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Targeted expression of a human pituitary tumor de-
rived-fibroblast growth factor receptor-4 (FGFR4) re-
capitulates pituitary tumorigenesis. We have shown
that FGFR4 is a target for Ikaros, a zinc finger-con-
taining transcription factor that localizes to hetero-
chromatin regions and participates in higher order
chromatin complexes and control of gene expres-
sion. We report here the expression of Ikaros and
functional differences between its alternatively
spliced variants in human pituitary tumors. Ik1 ex-
pression was detected in human pituitary tumors and
we also identified a truncated isoform consistent with
the non-DNA-binding Ik6 isoform in a subset of ade-
nomas by reverse transcriptase-polymerase chain re-
action, sequencing, and Western immunoblotting.
Transfection of Ik6 in GH4 pituitary cells resulted in
predominantly cytoplasmic expression as compared
to Ik1, which resulted in exclusively nuclear expres-
sion as determined by immunofluorescence and im-
munoblotting of fractionated protein. Immunohisto-
chemistry of primary human pituitary adenomas
localized Ikaros expression to the nuclear compart-
ment but also in the cytoplasm, the latter consistent
with Ik6. Expression of Ikaros and truncated non-
DNA-binding isoforms was also suggested by electro-
mobility shift assays using nuclear proteins from pri-
mary human pituitary adenomas. Ik6 resulted in
reversal of the effects of Ik1 on wild-type 5� FGFR4
promoter activity, histone acetylation, and regulation
of the endogenous gene. We conclude that dominant-
negative Ik6 isoforms with their distinct localization
and effects on Ik1 action may contribute to the altered
expression of FGFR4 and possibly other target genes
in human pituitary tumors. (Am J Pathol 2003,
163:1177–1184)

The pathogenetic mechanisms underlying pituitary tumor
formation are unknown.1 Fibroblast growth factors (FGFs)
have been implicated.2 The role of FGF receptors
(FGFRs) in pituitary tumorigenesis has been recently
highlighted by the identification of a tumor-derived N-
terminally truncated isoform of FGFR4 (ptd-FGFR4) that is
transforming in vitro and in vivo and causes pituitary tu-
morigenesis in transgenic mice.3 ptd-FGFR4 is derived
by alternative initiation of the FGFR4 gene upstream of
exon 6. The truncated protein lacks a signal peptide, the
first immunoglobulin-like domain and part of the second
domain; it localizes to the cytoplasm where it is constitu-
tively phosphorylated. In contrast to ptd-FGFR4, wild-
type full-length FGFR4 does not result in tumor forma-
tion.3 To examine the mechanism(s) responsible for this
altered expression of FGFR4 in pituitary tumors, we ex-
amined the promoter of this gene and identified that it is
a target for the zinc-finger transcription factor Ikaros (Ik).4

Ikaros is a transcription factor that binds regulatory
sequences of genes expressed in lymphoid cells.5,6 It is
the founding member of a family of zinc-finger DNA-
binding proteins that are associated with chromatin re-
modeling.7 The Ikaros gene contains seven exons that
can, by alternative splicing, give rise to at least eight
isoforms (Figure 1). The isoforms differ in the number of
N-terminal zinc finger motifs that bind DNA and contain
the nuclear localization signals, resulting in members with
and without DNA-binding properties.5,8,9 All eight Ik iso-
forms share a common C-terminal domain that contains
two zinc finger motifs that are required for hetero- or
homodimerization and for interactions with other pro-
teins.8,10,11 Only isoforms 1 to 3 contain the requisite
three or more N-terminal zinc fingers that confer high-
affinity binding to an Ik-specific core DNA sequence motif
in the promoters of target genes.8 Ik1 and Ik2 can bind to
the same recognition sequences whereas Ik3 and Ik4
interact only with a subset of these motifs. Ik1 and Ik2
proteins can stimulate in vitro transcription as we have
demonstrated in the case of the FGFR4 gene.4
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The formation of Ik homo- and heterodimers among the
DNA-binding isoforms increases their affinity for DNA,
whereas heterodimers between the DNA-binding iso-
forms and non–DNA-binding isoforms are unable to bind
DNA. Thus, Ik proteins with fewer than three N-terminal
zinc fingers can negatively interfere with the activity of Ik
isoforms that can bind DNA.8,12 Significantly, the tran-
scription-activating potential of the Ik proteins may cor-
relate with their subcellular localization;12 the dominant-
negative (dn) isoform Ik6 has been shown to have
cytoplasmic residence.13 The various isoforms can act
either as activators or repressors, forming an integral
component of a functionally diverse chromatin-remodel-
ing network.7 Thus, the Ikaros system represents an ex-
ample of a finely tuned system that is the consequence of
complex alternative-splicing mechanisms.

