGFR4-R388

O

pS-STAT3 (%of control)
g &
o]
e
L "
) i
P =
S

Dexamethasone (nM)
D FGFR4-G388 FGFR4-R388
600 p<0.001
: p=0.019
500 | p=0.042

pY-STAT3 (%of control)

0

5 10 25

N
0 2

Dexamethasone (nM)

Figure 2. FGFR4 polymorphic variants display distinct signaling
responses in pituitary corticotroph cells. A, AtT20 cells expressing
FGFR4-G388 or FGFR4-R388 were treated with dexamethasone
under serum-free defined conditions. Equal amounts of cell lysates
were resolved by SDS-PAGE and analyzed by immunoblotting as
indicated. Results are representative of 3 independent experiments.
Values represent mean = SD densitometric values derived from 3
independent experiments. Empty vector control cells are shown in
Supplemental Figure 2. B-D, Bar graphs represent mean densitometric
values derived from 3 independent experiments, and significant
differences by t test (B and C) or ANOVA followed by post hoc analysis
(D) are shown with corresponding P values.

Distinct STAT3 modifications modulate
phosphorylation and translocation of the GR

To understand the underlying mechanisms for altered
FGFR4-STAT3-mediated POMC responsiveness, we ex-
amined GR phosphorylation and nuclear translocation
(36). Of note, total GR levels were not altered in FGFR4-
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Figure 3. The FGFR4-R388 variant allele confers enhanced sensitivity
to pituitary corticotroph hormone inhibition. A, AtT20 cells expressing
empty vector (Supplemental Figure 1), FGFR4-G388, or FGFR4-R388
were treated with dexamethasone (0-25 nM) in serum-free defined
media. Equal amounts of cell lysates were resolved by SDS-PAGE and
analyzed by immunoblotting as indicated. Results are representative of
3 independent experiments. B, Bar graphs represent mean
densitometric values derived from 3 independent experiments;
significant differences are shown with corresponding P values
determined by ANOVA followed by post hoc analysis. C, AtT20 cells
expressing a tyrosine active form (STAT3-CA) and serine active form
(STAT3-S727D) were treated with dexamethasone under serum-free
defined conditions. Equal amounts of cell lysates were resolved by
SDS-PAGE and immunoblotting detection for POMC, STAT3, and actin
as indicated. D, Introduction of serine active STAT3-5727D shows
dose-dependent enhanced sensitivity to dexamethasone inhibition.
This effect is not shared with the tyrosine active STAT3-CA mutant. Bar
graphs represent mean densitometric values derived from 3
independent experiments. Significant differences are shown with
corresponding P values determined by ANOVA followed by post hoc
analysis. Empty vector control cells are shown in Supplemental
Figure 3.
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(phospho-GR) (lower panel). B23 and GAPDH were used as markers for
nuclear and cytoplasmic protein separations respectively. B,
Quantification of nuclear pGR/B23 values from experiments shown in
panel B were calculated relative to control cells. Values represent
means * SD obtained from 3 independent experiments. Significant
differences are shown with corresponding P values determined by
ANOVA followed by post hoc analysis. C, AtT20 cells expressing empty
vector (control), FGFR4-G388, or FGFR4—-R388 were fixed and stained
with anti-pGR followed by Alexa 488-conjugated secondary antibody.
Nuclei were stained with 4’,6-diamidino-2-phenylindole. Unlike
FGFR4-R388 or control cells, FGFR4—G388 cells (middle) show
diminished GR nuclear translocation after dexamethasone treatment.
DAPI, 4’,6-diamidino-2-phenylindole.
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G388 and FGFR4-R388 cells as determined by whole-cell
lysate Western blotting (Figure 4A, top). Examination of
fractionated proteins identified enhanced pGR respon-
siveness to dexamethasone in FGFR4-R388 cells (Figure
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4A, bottom). Moreover, introduction of the serine active
STAT3-S727D recapitulated the enhancing effect on pGR
(Figure 4, A and B). In contrast, introduction of the ty-
rosine constituently active STAT3 (STAT3-CA) failed to
reproduce this impact on GR responses (Figure 4, A and
B). Tracking immunofluorescence studies corroborated
the diminished pGR nuclear translocation after dexa-
methasone treatment in FGFR4-G388 cells compared
with that in FGFR-R388 cells (Figure 4C).

