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Four members of the fibroblast growth factor recep-
tor (FGFR) family of tyrosine kinases transduce sig-
nals of a diverse group of more than 23 fibroblast
growth factor (FGF) ligands. Each prototypic receptor
is composed of three immunoglobulin-like extracel-
lular domains, two of which are involved in ligand
binding. Alternative RNA splicing of one of two exons
results in two different forms of the second half of the
third immunoglobulin-like domain, the IIIb or IIIc
isoforms. The contribution of each receptor and their
isoforms in tumorigenesis remains unknown. In the
pituitary, FGFR2 is expressed primarily as the IIIb
isoform in normal adenohypophysial cells. In con-
trast, FGFR2 is significantly down-regulated in mouse
corticotroph AtT20 tumor cells where the 5� promoter
is methylated. Treatment of AtT20 cells with 5�-azacy-
tidine resulted in FGFR2 re-expression, mainly as the
FGFR2-IIIb isoform. Chromatin immunoprecipitation
revealed evidence of histone methylation, but not of
deacetylation, in the silencing of FGFR2 in AtT20
cells. Exposure of these cells to the cognate FGFR2-IIIb
ligand FGF-7 resulted in diminished Rb phosphoryla-
tion and accumulation of p21 and p27, indicating di-
minished cell cycle progression. Examination of pri-
mary human pituitary adenomas revealed FGFR2 down-
regulation in 52% (11 of 21) of samples and FGFR2
promoter DNA methylation in 45% (10 of 22) of
samples. These data highlight the contribution from
DNA and histone methylation as epigenetic mecha-
nisms responsible for FGFR2 silencing in pituitary
neoplasia. (Am J Pathol 2007, 170:1618–1628; DOI:

10.2353/ajpath.2007.061111)

Pituitary tumors make up nearly 10% of all surgically
excised intracranial neoplasms. They typically cause
morbidity through invasive growth into surrounding brain
and bony structures. Pituitary tumorigenesis rarely in-
volves intragenic mutations of classical oncogenes or
tumor suppressor genes.1,2 Instead, evidence suggests
that growth signals implicated in pituitary development
may be relevant to the tumorigenic processes in this
gland, particularly involving protein members of the bone
morphogenic protein, Wnt, and fibroblast growth factor
(FGF) families.3,4

There are 23 members of the FGF family of ligands,
and their receptors are encoded by four genes that give
rise to multiple isoforms of secreted and membrane-
bound receptors derived by alternative initiation, alterna-
tive splicing, and C-terminal truncations.5 The FGF re-
ceptor 2 (FGFR2) gene is alternatively spliced to
generate FGFR2-IIIb, an isoform containing the second
half of the third Ig-like domain encoded by exon 7 (also
referred to as KGFR or Ksam-IIC1) that binds FGF1,
FGF3, FGF7, and FGF10 with high affinity.6,7 In contrast,
the FGFR2-IIIc isoform encoded using exon 8 (also re-
ferred to as Bek), binds FGF1 and FGF2 but not FGF7 or
FGF10.8,9 FGFR2-IIIb expression is tightly restricted to
epithelial cells, whereas FGFR2-IIIc is typically ex-
pressed in mesenchymal cells.10

FGF signaling is critical in pituitary development.5 In
particular, deletion of the FGF10 ligand or its receptor,
the FGFR2-IIIb isoform, leads to failure of pituitary devel-
opment.11 Mid-gestational expression of a soluble dom-
inant-negative FGFR results in severe pituitary dysgene-
sis.12 Likewise, multiple lines of evidence have supported
the involvement of members of the FGF/FGFR family in
pituitary tumorigenesis. Selected FGF ligands are over-
expressed in pituitary tumors.13 Systemic estrogen-in-
duced pituitary tumorigenesis in Wistar rats is accompa-
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nied by enhanced FGF-2 expression.14 Moreover, the
human endogenous FGF antisense gene is expressed in
the normal pituitary, where it restricts cell proliferation,
and its expression is reduced in pituitary tumors.15

We have previously demonstrated altered expression
of several members of the FGFR family in pituitary tu-
mors.16 In particular, we found that FGFR4 is N-terminally
truncated to yield a pituitary tumor-derived FGFR416,17 as
a result of alternative transcription initiation using a cryp-
tic promoter.18,19 In contrast to wild-type FGFR4, pituitary
tumor-derived FGFR4 does not associate with neural cell
adhesion molecule and interferes with N-cadherin to im-
pede cell adhesion.20

We have previously observed that FGFR2 is expressed
by the normal pituitary, but its expression is diminished in
human pituitary tumors.16 FGFR2 down-regulation has been
previously described with tumor progression in astrocyto-
mas, bladder and prostatic carcinomas, and thyroid carci-
nomas.21–25 Forced FGFR2-IIIb expression significantly
retards thyroid tumor progression while enhancing
apoptosis.25 Given the recognized role for FGFR2 in the
development of the anterior pituitary gland1 and the com-
mon theme of epigenetic silencing in human pituitary tumor-
igenesis,26 we examined potential mechanisms through
DNA as well as histone modifications by which this gene
could be silenced in neoplastic pituitary cells.