Gene-targeting experiments have established that
Ikaros factors are essential for normal lymphoid develop-
ment.14 Mice homozygous for a null mutation in Ik1 lack
B- and T-lymphocyte differentiation,15 and those homozy-
gous for a dn form of Ik lack all lymphocytes.16 Heterozy-
gous Ik-deficient mice exhibit hyperactive T-cell recep-
tor-mediated proliferative responses and eventually
develop leukemias and lymphomas.11,17 Animals het-
erozygous for the dn forms of Ikaros (isoforms that lack
the DNA-binding domain) develop T-cell lymphoprolifera-
tive disorders similar to human T-lymphoblastic leukemia
or lymphoma, presumably by inactivation of the normal Ik
allele.11 Thus, Ik appears to be an essential molecular
switch in early cell differentiation and lineage commit-
ment and altered Ik expression may play an important
role in tumorigenesis.

In this study we sought to determine whether the Ikaros
gene is expressed in human pituitary tumors, whether it
undergoes alternative splicing, and whether the gener-

ated Ikaros isoforms can have distinct effects on the
regulation of its putative target FGFR4 in the pituitary.

Materials and Methods

Cell Culture and Tissue Specimens

The rat pituitary tumor-derived GH4C1 cell line was
grown in Dulbecco’s modified Eagle’s medium (Life
Technologies, Inc., Rockville, MD) medium with high glu-
cose supplemented with 15% horse and fetal bovine
serum (Sigma, Oakville, Ontario, Canada), 2 mmol/L glu-
tamine, 100 IU/ml penicillin, and 100 �g/ml of streptomy-
cin (37°C, 95% humidity, 5% CO2 atmosphere incuba-
tion). Fifty primary human pituitary samples were
obtained at the time of trans-sphenoidal pituitary surgery
as previously described.18 All patients provided informed
consent.

RNA Extraction and Reverse Transcriptase-
Polymerase Chain Reaction (RT-PCR) Analysis

RNA was extracted from cells and human pituitary tissue
using Trizol (Life Technologies, Inc., Rockville, MD). Re-
verse transcription was performed according to the man-
ufacturer’s protocol (Perkin Elmer Cetus Corp., Norwalk,
CT). The integrity of RNA quality was examined by means
of PCR amplification of the housekeeping gene PGK-1
using the following primers: forward 5�-GCTGACAAGTT-
TGATGAGAAT-3� and reverse 5�-AGGACTTTACCTTC-
CAGGAGC-3�. Primary and nested PCR for Ik amplifica-
tion was performed throughout 35 cycles under the
following conditions: (94°C 5 minutes, 94°C 50 seconds,
57°C 50 seconds, and 72°C 1 minute 50 seconds, and
finally 72°C for 7 minutes) using the following primers:
forward (P1) 5�-ATGGATGCTGACGAGGGTCAAGAC-3�
and reverse (P1As) 5�-TTAGCTCATGTGGAAGCGGT-
GCTC-3� and nested forward (P2), 5�-CTCATCAGG-
GAAGGAAAGCC-3� and reverse (P2As), 5�-GGTGTA-
CATGACGTGATCCAGG-3�. The P1 and P2 are located,
respectively, at �169 and �201 from the 5�-end start site
of the Ik1 cDNA and �1728 and �1603 for P1As and
P2As, respectively. Purified RT-PCR products were
cloned using the TA method (Invitrogen, San Diego, CA).
Cloned PCR products were purified using the Qiagen
Plasmid Mini-Prep isolation kit (Qiagen, Mississauga, On-
tario, Canada) and subjected to nucleotide sequencing
using T7 and M13 reverse-sequencing primers (Amer-
sham Pharmacia, Piscataway, NJ). Resulting sequences
were compared with the GenBank database published
human and mouse Ik cDNA sequences (accession
codes U40462 and NM009578, respectively).

Western Blotting Analysis

Total protein was extracted from total cell lysates and
quantified. Cell fractionation was performed by the hypo-
tonic/Nonidet P-40 lysis method. Briefly, cells were
washed in Tris-buffered saline, swollen in homogeniza-

Figure 1. Schematic representation of the human Ikaros gene and its iso-
forms. DNA binding, repression/activation domains, and dimerization do-
mains are indicated. The narrow open rectangles represent the specific
zinc finger domains. Note that alternative splicing yields mRNA isoforms that
encode truncated proteins that differ in the number of N-terminal zinc
fingers. The dimerization domain is shared by all eight isoforms. Solid black
arrows indicate sites corresponding to nested PCR primers as detailed in
Materials and Methods (S1 sense primer, reaction 1; AS1 anti-sense primer,
reaction 1; S2 sense primer, reaction 2; AS2 anti-sense primer, reaction 2).