Knock-in of the mouse FGFR4 R385 variant alleles
modulates POMC negative feedback inhibition
in vivo

To determine whether the observed cellular responses
displayed by the FGFR4 polymorphic variants translate
into biologically relevant actions on pituitary cell growth
and function, we examined mice with knock-in of the
mouse homolog of the polymorphism, FGFR4-R385. Of
note, knock-in of this variant allele does not alter FGFR4
expression levels (26, 35).

To determine whether the FGFR4 variant allele influ-
ences POMC negative feedback inhibition, we performed
dexamethasone suppression testing on FGFR4-G385 (G/G)
controls, mice carrying one copy of the variant allele (G/R),
and homozygote (R/R) knock-in mice. Dexamethasone
treatment significantly decreased plasma corticosterone lev-
els in heterozygous mice and homozygote mice (Figure 5).
Consistent with the in vitro findings, mice carrying an
FGFR4-R385 allele demonstrated significantly greater glu-
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Figure 5. Knock-in of the mouse FGFR4-R385 variant allele
enhances POMC negative feedback inhibition in vivo. The
dexamethasone (Dexa) suppression test was performed on FGFR4-
G385 (G/G), heterozygote (G/R), and homozygote (R/R) knock-in mice.
Plasma corticosterone levels before and after the dexamethasone test
were measured by ELISA. Significant differences are depicted with
corresponding P values by t test comparisons within each group. Mice
carrying an FGFR4-R385 allele demonstrated greater glucocorticoid
inhibition than mice homozygous for the FGFR4-G385 allele with the
degrees of inhibition shown immediately above. *, P = .035,
significant differences compared with wild-type mice, determined by
ANOVA followed by post hoc analysis.
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Table 1. Association Between FGFR4 Alleles, Clinical
Diagnosis, and Corticotroph Tumor Size
G/G, n G/R, n R/R, n
FGFR4 Allele (%) (%) (%) P
Patients 21(30.0) 41(58.6) 8(11.4)
Clinical diagnosis
CD 20(95.2) 40(97.6) 5(62.5) .0018
SCA 1(4.8) 1(2.4) 3(37.5)
Tumor size
Microadenomas 17 (81.0) 31(75.6) 3(37.5) .0521
Macroadenomas 4(19.0) 10(24.4) 5(62.5)
Invasiveness
Invasive 7(33.3) 15(36.6) 4(50) .7038
Noninvasive 14 (66.7) 26(63.4) 4 (50)
Corticotroph adenoma
subtype
G 19(90.5) 32(78.0) 3(37.5) .0317
SG 2 (9.5) 8(19.5) 5(62.5)
Mixed 0] 1(2.5) 0

Abbreviations: CD, Cushing disease; DG, densely granulated adenoma;
SG, sparsely granulated adenoma.

cocorticoid inhibition of adrenal corticosterone levels
(—52.1 = 19.8% vs —18.0 = 21.9%; n = 7, P = .035)
than control mice homozygous for the FGFR4-G385
allele (Figure 5).

FGFR4-G388R alters clinical pituitary corticotroph
tumor phenotype

Given the ability of FGFR4 isoforms to display differ-
ent effects on the POMC-ACTH axis, we sought to iden-
tify evidence linking these 2 processes in human disease.
Of 70 patients with pituitary corticotroph tumors, 21
(30.0%) were FGFR4-G388, 41 patients (58.6%) har-
bored 1 FGFR4-R388 allele, and 8 patients (11.4%) were
FGFR4-R388 homozygous (Table 1). Interestingly, the
diagnosis of Cushing disease was made in >95% of pa-
tients harboring an FGFR4-G388 allele compared with
only 62.5% of patients homozygous for FGFR4-R388
(P = .0018). As shown in Table 1, there was also a sig-
nificant correlation between the FGFR4-R388 allele and
pituitary tumor size (P = .0521). Of 21 patients homozy-
gous for FGFR4-G388, 17 (81%) had microadenomas
and 4 (19%) had macroadenomas. Among 41 heterozy-
gotes, 31 (75.6%) had microadenomas. In contrast, of the
8 patients homozygous for the R/R allele, only 3 (37.5%)
had microadenomas and 5 (62.5%) had macroadenomas.
There was also a statistically significant difference in mor-
phology among the genotypes. Patients with an FGFR4-
G388 allele more often had basophilic densely granulated
tumors, whereas FGFR4-R388 homozygotes were more
likely to have chromophobic sparsely granulated tumor
cells (P = .0317). Interestingly, all 5 tumors that exhibited
Crooke’s hyaline change (the morphologic hallmark of
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glucocorticoid-mediated inhibition) were associated with
an FGFR4-R388 genotype.