Materials and Methods

Cell Culture Conditions and Human Pituitary
Tumor Specimens

Mouse pituitary corticotroph AtT20 cells were obtained
from the American Type Culture Collection (Rockville,
MD) and grown in Ham F-10 medium supplemented with
15% horse serum and 2.5% fetal calf serum (all from
Sigma, St. Louis, MO) with 2 mmol/L glutamine, 100 IU/ml
penicillin, and 100 �g/ml streptomycin (37°C, 95% hu-
midity, 5% CO2 atmosphere incubation).

Twelve normal human pituitary specimens with no mor-
phological abnormalities and 36 primary human pituitary
adenomas were obtained at the time of surgery after
informed consent and institutional review. The pathology
of pituitary adenomas was examined using immunohisto-
chemistry for all cases, and tumors were classified
histologically according to the accepted Armed Forces
Institute of Pathology and World Health Organization
criteria;27,28 the details are summarized in Table 1.

5-Aza-2�-Deoxycytidine and Trichostain-A
Treatments

AtT20 cells were plated at 1 � 106 cells/10-cm dish and
allowed to attach for 24 hours. For assessment of the impact
of DNA methylation, cells were treated with the DNA meth-
yltransferase inhibitor 5-Aza-2�-deoxycytidine (5-Aza-dC)
(Sigma) at concentrations of 5 or 10 �mol/L for 5 days.
These doses were based on preliminary dose-response
analyses in AtT20 cells. At 24-hour intervals, new medium

containing freshly prepared drug was added. For assess-
ment of chromatin histone acetylation, cells were treated
with 0.3 and 0.6 �mol/L histone deacetylase inhibitor tricho-
statin-A (TSA) (Sigma) for 24 hours. Each experiment was
independently performed with three separate dishes in at
least three independent experiments.

Western Blotting

Cells were lysed with radioimmunoprecipitation assay
buffer [1% NP-40, 0.5% sodium deoxycholate, 0.1% so-
dium dodecyl sulfate (SDS), 100 �g/ml phenylmethylsul-
fonyl fluoride, aprotinin, and sodium orthovanadate in
PBS]. Total cell lysates were quantified by the Bio-Rad
(Hercules, CA) method. Fifty micrograms of whole lysates
was separated on 10% SDS denaturing polyacrylamide
gels and transferred onto a nylon membrane (Millipore,
Bedford, MA) at 100 V for 1.5 hours at room temperature.
Blots were incubated with a rabbit polyclonal IgG anti-
body that recognizes the C-terminal fragment of FGFR2
(c-17; Santa Cruz Biotechnology) or FGFR1 (C-15; Santa
Cruz Biotechnology), both at 1:2000 dilution, in PBS-5%
nonfat milk with 0.1% Tween at 4°C overnight, followed by
washing with PBS-Tween 20 four times of 10 minutes
each at room temperature, then incubated with peroxi-
dase-conjugated goat anti-rabbit IgG horseradish per-
oxidase (1:2000) for 1 hour at room temperature with
agitation. Protein bands were visualized using chemilu-
minescence (Amersham, Oakville, ON, Canada). Exper-
iments were performed on three independent occasions
with product intensities quantified by scanning densitom-
etry (Quantity One Software; Bio-Rad).

Immunocytochemistry

FGFR2 expression in human pituitary tumors and AtT20
pituitary cell pellets was examined by immunocytochem-
istry on 4-�m sections of tissue. Briefly, sections were
treated with 2% hydrogen peroxide to quench endoge-
nous peroxide for 30 minutes and exposed to 5 �g/ml
proteinase K for 15 minutes at room temperature. The
sections were washed extensively and exposed to equil-
ibration buffer for 10 minutes. Each slide was then incu-
bated with anti-FGFR2 antibody (polyclonal antibody
C-17; Santa Cruz Biotechnology) at 4°C overnight. The
reaction was visualized with the avidin-biotin method and
3,3�-diaminobenzidine.

Microdissection and DNA Extraction

After immunocytochemistry, slides were visualized under
an inverted microscope and microdissected using a 26-
gauge needle. FGFR2-positive and -negative areas were
microdissected. Microdissected tissue was digested
overnight at 50°C in a buffer containing 50 mmol/L Tris-
HCl, pH 8.0, 0.1 mmol/L ethylenediamine tetraacetic
acid, pH 8.0, 0.1 mmol/L NaCl, 1% SDS, and 200 �g/ml
proteinase K, followed by phenol/chloroform extraction
and ethanol precipitation. DNA was stored at �20°C for
polymerase chain reaction (PCR) amplification.
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RNA Extraction and Isoform Examination

Total RNA was isolated from AtT20 cells treated with
different concentrations of 5-Aza-dC or TSA using TriZol
reagents (Invitrogen Corp., Carlsbad, CA) according to
the manufacturer’s instructions. Approximately 1.0 �g of
total RNA from each sample was reverse transcribed in a
20-�l volume using the TaqMan reverse transcription
reagents kit (Applied Biosystems, Foster City, CA). The
reaction mixture was incubated at 25°C for 10 minutes,
42°C for 30 minutes, and 95°C for 5 minutes. The synthe-
sized cDNA was used for PCR amplification or stored at