1178 Ezzat et al
AJP September 2003, Vol. 163, No. 3



tion buffer [10 mmol/L HEPES, pH 7.9, 10 mmol/L KCl, 0.1
mmol/L ethylenediaminetetraacetic acid (EDTA), 0.1
mmol/L ethylene glycolbis, 1 mmol/L dithiothreitol, and
0.5 mmol/L phenylmethyl sulfonyl fluoride (PMSF)] and
vortexed in homogenization buffer containing 0.6% Non-
idet P-40. Supernatant containing cytoplasm and plasma
membranes were removed and the pellet containing the
nuclear fraction was suspended in a resuspension buffer:
250 mmol/L Tris, pH 7.8, 60 mmol/L KCl, 1 mmol/L dithio-
threitol, and 1 mmol/L PMSF.

Protein concentrations were determined using the Bio-
Rad method. Forty �g of whole lysates were separated
on 10% sodium dodecyl sulfate denaturing polyacryl-
amide gels, transferred onto nylon membrane (Millipore,
Bedford, MA) at 100 V for 1 hour at room temperature.
Blots were incubated with a mouse monoclonal antibody
(4E9; kindly provided by K. Georgopoulos, Harvard Uni-
versity, Boston, MA) that recognizes the C-terminal frag-
ments of Ikaros proteins8 at 1:2000 dilution in phosphate-
buffered saline (PBS)-5% nonfat milk with 0.1% Tween at
4°C overnight, followed by washing with PBS-Tween-20
four times at 10 minutes each at room temperature and
incubated with secondary antibody of peroxidase-conju-
gated goat anti-mouse IgG (1:2000) for 1 hour at room
temperature with agitation. Proteins were detected using
a chemiluminescence method (ECL; Amersham Bai
d’Urfé, Quebec, Canada).

Immunocytochemical Localization of Ikaros in
the Pituitary

Immunolocalization of Ik was performed with the 4E9
mouse monoclonal antibody as described above that
recognizes the C-terminal tail of Ik. Pituitary tissues were
fixed in formalin and embedded in paraffin; after micro-
wave antigen retrieval, immunolocalization was per-
formed with the primary antibody at a dilution of 1:400
and detected with the streptavidin-biotin-peroxidase
complex technique and 3,3�-diaminobenzidine. Co-local-
ization with pituitary hormones was performed with dou-
ble staining as previously described.19 For subcellular
localization after transfection, cells were grown on glass
coverslips, fixed in 1% formalin in PBS, the primary anti-
serum was localized with fluorescein-tagged secondary
antibody and visualized with a Bio-Rad MRC 600 confo-
cal microscope. The specificity of reactions was verified
by preabsorbing the primary antibody with purified Ik1
when localizing transfected Ik1 and with Ik6 when local-
izing transfected Ik6.

Plasmids

The human FGFR4 gene wild-type reporter construct
P(�115/�99)-Luc and the same with mutation of the
Ik-binding site FGFR4 (mIk)-Luc were described previous-
ly.4 The convention for sequence coordinates with �1 as
the first base of the coding sequence in exon 1 was
adopted. The Ik1 and Ik6 cDNA encoding expression vec-
tors were generously provided by Dr. K. Georgopoulos.20

Transfection and Luciferase Assays

All plasmid reporters were prepared by column chroma-
tography (QiaGen, Missisauga, Ontario, Canada) for se-
quencing and transfections. Cells were transfected by
the lipofectamine method according to the manufactur-
er’s protocol (Gibco, Burlington, Ontario, Canada). Cells
were plated into six-well cluster dishes (7 � 105 cells per
well), transfected the following day with 3 �l or 5 �l/well of
lipofectamine and 2 �g of DNA per well as indicated. The
total amount of transfected DNA was kept constant by
adding empty vector. Transfection efficiency was moni-
tored by simultaneous co-transfection with a �-galactosi-
dase control expression plasmid CMV-�gal (20 ng/well).
Histone deacetylase inhibition was performed using tri-
chostatin-A (Sigma, Oakville, Ontario, Canada) at a con-
centration of 100 ng/ml for 12 hours. Forty-eight hours
after all transfections, cells were lysed in buffer contain-
ing 25 mmol/L glycylglycine, 15 mmol/L MgSO4, 4
mmol/L EGTA, 1% Triton X, and 1 mmol/L dithiothreitol.
Luciferase activity was measured for 20 seconds in a
luminometer. �-galactosidase activity was measured to
normalize for variations in transfection efficiency. Pro-
moter activity of each construct was expressed as firefly
luciferase/�-galactosidase activity. Each experiment was
independently performed on three separate occasions
with triplicate wells in each experiment. Stable transfec-
tions of GH4 cells with Ik6 were performed as previously
described.18

Preparation of Nuclear Extracts

Nuclear extracts were prepared by washing cells in 1�
PBS and lysis in 100 �l of buffer containing (10 mmol/L
HEPES, pH 7.9, 1 mmol/L dithiothreitol, 1 mmol/L EDTA,
60 mmol/L KCl, 0.5% Nonidet P-40, 1 mmol/L PMSF) 5
minutes on ice. The pellet was resuspended into 100 �l of
the nuclear resuspension buffer (0.25 mmol/L Tris-HCl,
pH 7.8, 60 mmol/L KCl, 1 mmol/L dithiothreitol, 1.5
mmol/L PMSF) and lysed with three cycles of freezing
and thawing to 37°C. After centrifugation at 13,000 rpm
for 10 minutes at 4°C, the clear supernatant was col-
lected for further analysis.