These data support a link between the FGFR4-G388 al-
lele and increased ACTH production by characteristically
small microadenomas of Cushing disease. In contrast, the
FGFR4-R388 variant allele restrains POMC-ACTH hor-
mone production but supi)orts the more aggressive growth
characteristic of sparsely granulated corticotroph macroad-
enomas and silent corticotroph adenomas.

Discussion

The FGFR4-R388 polymorphic allele can alter suscepti-
bility to some cancers, modulate patient outcome in dif-
ferent types of cancers (37), and result in differences in
disease outcomes or responses to therapy (25). However,
the mechanisms underlying these actions continue to
emerge. The 2 FGFR4 isotypes have divergent signaling
properties in different tissues as demonstrated in breast
(38), pancreas (25, 39), and mammosomatotroph cells
(26). We show here that compared with the polymorphic
FGFR4-R388 variant, the prototypic form of the receptor
(FGFR4-G388) enhances corticotroph hormone production
and confers relative resistance to dexamethasone-mediated
POMC inhibition without increasing cell growth.

Consistent with our previous findings in GH-produc-
ing cells (26), FGFR4-R388 signaling is accompanied by
enhanced Src and STATS3 activation in AtT20 cells. In
particular, the pituitary FGFR4-R388 variant relies on
serine (S727) but not tyrosyl (Y705) phosphorylation of
STATS3. The current study implies multiple consequences
of these altered STAT3 modifications in the control of
pituitary hormonal balance. STAT3, a member of the
Janus kinase/STAT family, is a transcription factor that,
after activation, binds to specific sequences in DNA to
regulate expression of genes related to proliferation, dif-
ferentiation, and cell survival. Interestingly, STAT3 can
physically interact with the GR as noted in hepatocytes, B
cells, and kidney cells (40—42). Here we show that FGFR4-
G388 cells support pY-STATS3 signaling, resulting in in-
creased POMC expression with relative resistance to dexa-
methasone inhibition. This effect was ascribed to diminished
GR phosphorylation and consequently nuclear transloca-
tion. Further, these properties were recapitulated by intro-
ducing a constitutively active pY-STAT3 mutant.

Direct protein-protein interaction between STAT3 and
GR using coimmunoprecipitation experiments has been
described (40), suggesting that STAT3 might be involved
directly in the transcriptional activity elicited by GR. Us-
ing fractionation studies, we found diminished nuclear
translocation of the phosphorylated Ser211 GR in AtT20
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cells expressing the FGFR4-G388 compared with those
expressing the FGFR4-R388, an effect that was recapitu-
lated by expressing a tyrosine active STAT3 mutant. Most
GR-mediated signaling indirectly regulate target genes by
influencing intermediary transcription factors such as
STAT3 and STATS (40). For example, leukemia inhibi-
tory factor administration reduces GR expression in
AtT20 cells through STAT3-dependent signaling (43).
However, there are probably several mechanisms in-
volved in STAT3-mediated GR resistance (44—46). Our
current data link FGFR4 polymorphic variants with dis-
tinct STAT3 modifications that modulate GR activation.

In contrast to the impact of FGFR4-G388 on pY-
STAT3, FGFR4-R388 was coupled to serine STAT3
phosphorylation (pS727-STAT3). STAT3 is generally re-
garded as a requirement for Src-mediated cell transforma-
tion as shown in many carcinomas (47). Traditionally,
STAT3 oncogenic functions have been regarded to rely on
pY-STAT3 and its nuclear translocation. However, re-
cent studies have also identified a positive impact of
pS727-STATS3 on cell transformation. Unlike the tyrosine
modification, serine-phosphorylated STAT3 has been de-
scribed in the mitochondria (48). It may also be involved
in the negative modulation of STAT3 tyrosine phosphor-
ylation (49). Our previous data showed that the FGFR4-
R388 promotes mitochondrial STAT3 serine phosphory-
lation through Src, resulting in increased cell proliferation
and GH production (26). Here we show that in cortico-
troph AtT20 cells, the FGFR4 polymorphic R388 variant
activates Src and STAT3 serine phosphorylation, leading
to increased cellular growth. This effect was recapitulated
with introduction of a constitutively active serine STAT3
but not by a tyrosine active mutant.