�20°C for further analysis. Both mouse and human re-
verse transcriptase-PCR (RT-PCR) primers were de-
signed to span exons 6 to 9 of FGFR2, the region that
contains exon 7 (encoding the FGFR2-IIIb isoform) and
exon 8 (encoding the FGFR2-IIIc isoform) (Table 2). PCR
was performed for 10 minutes at 95°C followed by 35
cycles of 30 seconds at 95°C, 30 seconds at annealing
temperature, and 30 seconds at 72°C, followed by a
10-minute extension at 72°C in a reaction mixture con-
taining 1.5 mmol/L MgCl2, 0.2 mmol/L dNTP, 0.2 mmol/L
of each primer, and 0.375 U of AmpliTaq Gold polymer-

Table 1. List of Primary Human Pituitary Samples

Case number Sex Pathologic diagnosis
mRNA

expression
Isoform
content

DNA
methylation

mRNA analyses
1 M Normal � IIIb
2 F Normal � IIIb/IIIc
3 F Normal � IIIb/IIIc
4 M Normal �
5 M Normal �
6 F Normal � IIIb/IIIc

13 F Corticotroph adenoma �
14 M Lactotroph adenoma (sparsely granulated) �
15 F Silent subtype 3 adenoma �
16 M Mixed lactotroph-somatotroph adenoma � IIIb/IIIc
17 M Somatotroph adenoma (densely granulated) �
18 F Lactotroph adenoma �
19 F Lactotroph adenoma �
20 M Oncocytic adenoma �
21 F Gonadotroph adenoma �
22 F Somatotroph adenoma (sparsely granulated) � IIIb
23 M Somatotroph adenoma (densely granulated) �
24 F Somatotroph adenoma (densely granulated) �
25 F Corticotroph adenoma �
26 M Somatotroph adenoma (sparsely granulated) �

DNA analyses
7 F Normal �
8 M Normal �
9 M Normal �

10 F Normal �
11 M Normal �
12 F Normal �
27 F Acidophil stem cell adenoma �
28 M Gonadotroph adenoma �
29 F Gonadotroph adenoma �
30 F Lactotroph adenoma (sparsely granulated) �
31 M Lactotroph adenoma (sparsely granulated) �
32 F Somatotroph adenoma (sparsely granulated) �
33 M Lactotroph adenoma (sparsely granulated) �
34 M Somatotroph adenoma (sparsely granulated) �
35 M Gonadotroph adenoma �
36 M Somatotroph adenoma (densely granulated) �
37 F Lactotroph adenoma �
38 F Corticotroph adenoma �
39 F Corticotroph adenoma �
40 M Lactotroph adenoma (sparsely granulated) �
41 M Mixed lactotroph-somatotroph adenoma �

mRNA and DNA analyses
42 M Lactotroph adenoma (sparsely granulated) � �
43 M Oncocytic adenoma � �
44 M Somatotroph adenoma (sparsely granulated) � IIIb/IIIc �
45 M Gonadotroph adenoma � �
46 M Oncocytic adenoma � �
47 F Oncocytic adenoma � �
48 M Gonadotroph adenoma � IIIb/IIIc �

M, male; F, female; �, strong; �, negative; �, intermediate.

1620 Zhu et al
AJP May 2007, Vol. 170, No. 5



ase (Applied Biosystems). PCR products were separated
on 2.0% agarose gels and visualized with ethidium
staining.

Restriction Digestion

RT-PCR products from AtT20 cells and from primary hu-
man pituitary samples were purified using Ultrafree-MC
centrifugal filter units (Millipore). Ten micrograms of pu-
rified PCR products was incubated in a 15-�l volume
reaction with 5 U of restriction endonuclease AvaI or
EcoRV (Roche, Penzberg, Germany) overnight at 37°C.
Restriction digestion products were separated on 12%
SDS denaturing polyacrylamide gels, followed by a
5-minute immersion in ethidium bromide for UV exposure.
Experiments were performed on three independent oc-
casions, after which product intensities were quantified
by scanning densitometry (Quantity One Software;
Bio-Rad).

Bisulfite Sequencing and Methylation-Specific
PCR

One microgram of genomic DNA was bisulfite-modified
according to the manufacturer’s protocol (Chemicon In-
ternational, Temecula, CA) diluted in a 25-�l volume. One
microliter of modified DNA was used for methylation-
specific PCR (MSP) and bisulfite sequencing. Primer lo-
cation, sequence, and PCR conditions are indicated in
Table 2. Two rounds of PCR reactions were performed for
bisulfite sequencing, both for 10 minutes at 95°C followed
by 40 cycles of 30 seconds at 95°C, 45 seconds at 56°C,
and 45 seconds at 72°C, followed by a 10 minutes ex-
tension at 72°C in a reaction mixture containing 1.5
mmol/L MgCl2, 0.2 mmol/L dNTP, 0.2 mmol/L of each
primer, and 0.25 U/10 �l of AmpliTaq Gold polymerase
(Applied Biosystems). Final PCR products were cut from

1.5% agarose gels, extracted, and cloned using the TA
cloning system (Invitrogen) for automated sequencing.
At least 10 positive clones from each sample were
sequenced.

For MSP, both mouse and human unmethylated reac-
tions were performed as for bisulfite sequencing reac-
tions but using different annealing temperatures (Table 2)
and 5.0 mmol/L MgCl2. All reactions were performed on
at least three independent occasions.