Electrophoretic Mobility Shift Assays (EMSAs)

Oligonucleotides were end-labeled with [�-32P]dCTP us-
ing the Klenow fragment of DNA polymerase. Five to 10
�g of nuclear protein extracts and 2 ng of labeled oligo-
nucleotides were allowed to bind for 30 minutes at room
temperature in a final volume of 20 �l of binding buffer
[20 mmol/L HEPES (pH 7.9), 50 mmol/L KCl, 1 mmol/L
EDTA, 1 mmol/L dithiothreitol, 0.5 mmol/L MgCl2, 2%
glycerol, and 1 �g poly(dI-dC) (Pharmacia, Piscataway,
NJ)]. Protein-DNA complexes were resolved in 4% poly-
acrylamide gels containing 0.5� Tris borate-EDTA. Dou-
ble-stranded oligonucleotides were used as probes and
for competition as follows: wild-type Ik: 5�-AAGAAGCGG-
GAGTGACAGG-3� and its complementary strand; Pit-1:
5�TGTCTTCCTGAATATGAATAAGAAATA-3� and its com-
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plementary strand (synthesized by Sigma, Oakville, Ontario,
Canada). The complementary strands were annealed in an
annealing buffer consisting of 10 mmol/L Tris-Cl, pH 8.0, 50
mmol/L NaCl, 1 mmol/L EDTA.

Gel shift probes were radiolabeled using Klenow frag-
ment I (Boehringer, Ontario, Canada), and purified with a
G50 spin column. For EMSA, 100 cpm of P32-labeled probe
was incubated with 5 �g of nuclear extracts at room tem-
perature for 30 minutes in a binding reaction consisting of
20 mmol/L HEPES (pH 7.9), 50 mmol/L KCl, 1 mmol/L
EDTA, 1 mmol/L dithiothreitol, 0.5 mmol/L MgCl2, 2% glyc-
erol, and 1 �g poly(dI-dC) (Pharmacia) in a final volume of
20 �l. For competition assay, 10 or 100 molar excess of
unlabeled fragment was added as competitor DNA or anti-
body to the relevant transcription factor was added 30
minutes before addition of radiolabeled probe. Samples
were electrophoresed on 4% polyacrylamide nondenatured
gels containing 0.5% Tris-borate buffer and 2% glycerol.
Gels were dried under vacuum and autoradiographed.

Chromatin Immunoprecipitation (ChIP) Assay

GH4 cells were co-transfected with FGFR4-Luc reporter
containing the 5� promoter (�115/�99) with either the Ik1
or Ik6 expression vector or their empty control vector. The
chromatin immunoprecipitation assay was performed in
accordance with the manufacturer’s recommendations
(UBI, Lake Placid, NY). Histone was cross-linked to DNA
by the addition of formaldehyde. One quarter of the total
lysate was used for monitoring total DNA input by PCR.
The rest of the lysate was cleared with a salmon sperm
DNA/protein G-agarose slurry. Half of the cleared lysate
was incubated with anti-acetylated-histone 3 (AcH3) an-
tibody overnight at 4°C and the other non-AcH3 antibody
immunoprecipitated protein was used as a negative con-
trol both of which were also examined by immunoblotting
with anti-AcH3 antibody. For PCR analysis, the eluted
immunocomplexes were digested with proteinase K, and
DNA was purified by phenol extraction and PCR amplifi-
cation. This was performed under the following condi-
tions: (95°C for 4 minutes followed by 35 cycles of 95°C
for 45 seconds, 58°C for 45 seconds, and 72°C for 50
seconds, and finally 72°C for 7 minutes) using with the
following primers: forward 5�-GTGGAAGGAGGGGCG-
GGC-3� and reverse primers 5�-GAGGAGGCGGCG-
GAGTGAGG-3� corresponding to nucleotides 1040 to
1058 and 1217 to 1236 of the FGFR4 promoter sequence
respectively (GenBank accession no. Y13901) yielding a
196-bp product. Similarly, the following primers: forward 5�
GCAATGGCACACATTGCAG-3� and reverse primers 5�-
AGTCCTAAGAGAACCACTGC-3� were used to generate a
364-bp fragment from the 5� (�422) prolactin promoter.