Our studies of mice with knock-in of the murine ho-
molog of the human FGFR4-R388 allele (FGFR4-R385)
support the hypothesis of altered sensitivity to dexameth-
asone-mediated POMC negative feedback. Indeed, mice
with knock-in of the FGFR4-R3835 allele displayed nearly
twice the degree of glucocorticoid inhibition by dexameth-
asone. Mice carrying the FGFR4-R385 allele do not develop
pituitary corticotroph tumors spontaneously, implicating
other factors in the neoplastic transformation of this pitu-
itary cell lineage; thus, the FGFR4 single nucleotide poly-
morphism acts as a modifier of tumor cell behavior.

We show that the FGFR4-G388R polymorphism af-
fects human corticotroph adenoma behavior. Clinical
data from patients with ACTH-producing pituitary tu-
mors revealed that those homozygous for the R388 allele
have a higher frequency of SCAs and macroadenomas
with subtle features of hypercortisolemia compared with
carriers of the G388 allele who were more likely to have
microadenomas causing florid Cushing disease. These

FGFR4 Polymorphism in Cushing Disease
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data are consistent with earlier observations that ho-
mozygosity for FGFR4-G388 is associated with a higher
frequency of persistence of cortisol hypersecretion in sur-
gically treated patients with Cushing disease (27).

In summary, we show that the heritable FGFR4-R388
allele yields a receptor variant that signals in a manner
distinct from that of its prototypic FGFR4-G388 isoform
in pituitary corticotroph cells. With the ability to respond
through distinct STAT3 modifications, the variant iso-
form FGFR4-R388 allele promotes cellular growth while
enhancing GR activity and thereby sensitivity to hormone
negative feedback inhibition. These findings identify the
common FGFR4 polymorphism as a factor contributing
to characteristic clinicopathological features associated
with diseases of the pituitary corticotroph.
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Abstract

We report three extremely rare cases of Streptococcus pneumoniae meningoencephalitis (SPM) after trans-
sphenoidal surgery (TSS). Between 2004 and 2010, we experienced three cases of severe SPM after surgery
out of 1,965 patients undergoing TSS (0.15%). The three cases included a 4-year-old boy with a large cystic
craniopharyngioma, a 40-year-old man with a non-functioning pituitary adenoma, and a 55-year-old
man with acromegaly. The similarity among these SPM patients was that severe clinical events occurred
suddenly 1-2 months postoperatively without any history of sinusitis or pneumonia. Despite intensive
care these patients notably had residual neurological sequelae. In no case was rhinorrhea associated
with SPM. It should be noted that SPM was not detected from bacterial cultures of the sphenoidal sinus
mucous membranes (BCSM) obtained during TSS in two of the patients examined. Severe postoperative
SPM can occur suddenly without cerebrospinal fluid (CSF) leakage within 2 months after surgery and
requires emergency treatment. Reduced resistance to infection may play a role in the occurrence of SPM
in our three patients. Our study indicates that BCSM is not useful for predicting postoperative meningitis.
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Introduction

Bacterial meningitis is a severe complication of transsphe-
noidal surgery (TSS) for pituitary tumors®® with an inci-
dence ranging from 0.4% to 9%.% For instance, Van Aken
et al. mentioned an incidence of 3.1% after TSS (7 of 228
cases)® and described five gram-positive bacteria including
two species of Staphylococcus aureus, and one species
each of Streptococcus (Str.) sanguis, Str. intermedius,
and Enterococcus species®. In contrast, only two of 316
consecutive patients who underwent TSS or extended
TSS between January 2006 and July 2007 (0.63%) at our
institution were diagnosed with postoperative menin-
gitis, demonstrating a lower incidence of postoperative
meningitis in our department compared with others.>?
However, meningoencephalitis due to Str. pneumoniae
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is considered extremely rare, and to our knowledge only
one patient has been reported in the English literature
with this disease.” Therefore, the clinical characteristics
of Streptococcus pneumoniae meningoencephalitis (SPM)
associated with TSS remain to be elucidated. We have
experienced three cases of SPM after TSS between 2004
and 2010, which accounts for 0.15% of the 1,965 cases of
TSS performed for the treatment of various types of pitui-
tary diseases at Toranomon Hospital, including pituitary
adenomas, craniopharyngiomas, and Rathke’s cleft cysts:
Here, we report these three cases of SPM to clarify the
clinical characteristics of postoperative SPM after TSS.