Chromatin Immunoprecipitation Assays

The chromatin immunoprecipitation assay was per-
formed in accordance with the manufacturer’s recom-
mendations (UBI, Lake Placid, NY) and as previously
described.18 In brief, histone was cross-linked to DNA by
the direct addition of 37% formaldehyde, and cells were
washed with ice-cold PBS containing protease inhibitors
before lysis. The lysates were sonicated to shear DNA
lengths between 200 and 1000 bp. After centrifugation,
cell suspensions were further diluted, and 20 �l of lysate
from each sample was used to monitor the amount of
DNA present (input DNA) for PCR detection. The rest of
the lysate was cleared with salmon sperm DNA/protein
G-agarose beads. Immunoprecipitation was performed
using anti-methyl-histone 3 (Lys9), anti-acetyl-histone H3
(AcH3), and anti-acetyl-histone H4 antibody (all from
UBI) overnight at 4°C with agitation. Negative controls
included omission of antibody or use of an anti-IgG anti-
body. For PCR analysis, the histone-DNA cross-links of
eluates were reversed at 65°C, the immunocomplexes
were digested with proteinase K for 1 hour at 50°C, and
DNA was finally purified by phenol extraction and used
for PCR amplification. PCR primers and conditions are
shown in Table 2. PCR reactions were performed in a
volume of 15 �l containing 1.5 mmol/L MgCl2, 0.2 mmol/L
dNTP, 0.2 mmol/L of each primer, and 0.375 U of Ampli-

Table 2. List of Primers and PCR Conditions

Primer Forward Reverse
Tm
(°C)

Product
size
(bp)

RT-PCR
Mouse RT-exon (6 to 9) 5�-GGATCAAGCACGTGGAAAAGAAC-3� 5�-ACCATGCAGGCGATTAAGAAGAC-3� 58 307
Mouse GAPDH 5�-ATCACTGCCACCCAGAAGACT-3� 5�-CATGCCAGTGAGCTTCCCGTT-3� 56 152
Human RT-exon (6 to 9) 5�-GGATCAAGCACGTGGAAAAGAAC-3� 5�-GGCGATTAAGAAGACCCCTATGC-3� 60 310
Human PGK 5�-GCTGACAAGTTTGATGAGAAT-3� 5�-AGGACTTTACCTTCCAGGAGC-3� 58 338

Bisulfite sequencing
Mouse (outer) 5�-TTATTGTGTATTAAAGTTGGTTAGGAATTG-3� 5�-AACCAAAAACACACAAACAACCCC-3� 56
Mouse (inner) 5�-TAAAGTTGGTTAGGAATTGGGGTAGTG-3� 5�-AACCAAAAACACACAAACAACCCC-3� 56 399
Human 5�-GAGTAAAGTTTGGTGGAGGTAA-3� 5�-CAAAAAAATAATCCTTAAATCTTC-3� 51 165

MSP
Mouse methylation 5�-CGAGAGGTTATTTGTGTATTTTTGCG-3� 5�-GAACCGTTTCCTAAACGACGACG-3� 56 166
Mouse unmethylation 5�-TGAGAGGTTATTTGTGTATTTTTGTGG-3� 5�-AAACCATTTCCTAAACAACAACACC-3� 56 166
Human methylation 5�-GTAGTTTGGGGTACGCGTGAAGTTC-3� 5�-CCCGCGTAAATCGAAATAAAAAAAA-

CG-3�
59 128

Human unmethylation 5�-AGTTTGGGGTATGTGTGAAGTTTGG-3� 5�-CCCCACATAAATCAAAATAAAAAAA-
ACAAC-3�

57 127

Chromatin
immunoprecipitation

Mouse 5�-ACCAAAGCTGGCTAGGAACTGG-3� 5�-CTAGCAGCCGCAAAGAGACACC-3� 59 140

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Tm, annealing temperature; PGK, phosphoglycerate kinase.
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Taq Gold polymerase (Applied Biosystems). Experiments
were performed on three independent occasions and
quantified by scanning densitometry (Quantity One Soft-
ware; Bio-Rad).

Impact of FGFR2 on Pituitary Cell Cycle
Progression

We used the FGF-7 ligand to examine the impact of
FGFR2 activation on pituitary cell cycle progression. This
FGF was chosen on the basis of its selective binding to
FGFR2.7 One million AtT20 cells were treated with FGF-7
(25 ng/ml) or vehicle (as control) for 24 hours in the
presence of heparin (10 U/ml). Cells were subsequently
lysed and examined by Western blotting for markers of
cell cycle progression. These included Rb phosphoryla-
tion (phospho-Rb Ser780, polyclonal 1:1000; Cell Signal-
ing Technology, Beverly, MA), the cyclin-dependent ki-
nase inhibitors p21 (polyclonal 1:500; BD Biosciences,
Mississauga, ON, Canada) and p27 (monoclonal 1:1000;
Transduction Laboratories, Lexington, KY), and actin
(monoclonal 1:500; Sigma) as a loading control.