Results

Human Pituitary Adenomas Express Ik mRNA
and Its Alternatively Spliced Isoforms

Figure 1 depicts the organization of the human Ik gene
and its known alternatively spliced products. Ik1 is the

largest of all Ik isoforms encoding four Cys-2 to His-2 zinc
fingers at its N-terminus (F1, F2, F3, and F4) and two at its
C-terminus (F5 and F6). Ik2 shares two of the four N-
terminal zinc fingers (F2 and F3) whereas Ik3 shares
three of the N-terminal zinc fingers (F1, F2, F3). Using a
nested RT-PCR approach with the depicted primers, 18
of 30 human pituitary adenomas composed of each of the
hormone-producing types revealed two products mea-
suring 0.9 and 1.5 kb (Figure 2a). Sequencing of the
1.5-kb PCR products confirmed Ikaros sequence and the
smaller 0.9-kb bands corresponded to Ik transcripts from
which the N-terminal zinc finger-encoding exons were
spliced out. The latter would be expected to yield the Ik6
isoform lacking DNA-binding potential.

Ik1 and Ik6 Are Localized to Distinct Cellular
Compartments in the Pituitary

We have previously shown that the Ik gene is expressed
in primary mouse pituitary and in rat GH4 pituitary cells.4

To investigate the translation of the Ik gene and to local-
ize the products of its alternatively spliced isoforms in the
human pituitary, primary human pituitary adenomas were
examined by Western blotting and immunocytochemis-
try. Human pituitary adenomas provide small samples

Figure 2. Detection of Ikaros isoforms in human pituitary tumors. a: RT-PCR
detection of Ik isoforms. RNA from primary human pituitary adenomas was
reverse-transcribed and amplified using nested PCR primers as shown in
Figure 1. The expected product sizes are approximately as follows: Ik1 to Ik3,
1.3 to 1.5 kb; Ik4 to Ik8, 0.9 kb. Pituitary tumors (T1 to T6) express Ik1 to Ik3
and also yield a band of 0.9 kb; sample T1 submitted for PCR without reverse
transcription (�) yields no product. The identity of all PCR products was
confirmed by DNA sequencing; the 0.9-kb bands were verified by sequenc-
ing to be Ik6. The products of the RT reactions amplified with PGK-1 primers
yield the expected 338-bp product, confirming intact quality of RNA (bot-
tom). b: Ik isoform expression in human pituitary tumors by Western
blotting. Lysates from GH4 cells and primary human pituitary tumors (T)
were separated on sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis and immunoblotted with an Ik antibody that recognizes the C-tail that is
common to all Ik isoforms. Note the expression of Ik1 at �57 kd and a
smaller protein consistent with the size of Ik6 (�36 kd) identified in several
pituitary tumors. Immunoblotting with an anti-actin antibody confirms similar
protein loading (bottom).
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and only 18 could be examined by Western blotting; 15 of
these expressed a 57-kd protein corresponding to Ik1
(Figure 2b). As predicted by the RT-PCR findings, 12 of
these tumors also expressed immunoreactive proteins of
�36 kd in size (Figure 2b), corresponding to the domi-
nant-negative (dn) isoforms Ik4 to Ik8. Densitometric
analysis of Western blots showed Ik6 to Ik1 expression
ranging from 0.26 to 0.72 in these 12 pituitary tumors.

The subcellular localization of Ik isoforms in the pitu-
itary was examined by confocal microscopy. GH4 cells
transfected with Ik1 cDNA exhibited a pattern of nuclear
positivity that is characteristic of classical transcription
factors (Figure 3a, left). In contrast, cells transfected with
Ik6 yielded predominantly cytoplasmic staining (Figure
3a, right). These findings were further supported by im-
munoblotting of fractionated proteins where Ik6-trans-
fected cells exhibited strong reactivity in cytoplasmic
fractions in contrast to the exclusive nuclear reactivity in
Ik1-transfected cells (Figure 3b).

These data allowed us to examine the expression of
Ikaros isoforms in a series of primary human pituitary

tumors by immunohistochemistry. Ik staining was unde-
tectable in nontumorous pituitary adjacent to adenomas
(Figure 3c, left). Pituitary adenomas exhibited focal nu-
clear staining for Ik (Figure 3c, middle). In 28 of 50
adenomas examined, there was also diffuse cytoplasmic
staining for Ik (Figure 3c, right), consistent with Ik6 ex-
pression. Absorption of the primary antibody with purified
Ik6 protein resulted in complete loss of staining (data not
shown). There was no correlation between Ik reactivity
and tumor type.