Case Report

I. Case 1: Large cystic craniopharyngioma, 4-year-old
male (Fig. 1A, B)

The patient complained of visual disturbance with
impaired eye movements. Magnetic resonance (MR) imaging
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showed a large, cystic, dumbbell-shaped craniopharyngioma.
He underwent complete tumor excision via extended TSS
in October 2009. Cerebrospinal fluid (CSF) leakage was
unavoidable during surgery due to the extended approach,
and a large dural defect was reconstructed with a dural
fascia graft followed by subcutaneous adipose tissue
and fibrin glue to prevent postoperative CSF leakage.?
The patient received prophylactic antibiotics [cefazoline
sodium (CEZ)] for 7 days. The patient was necessary
refilled hydrocortisone, levothyroxine, and desmopressin
after surgery. The postoperative course was unremarkable,
there was no CSF leakage, and the patient was discharged
1 month after surgery with hormonal replacement for
panhypopituitarism with diabetes insipidus. No labora-
tory data suggested inflammation at the time of discharge.
However, 1 month after discharge (i.e., 2 months after
surgery) the patient demonstrated high fever (up to 39°C)
and generalized convulsions. He was diagnosed with
SPM due to his clinical symptoms (e.g., high fever, neck
stiffness) and CSF examination (cell counts: 2,530 uL,
protein: 134 mg/dl, glucose: 12 mg/dl), which included
a bacterial culture.

On the following day the patient was in critical
condition with a severe disturbance of consciousness
and convulsions. The patient recovered after intensive
treatment with appropriate antibiotics, but he suffered
cortical blindness secondary to an occipital infarction
due to arterial vasculitis after SPM.

II. Case 2: Non-functioning adenoma, 40-year-old man
(Fig. 1Q)

The patient had a past history of repeat TSS at another
hospital for the treatment of a non-functioning pituitary
adenoma. During the second surgery severe intraopera-
tive bleeding from the cavernous sinus occurred which
resulted in severe postoperative anemia [hemoglobin (Hb)
was reduced to 6.8 g/dl]. A repeat TSS was performed
in July 2004 at Toranomon Hospital, and the tumor was
completed removed without any intraoperative CSF
leakage. He received prophylactic antibiotics (CEZ) for
3 days, and his postoperative course was uneventful. For
this patient, postoperative hormonal replacement was not
required. He was then discharged 10 days after surgery
with slight anemia (Hb: 11 g/dl). The patient suddenly
complained of severe headache 2 weeks after discharge
(1 month after TSS) with a high fever followed by generalized
convulsions. He was taken to the hospital by ambulance
2 days after the onset of high fever. He was comatose,
and although a computed tomography (CT) scan did not
show pneumocephalus, it did demonstrate diffuse brain
swelling with multiple infarctions. Subsequent bacterial
culture of the CSF revealed SPM (additional data from
the CSF are not available). The patient died 2 weeks later
despite intensive treatment for SPM. Neither CSF leakage
nor pneumocephalus were found during the course of his

meningoencephalitis. Bacterial cultures of the sphenoidal
sinus mucous membrane (BCSM) performed at Toranomon
Hospital confirmed no Str. pneumoniae, although both
Staphylococcus species and Klebsiella pneumonia were
detected in the membranes.

III. Case 3: Acromegaly, 55-year-old man (Fig. 1D, E)

This patient, a blue-collar worker, was diagnosed
with acromegaly based on clinical and endocrinological
findings. TSS was performed to remove the entire pitui-
tary adenoma and to achieve an endocrinological cure
at Toranomon Hospital in May 2004. (For this patient,
postoperative hormonal replacement was not required.)

Fig. 1 A, B: A 4-year-old boy with craniopharyngioma. A:
Preoperative MR imaging (Gd-enhanced T,WI) reveal a large,
cystic, dumbbell-shaped tumor. B: T,WI revealed left occipital
infarction due to postoperative SPM. C: A 40-year-old man
with non-functioning adenoma. D; E: A 55-year-old man with
acromegaly. D: Preoperative MR imaging E: CT revealed brain
edema due to SPM. CT: computed tomography, MR: magnetic
imaging, SPM: Strepfococcus pneumoniae meningoencephalitis.
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