Results

FGFR2 Expression in AtT20 Pituitary Tumor
Cells Is Up-Regulated by Methylation Inhibition

We used the well-established mouse pituitary AtT20 cor-
ticotroph line as our cellular model. This tumorous cell
line revealed faintly detectable FGFR2 protein expression
by Western blotting (Figure 1a), in contrast to the strong
expression in normal mouse pituitary. Treatment of AtT20
cells with the methylation inhibitor 5-Aza-dC resulted in a
robust 15-fold increase in FGFR2 protein levels (Figure
1b). To examine the possibility that histone deacetylation
might also be a contributory factor to FGFR2 down-reg-
ulation, we examined the impact of the histone deacety-
lase inhibitor TSA treatment. In contrast to 5-Aza-dC, TSA
treatment resulted in a more modest fivefold enhance-
ment of FGFR2 expression (Figure 1b). Immunocyto-
chemical detection of corresponding cell pellets con-
firmed enhanced FGFR2 membranous staining after both
treatments (Figure 1c). Neither pharmacological treat-
ment, however, resulted in any detectable impact on
FGFR1 expression (data not shown).

Alternative splicing of the third Ig-like extracellular do-
main of FGFR2 results in two major transcripts referred to
as FGFR2-IIIb and FGFR2-IIIc due to inclusion of exon 7
or 8, respectively (Figure 2a). These two isoforms display
distinct FGF binding with differing functional properties.6

Unique restriction sites in exons 7 (AvaI) and 8 (EcoRV)
permitted isoform characterization of PCR products
(Figure 2a). Figure 2b demonstrates that the effects of
5-Aza-dC or TSA treatment can be identified at the mRNA
level. This closely approximates the level of expression in
the normal mouse pituitary (Figure 2b). Moreover, restric-
tion digestion demonstrates that the IIIb isoform accounts
for a greater proportion of FGFR2 mRNA expression after

inhibition of methylation (Figure 2c). This greater contri-
bution of FGFR2-IIIb isoform expression was comparable
with that noted in normal mouse pituitary cells (Figure 2c,
left).

DNA and Histone Methylation Contribute to
Pituitary Tumor FGFR2 Down-Regulation

The mouse FGFR2 promoter region from �665 to 470
encompassing the 5�-untranslated region and exon 1
contains two large CpG islands (�239 to 245 and 263
to 414) (Figure 3a). Sequencing data from representa-
tive clones are shown in Figure 3c. The corresponding
53 potential methylation sites were reversed after
5-Aza-dc treatment (Figure 3, b and c). Likewise, MSP
demonstrated significant DNA methylation in untreated
AtT20 cells (Figure 3d). DNA demethylation was spe-
cifically noted after 5-Aza-dC treatment but not after
TSA treatment.

To determine the potential role of histone modifications
in FGFR2 down-regulation in AtT20 cells, we performed
chromatin immunoprecipitation assays amplifying the
corresponding region using methylation-specific (MeH3)
and acetylation-specific (AcH3 and AcH4) antibodies
(Figure 3e). This approach identified a significant impact
of 5-Aza-dC treatment on histone methylation. As antici-

Figure 1. FGFR2 expression before and after treatment with 5-Aza-dC and
TSA in mouse pituitary corticotroph AtT20 cells. a: Western blotting detects
increased FGFR2 protein expression in normal mouse pituitary with mark-
edly reduced expression in AtT20 cells. Re-expression of FGFR2 is noted after
treatment with 5 or 10 �mol/L 5-Aza-dC and to a lesser extent after TSA
treatment as detailed in Materials and Methods. b: FGFR2 protein concen-
trations were quantified by Quantity One Software (Bio-Rad). Displayed
graphically are the means of FGFR2 protein concentrations � SEM from three
replicates for each treatment. c: Corresponding cell pellets as shown in b
were also examined by immunocytochemistry for FGFR2 detection and
localization.
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pated, TSA treatment resulted in enhanced histone 3
acetylation. Interestingly, TSA treatment also inhibited
histone methylation, further emphasizing the balance be-
tween the two histone modifications in FGFR2 control.
Minimal impact was noted by either pharmacological
treatment on histone 4 acetylation.

FGF-7 Treatment of Pituitary Cells Impedes Cell
Cycle Progression

To determine a functional impact of FGFR2 on pituitary
cells, we examined the effect of FGF-7 on AtT20 cell

cycle progression. We chose FGF-7 based on its ability to
selectively bind and activate FGFR2-IIIb.7 Exposure of
AtT20 cells to FGF-7 resulted in diminished cell cycle
progression. This was evidenced by diminished Rb phos-

Figure 2. FGFR2 mRNA expression analysis in AtT20 cells after treatment
with 5-Aza-dC and TSA. a: Alternative splicing of the FGFR2 gene to include
exon 7 or 8 results in isoform IIIb or IIIc, respectively. Primers (denoted by
arrows) used in RT-PCR to detect FGFR2 expression changes at the mRNA
level target the common regions, exons 6 and 9, allowing amplification of
both IIIb and IIIc isoforms. Subsequent restriction digestion of cDNA controls
(right) allows determination of isoform expression. AvaI recognizes the
specific sequence CTCGGG found in the IIIb isoform to yield two fragments
(77 and 233 bp) on digestion. EcoRV recognizes the specific sequence
GATATC found in the IIIc isoform to yield two fragments (181 and 126 bp)
on digestion. b: RT-PCR analysis amplifying exons 6 to 9. Note down-
regulation of FGFR2 in AtT20 cells compared with normal mouse pituitary.
Note impact of 5-Aza-dC and of TSA on enhanced mRNA expression. c:
Restriction endonuclease digestion of equalized PCR products (10 �g/lane)
from normal mouse pituitary gland and from AtT20 cells as indicated were
visualized on 12% SDS denaturing polyacrylamide gel. �, no enzyme treat-
ment. Concentrations of digestion products measured by Quantity One
Software represent content of the IIIb and IIIc isoforms in normal mouse
pituitary and in AtT20 cells as controls or after treatment with 5-Aza-dc or
TSA. Displayed graphically are the means of digestion product isoform
content � SEM from three replicates for each treatment performed in three
separate experiments.