Detection of Ik in Human Pituitary Adenomas by
EMSA

The DNA-binding potential of Ik generated in pituitary
tumors was examined by gel EMSA using an Ikaros oli-
gonucleotide probe that contains the Ik-binding site. We
have previously shown that this Ik oligonucleotide probe
contains the conserved Ik-binding motif (-GGGA-) and
forms specific complexes with nuclear proteins from pi-
tuitary GH4 cells.4 Proteins from primary pituitary adeno-
mas resulted in distinct complexes that were specifically
competed by excess unlabeled Ik oligonucleotide but not
by the same oligonucleotide with mutation of the Ik-bind-
ing site (mIk) (Figure 4). Those complexes that were
specifically competed with the excess Ik oligonucleotide
were also supershifted by Ik antibody (Figure 4). The
integrity of nuclear protein from these adenomas was
confirmed by formation of specific complexes with an
oligonucleotide probe containing the pituitary-specific
Pit-1-binding site.

Figure 3. Localization of Ik1 and Ik6 in pituitary cells. a: Immunofluores-
cence detection of Ik isoforms. GH4 pituitary cells were transiently trans-
fected with Ik1 or Ik6. Note the predominantly nuclear (N) staining in
Ik1-transfected cells (left) in contrast to the cytoplasmic fluorescence de-
tected in Ik6-transfected cells (right). b: Western blotting of fractionated
protein lysates from Ik-1-transfected GH4 cells detects a 57-kd protein pre-
dominantly in nuclear fractions (N); Ik-6-transfected cells exhibit a 36-kd
protein predominantly in cytoplasmic fractions (C) with some component in
nuclear fractions (N). Cells transfected with both Ik1 and Ik6 (Ik 1 � 6) show
nuclear Ik1 and predominantly cytoplasmic Ik6 reactivity. Pit-1 reactivity was
used as a positive control to verify appropriate fractionation of protein. c:
Immunocytochemical localization of Ik in the human pituitary. The nontu-
morous adenohypophysis (left) is negative. A pituitary adenoma that ex-
pressed Ik1 (middle) exhibits focal strong nuclear staining (thick arrows).
An adenoma that expressed Ik1 and Ik6 (right) exhibits strong nuclear and
cytoplasmic staining.

Figure 4. Examination of DNA-binding activity of Ik proteins in human
pituitary tumors by EMSA. Nuclear proteins from primary human pituitary
tumor samples (T) were allowed to compete with a 32P-ATP-labeled oligo-
nucleotide probe containing the Ik-binding site. Note formation of com-
plexes indicated by side arrows by GH4 cell nuclear extracts (�). Pituitary
tumors (T) formed complexes with the Ik probe that were competed by 100
molar excess of unlabeled Ik oligonucleotide (Ik) but not by the same
oligonucleotide with mutation of the Ik-binding site (mIk). Those complexes
that were specifically competed by the wild-type Ik oligonucleotide were
supershifted by Ik antibody (right arrows).
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Correlation of Ikaros and FGFR4 Expression in
Human Pituitary Tumors

Among the 50 tumors examined, 28 had cytoplasmic
positivity for Ik; 18 of these were proven to express Ik6 by
RT-PCR and 12 by Western blotting. All 28 of these
tumors expressed ptd-FGFR4 as shown by RT-PCR and
immunohistochemistry with diffuse cytoplasmic staining.
No tumors exhibited membrane staining for FGFR4 and
none expressed intact FGFR4 by RT-PCR.3

Ik1 and Ik6 Differentially Regulate FGFR4 in the
Pituitary

To compare the functional contribution of Ik1 and Ik6 in
regulating pituitary FGFR4, we examined the wild-type 5�
P(�115/�99)-Luc FGFR4 or the same promoter with mu-
tated Ik-binding site (mIk P(�115/�99)-Luc FGFR4) and
the effects of co-transfection with Ik1 or Ik6. Figure 5a
demonstrates the stimulating effect of Ik1 transfection on
the wild-type FGFR4 promoter in GH4 pituitary cells. In
contrast, transfection of Ik6 in doses ranging from 0.5 to
4 �g resulted in significant inhibition (ranging from 35 to
52%) of the 5� FGFR4 promoter. Mutation of the Ik-bind-
ing site diminished basal promoter activity by �30% and
completely eliminated the response to Ik1 transfection

(not shown). Neither Ik1 nor Ik6 transfection altered pitu-
itary prolactin (PRL) (�422-Luc) promoter activity under
the same conditions (data not shown).

To further examine the influence of Ik6 on the endog-
enous gene, FGFR4 protein expression was examined in
Ik6 stably transfected GH4 cells. Clones of varying de-
grees of Ik6 expression were selected and subjected to
Western immunoblotting for endogenous FGFR4. Figure
5b demonstrates reduction of FGFR4 immunoreactivity
even in clones where transfected Ik6 is expressed at
lower levels than endogenous Ik1–3 and in the range
identified in primary pituitary tumors. These data provide
further evidence of the dominant-negative properties of
Ik6 on Ik1–3 action in GH4 cells and indicate that FGFR4
represents a target of Ik action in the pituitary.