Figure 3. DNA methylation and chromatin immunoprecipitation analyses in
AtT20 cells after 5-Aza-dC and TSA treatment. a: The mouse FGFR2 promoter
region from �665 to 470 encompassing the 5�-untranslated region and exon
1 contains two large CpG islands (�239 to 245 and 263 to 414). Aberrant CG
sites are denoted by vertical bars below the graph. Bisulfite sequencing and
MSP examined the methylation status of the gene promoter. Chromatin
immunoprecipitation analysis examined histone modification effects on gene
inactivation. Sequence numbering follows GenBank accession NC 000073. b:
Bisulfite sequencing was performed from �278 to 122, which includes 53
CpG dinucleotide sites. Results from bisulfite sequencing reveal partial meth-
ylation in control AtT20 cells, which was reversed by 5-Aza-dC treatment.
Individual methylated CpG sites are indicated by closed circles. Each row
represents an individual clone. c: A representative clone of the bisulfite-
derived sequence is shown here in untreated cells (AtT20) and after 5-Aza-dC
treatment. d: MSP analysis using methylated specific (M) and unmethylated-
specific (U) primers as depicted in a are shown. e: Chromatin immunopre-
cipitation analysis covering the region indicated in a using three different
antibodies, anti-methyl-histone H3-Lys9 (MeH3-K9), anti-acetyl-histone H3
(AcH3), and anti-acetyl-histone H4 (AcH4), performed on untreated and
5-Aza-dc- and TSA-treated AtT20 cells. Nonspecific antibody (IgG) was used
as a negative control. Input lanes reflect PCR reaction products without prior
immunoprecipitation. Displayed graphically to the right are the mean � SEM
from three replicate experiments.
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phorylation accompanied by corresponding accumula-
tion of the cyclin-dependent kinase inhibitors p21 and
p27 (Figure 4).

FGFR2 Is Down-Regulated in Primary Human
Pituitary Tumors

To corroborate the implications of our findings on FGFR2
methylation and down-regulation in mouse pituitary cells,
we examined primary human pituitary surgical speci-
mens. RT-PCR analysis spanning exons 6 to 9 was per-
formed on RNA from 27 clinical samples including six
samples that were morphologically free of disease and
21 human pituitary adenoma samples (Table 1). As pre-
viously described,16 normal human pituitary tissue dem-
onstrated readily detectable FGFR2 mRNA expression
(Figure 5a). In contrast, mRNA expression was signifi-
cantly down-regulated in 11 of 21 (52.4%) pituitary tumor
samples. Restriction endonuclease digestion identified
the presence of the IIIb and, to a lesser extent, IIIc
isoforms in normal human pituitary specimens (Figure
5b). Similar examination of FGFR2-positive primary hu-
man pituitary tumors showed predominantly FGFR2-IIIb
expression in some (Figure 5c, tumor 22) with a mixed
pattern of FGFR2-IIIb and IIIc isoforms in others (Figure
5c, tumors 16, 44, and 48).

FGFR2 Is Hypermethylated in Human Pituitary
Tumors

The human FGFR2 promoter region from �596 to 441
encompassing the 5�-untranslated region and exon 1

also contains a large CpG island (�239 to 441) (Figure
6a). Bisulfite sequencing was performed covering the
region from 173 to 338, which includes 15 CpG dinucle-
otide sites. Figure 6b depicts the largely unmethylated
status of these individual CpG sites in a normal human
specimen. In contrast, tumor 46 reveals evidence of
partial methylation in the corresponding region. A micro-
dissected sample (sample B) shows more frequent meth-
ylation in FGFR2-negative regions compared with
FGFR2-positive staining areas (Figure 6b; see also Figure
7). Figure 6c depicts methylation-specific PCR examina-
tion showing lack of methylation of FGFR2 in five of six
normal pituitary samples. In contrast, nearly one-half (10
of 22) of human pituitary tumors demonstrated evidence
of DNA promoter methylation (Figure 6, c and d). More-
over, in a subset of tumors where DNA and RNA were
available from the same samples, we performed parallel
RT-PCR and MSP analysis (Figure 6d). This examination
revealed that samples with detectable FGFR2 mRNA ex-
pression (tumors 44, 47, and 48) were unmethylated. In
contrast, tumors with FGFR2 mRNA down-regulation (tu-
mors 42, 43, and 46) showed evidence of promoter DNA
methylation (Figure 6d).

Because human pituitary tumor samples can poten-
tially be contaminated with normal, unaffected tissue, we
performed MSP analysis on DNA from microdissected
specimens that selectively included only tumor cells. In

Figure 4. FGF-7 impedes pituitary AtT20 cell cycle progression. Twenty-four
hours after serum deprivation, cells were exposed to the FGFR2-IIIb ligand
FGF-7 in the presence of heparin for 24 hours. Cell lysates were resolved by
Western blotting for detection of Rb phosphorylation (phospho-Rb) and
accumulation of the cyclin-dependent kinase inhibitors (CDKIs) p21 and
p27, reflecting cell cycle progression.

Figure 5. FGFR2 is down-regulated in human pituitary tumors. a: RT-PCR
amplification of FGFR2 was performed on primary human pituitary samples
including six normal pituitary specimens and 14 pituitary tumors. Restriction
endonuclease digestion of equalized amounts of PCR products (10 �g) from
a were visualized on 12% SDS denaturing polyacrylamide gel. Lanes are
marked by numbers that represent individual samples of normal pituitary or
pituitary tumor (see Table 1). Refer to Figure 2a for details on AvaI and
EcoRV. �, no enzyme treatment. Concentrations of digestion products mea-
sured by densitometry are representative of the FGFR2-IIIb and IIIc isoform
content as a fraction of the total in normal (b) and tumorous (c) human
pituitary specimens. Displayed graphically are the means of digestion prod-
uct isoform contents � SEM from three replicates for the two types of human
pituitary tissue specimens, as indicated.
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three independent cases, we found the FGFR2 promoter
to be methylated in FGFR2-negative regions (Figure 7). In
contrast, tissue from the adjacent normal gland that
stained positively for FGFR2 demonstrated lack of detect-
able promoter methylation (Figure 7).

Discussion

Inactivation of the FGFR2 gene results in profound devel-
opmental impact, particularly on endocrine cells includ-
ing the pituitary gland.12 Thus far, however, there has
been limited information on FGFR2 expression or its pos-
sible dysregulation in normal and neoplastic pituitary
cells.

Using multiple approaches, we identified the presence
of both FGFR2-IIIb and FGFR2-IIIc isoforms in normal

mouse and human pituitary cells. Moreover, when ex-
pressed in neoplastic pituitary tumor cells, both isoforms
were detectable. Pharmacological methylation inhibition,
however, resulted in mainly FGFR2-IIIb re-expression
with minimal impact on the IIIc isoform. Similar findings of
FGFR2-IIIb isoform silencing have been previously noted
in prostate cancer.24 It has been suggested that the
putative RNA polymerase II (RNAPII)-pausing MAZ4 ele-
ment may contribute to changes in the transcription elon-
gation complex that influences alternative splicing deci-
sions yielding these two FGFR2 isoforms.29 The extent to
which such a mechanism is involved in neoplastic-based
decisions, however, remains to be determined.

FGFR2-IIIb has been reported to be down-regulated in
a subset of transitional cell carcinomas of the blad-
der,22,23 and reintroduction of FGFR2-IIIb into T24 blad-
der cancer cells results in tumor growth inhibition, sug-
gesting that FGFR2 gene inactivation may be implicated
in the tumorigenic process rather than a consequence of
it. However, unlike in our study, 5�-azacytidine treatment
failed to result in re-expression of FGFR2 in bladder
tumor cells.23 There is evidence, at least in osteosarco-
mas, that the FGFR2 locus on chromosome 10q26 maybe
the subject of loss of heterozygosity.30 However, exten-
sive genome-wide amplification and allelotyping of hu-
man pituitary tumors failed to identify such losses at
this region.31 Our studies suggest that the mechanisms
leading to FGFR2 down-regulation in pituitary tumors
may be distinct with a predominant role for epigenetic
contribution.

Another group reported that restoration of FGFR2-IIIb
inhibits recruitment of the FGFR substrate 2.32 However,
we and others found that re-expression of FGFR2-IIIb
restores FGF7-induced FGFR substrate 2 activation.25

We also show here that FGF-7 treatment results in dimin-
ished pituitary AtT20 cell cycle progression. This was
evidenced not only by diminished Rb phosphorylation
but also by accumulation of the cyclin-dependent kinase
inhibitor p27. The latter finding is of particular interest,
given that loss of p27 is a recognized feature associated
with human pituitary tumor progression.33,34 Thus, we
believe that our data on FGFR2 down-regulation reported
here highlight a potential alternative mechanism contrib-
uting to the reduction of p27 in pituitary neoplasia.

An emerging theme from studies of human pituitary
tumorigenesis has been the evolving significance of epi-
genetic control rather than intragenic mutations, loss of
heterozygosity, or gene rearrangements.35 For example,
despite its well-recognized impact in genetically deficient
mice,36 the Rb tumor suppressor gene is principally si-
lenced through methylation at a CpG island in human
pituitary tumor cells.37–39 Moreover, no inactivating mu-
tations have been identified within the Rb1 promoter re-
gion in pituitary tumors that fail to express the protein.40

Loss of heterozygosity at 13q, the site of the Rb gene, has
been identified in rare pituitary tumors with unmethylated
Rb.40

Epigenetic silencing has also been shown in other
tumor suppressors that are considered important in the
pituitary. Mice lacking p27kip1 have an increased propen-
sity to develop multiorgan neoplasia, including pituitary