Ik1 and Ik6 Differentially Deacetylate Histones
on the FGFR4 Promoter in Pituitary Cells

As Ik1 has been shown to potentially recruit components
of the histone deacetylase complex (HDAC) to some
promoters in a gene and cell-specific manner, we first
sought to determine whether inhibition of deacetylase
activity would alter FGFR4 activity in GH4 pituitary cells.
Using trichostatin-A as an HDAC inhibitor we noted a
similar degree of stimulation of FGFR4 promoter activity
to that achieved by Ik1 transfection (Figure 5a) in these
cells.

As Ik proteins have been shown to associate with the
transcriptional co-repressors mSin3 and Mi-2 that are
part of the HDAC, and the potential for Ik isoforms may
lead to cell type-dependent Ik repression, we examined
whether Ikaros can regulate histone deacetylation on the
FGFR4 promoter. A chromatin immunoprecipitation
(ChIP) assay was used to assess the acetylation status of
histones on the 5� FGFR4 promoter. GH4 pituitary cells
were co-transfected with the 5� FGFR4 (�115/�99) pro-
moter along with Ik1, Ik6, or their control empty vector.
Formaldehyde cross-linked chromatin isolated from
these transfected cells was immunoprecipitated with a
specific antibody to acetylated histone H3 (AcH3) and
subjected to PCR amplification using primers for the
FGFR4 promoter. If the FGFR4 promoter is associated
with acetylated histones, PCR analysis of the immunopre-
cipitates would be expected to yield a visualized product.
GH4 cells that constitutively express full-length FGFR44

demonstrated histone acetylation in empty vector-control
transfected cells (Figure 6a). In contrast, Ik1-transfected
cells failed to yield a product, providing evidence for the
ability of Ik1 to recruit an HDAC complex to the FGFR4 5�
promoter. In sharp contrast to Ik1, Ik6-transfected cells
yielded PCR products from AcH3 antibody immunopre-
cipitates. Immunoprecipitation followed by immunoblot-
ting with the AcH3 antibody showed no difference in
global histone acetylation in response to Ik1 or Ik6 trans-
fection (Figure 6b). These findings, together with lack of
transcriptional effect by Ik1 or Ik6 on the PRL promoter
(see above) are consistent with a gene-specific role for
Ikaros in the pituitary.

Figure 5. Ik1 and Ik6 differentially regulate 5� FGFR4 promoter activity. a:
GH4 cells were transiently co-transfected with the minimal FGFR4 P(�115/
�99) and expression vectors encoding either Ik1 or Ik6 as indicated. Note
similar activation of wild-type FGFR4 promoter by Ik1 or by the deacetylase
inhibitor trichostatin-A. In contrast, transfection of increasing amounts of Ik6
(in �g of DNA/well) results in inhibition of 5�FGFR4 promoter activity.
Disruption of the Ik-binding site in FGFR4 (mIk) completely abrogated the
effect of Ik1 (not shown). All transfections included corresponding empty
control vectors along with 20 ng of pCMV�gal to normalize for transfection
efficiency. Data are presented as the mean luciferase activity adjusted for
�-gal activity (�SD) and compared with control wells of three separate
experiments, each performed in triplicate (P � 0.005). b: Ik6 attenuates
endogenous FGFR expression in pituitary cells. GH4 cells were stably trans-
fected with Ik6 and clones of varying degrees of Ik6 protein expression
selected for FGFR4 analysis by Western blotting. Note the reduced expres-
sion of endogenous FGFR4 reactivity (110/90-kd doublet) in clones express-
ing moderate to high amounts of Ik6 compared to a negative clone or empty
vector-transfected control cells.
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Discussion

We have previously demonstrated that FGFR4 promoter
regulation involves a multiprotein complex that includes
ubiquitous factors such as Sp1 and tissue-specific fac-
tors.4 Using deletional mapping, we defined a 214-bp
(�115/�99) functional promoter in the pituitary that in-
cluded a fragment containing important binding sites for
the hematopoietic zinc finger-containing transcription
factor Ikaros (Ik) flanked by binding sites for Sp1- and
Ets-type factors. Specific DNA binding by Sp1-, Ets-, and
Ik-like factors were identified by oligonucleotide compe-
tition and transcriptional function was demonstrated by
co-transfection of Sp1, Ets, or Ik with disruption of the
Ik-binding site. Specific Ik expression in rodent pituitary
cells was identified by immunocytochemistry and con-
firmed in GH4 cells by Western blotting.4 We show here
for the first time the expression and subcellular localiza-
tion of Ikaros and the Ik6 isoform in the human pituitary by
multiple techniques. Our data indicate that expression of
Ik6 and compartmentalization may be of critical func-
tional importance in regulating FGFR4 promoter activity.

Expression of the non-DNA-binding isoform of Ik, Ik6,
has been identified in approximately a third of cases of
human T-cell acute leukemias. In our study, we detected
the expression of Ik6 in human pituitary tumors. Expres-
sion of non-DNA-binding Ik isoforms such as Ik6 could

result in dysregulated expression of target genes includ-
ing FGFR4 that are essential for normal development and
maturation. Our findings in the pituitary suggest that in
contrast to Ik1, Ik6 interrupts activation of the 5� FGFR4
promoter, consistent with a dominant-negative role for Ik6
in pituitary tumors. These data are also consistent with
the notion that only Ik isoforms with DNA-binding do-
mains when bound in cis-to Ik-binding sites are able to
activate gene transcription.8,12,21 Thus, the balance be-
tween DNA and non-DNA-binding Ik isoforms may con-
tribute to a cell- and gene-specific response of either
transcriptional activation or repression. Whether Ik6 has
independent functions in addition to its ability to form
inactive heterodimers with other Ikaros members remains
to be shown. For example, another truncated Ik isoform
(Ik7) appears to have the capacity to regulate the adhe-
sion molecule L-selectin and migration in three-dimen-
sional collagen gels in a cell-specific manner indepen-
dent of Ik1.22 Our finding of Ik6 in the cytoplasm further
supports the potential for Ik1-independent function(s) for
truncated Ik isoform action in pituitary tumors.

Protein acetylation plays a crucial role in regulating
transcriptional activity. Acetylation complexes (such as
CBP/p300) or deacetylation complexes (including
HDAC) are usually recruited to DNA-bound transcription
factors in response to signaling pathways. Histone hyper-
acetylation by histone acetyl-transferases (HATs) is gen-
erally 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 generally
associated with transcriptional repression reversing the
chromatin remodeling process. This gene repression can
be cell-type- and promoter-specific. In the case of Ik it
has been shown to be mediated through at least two
repression domains that interact with the HDAC complexes
containing mSin323 and Mi-2 proteins.24 The earlier findings
of histone under-acetylation in the vicinity of Ik recruitment
sites23 supported the significance of HDAC in mediating Ik
action. Our findings of the ability of Ik1 to recruit an HDAC
complex to the 5� FGFR4 promoter supports this mecha-
nism. However, we also demonstrate that the HDAC inhib-
itor trichostatin can activate this promoter, which is typical of
the effect of histone acetylation on gene activation. Other
groups have similarly noted such discordance between
Ik-mediated gene activation and heterochromatin complex
formation.25 These apparently paradoxical findings can be
reconciled by a model in which Ik1 is in direct association
with its target genes in a predominantly restrictive chromatin
environment. As previously proposed,26 the heterochroma-
tin compartment houses genes that are more tightly regu-
lated, such as during the cell cycle or development. We
propose that FGFR4 belongs to this category of tightly reg-
ulated genes that are typically repressed in many adult
tissues but can be reactivated under unique conditions,
presumably when specific activators and Ik are both
present in the pericentromeric heterochromatin compart-
ment. In this model, Ik functions as a potentiator by remod-
eling a densely packaged chromatin environment, facilitat-
ing activator access under unique conditions.

Figure 6. Ik1 and Ik6 display distinct effects on chromatin histone deacety-
lation on the FGFR4 promoter. Chromatin immunoprecipitation (ChIP) was
performed as described in Materials and Methods. a: DNA from lysate before
immunoprecipitation (input DNA) or from plasmid FGFR4 (P�115/�99-Luc)
DNA were amplified as positive controls. GH4 cells were co-transfected with
5� FGFR4 promoter in combination with expression vectors encoding either
Ik1, Ik6, or empty vector control. Cross-linked chromatin was immunopre-
cipitated with antibody to acetyl histone 3 (AcH3) and subjected to PCR
analysis. Note the effect of Ik1 on histone deacetylation resulting in absence
of PCR product from AcH3 antibody immunoprecipitates. Omission of AcH3
antibody immunoprecipitation (non-IP) results in absence of PCR products
from all corresponding transfections. b: Corresponding immunoblotting with
AcH3 antibody of immunoprecipitates reveals no effect or difference be-
tween Ik1 and Ik6 on global histone acetylation in pituitary cells.
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FGFR4 has been implicated as a modulator of ery-
throid cell27 and pituitary cell proliferation.3 We propose
that FGFR4 represents an important target for Ik action in
human pituitary tumors. Our data indicate that altered Ik
splicing and isoform generation may contribute to an Ik
isoform environment that can target FGFR4 promoter ac-
tivity. This Ik1-mediated complex likely involves HDAC as
well as non-HDAC components. The net influence of
these Ik isoform/HDAC/non-HDAC complex interactions
may ultimately disfavor utilization of the wild-type pro-
moter over downstream cryptic promoters that may inter-
act with other factors, such as AP-2�,28 resulting in the
genesis of tumorigenic truncated receptor isoforms such
as ptd-FGFR4.
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