Figure 6. FGFR2 is silenced through selective DNA methylation in human
pituitary adenomas. a: The human FGFR2 promoter region from �596 to 441
encompassing the 5�-untranslated region and exon 1 contains a large CpG
island (�239 to 441). Aberrant CG sites are denoted by vertical bars below
the graph. The line indicates the region detected by methylation-specific PCR
(MS). Sequence numbering follows GenBank accession NC 000010. b: Bisul-
fite sequencing was performed covering the region from 173 to 338, which
includes 15 CpG dinucleotide sites. Results from bisulfite sequencing reveal
partial methylation of the gene promoter in neoplastic human pituitary
specimens (no. 46). Specimen B (also shown) was resolved after microdis-
section for FGFR2-positive or -negative immunostaining. Individual methyl-
ated CpG sites are indicated by closed circles. Each row represents an
individually sequenced clone. c: MSP demonstrates changes in methylated
(M) and unmethylated (U) DNA levels in normal pituitaries and pituitary
tumors obtained from 21 human specimens. Nearly one-half of tumors show
evidence of promoter methylation. First lane marked by � denotes a meth-
ylated positive control (Universal Methylated DNA). d: Both DNA and RNA
were extracted from the same seven human pituitary tumor specimens
represented by samples numbered 42 to 48, followed by RT-PCR and MSP as
indicated. M and U denote methylated and unmethylated, respectively. Note
that samples with detectable mRNA expression (specimens 44, 47, and 48)
are unmethylated, whereas those showing lack of mRNA abundance (spec-
imens 42, 43, and 46) are methylated.
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tumors.41 Protein levels of this cyclin-dependent kinase
inhibitor are reduced in human pituitary adenomas, a
feature that correlates with recurrence,33,34 but the
p27kip1 gene is not mutated; instead, protein levels are
diminished through increased ubiquitin-mediated degra-
dation. Likewise, expression of GADD45�, a member of a

growth arrest and DNA damage-inducible gene family, is
diminished in pituitary adenomas42 through CpG island
promoter methylation.43 Moreover, MEG3, a human ho-
molog of the mouse maternally imprinted Gtl2 gene, is
also down-regulated in human pituitary tumors through 5�
promoter hypermethylation.44 More recently, a novel

Figure 7. Methylation-specific PCR detection of FGFR2 from microdissected human pituitary tissue. MSP using primers as indicated in Figure 5a was performed
on FGFR2-immunostained human pituitary specimens. Shown are three independent cases (A–C), each with DNA from corresponding microdissected regions.
M and U denote methylation and unmethylation, respectively. Note the lack of appreciable DNA methylation in FGFR2-negative regions.
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gene on chromosome 22 that confers anti-apoptotic fea-
tures was isolated from pituitary tumor cells and shown to
display some degree of methylation in pituitary adeno-
mas.45 Another tumor suppressor, Ras-association do-
main family 1A gene (RASSF1A), recently cloned from the
lung tumor locus at 3p21.3 was recently reported to be
frequently inactivated by promoter hypermethylation in
pituitary tumors.46

It has been estimated that approximately 80% of all
CpG dinucleotides in the mammalian genome are sub-
ject to methylation changes.47 The remaining unmethyl-
ated CpG residues are mostly located in the promoter
regions of constitutively active genes referred to as CpG
islands. DNA methylation has long been shown to have a
transcriptional silencing function with an important role in
several tumorigenic states. This is mediated by recruit-
ment of histone deacetylases (HDACs) through the meth-
yl-DNA binding motifs of components of several HDAC-
containing complexes.48 More recently, direct functional
links between DNA methylation and histone methylation
have been uncovered. Genetic evidence indicates that
histone methylation may be a prerequisite for DNA meth-
ylation.49 Our findings on the effect of 5�-azacytidine,
classically considered as a DNA-demethylating agent, on
histone demethylation support this model. Furthermore,
our findings are in agreement with other recent reports
supporting the view that DNA and histone methylation
may have a reinforcing relationship.50,51 Moreover, the
effects that we observed of TSA treatment on endoge-
nous gene expression and histone methylation further
emphasize the potential role of histone modifications on
FGFR2 control.

Protein acetylation also plays a crucial role in regulat-
ing transcriptional activity. Acetylation complexes (such
as CBP/p300) or deacetylation complexes (including
HDACs) are typically recruited to DNA-bound transcrip-
tion factors in response to signaling pathways. Histone
hyperacetylation by histone acetyl-transferases are typi-
cally associated with transcriptional activation, presum-
ably by remodeling nucleosomal structure into an open
conformation that is more accessible to transcription
complexes. Conversely, HDAC recruitment is associated
with transcriptional repression reversing the chromatin
remodeling process. This gene repression can be cell
type and promoter specific. However, in the current
study, we found little evidence to support the importance
of histone acetylation in modulating the FGFR2 gene.
These data stand in contrast to those on the FGFR4 gene.
In the latter, the 5� promoter is heavily influenced by
HDAC activity, which is recruited through interaction with
the zinc finger transcription factor Ikaros.52 Ikaros re-
presses gene transcription through the HDAC complexes
containing mSin353 and Mi-2 proteins.54 Moreover,
forced Ikaros expression potently interrupts pharmaco-
logically mediated HDAC inhibition on several promoters,
including that for pituitary cell survival signal encoded by
Bcl-XL.55

Pharmacological interruption of pituitary tumor-derived
FGFR4 with the tyrosine kinase inhibitor PD173074 has
recently been demonstrated to be of potential value in
interrupting neoplastic pituitary growth.56 Given the re-

markable difference between FGFR2 and FGFR4 signal-
ing properties,57 the current studies underscore the
distinct mechanisms by which different members of the
FGFR family can be dysregulated in tumorigenesis.
They also highlight the complex repertoire of DNA and
histone methylation in epigenetic tumor-associated
gene silencing.
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