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Abstract

Objectives: Microarray technology allows for the expression profile of many thousands of genes to be
quantified at the same time, and has resulted in novel discoveries about the tumour biology of a
number of cancers. We sought to do this in pituitary adenomas, the most common intracranial
neoplasm.

Methods: Affymetrix GeneChip HG-U133A oligonucleotide arrays covering 14 500 well-characterised
genes from the human genome were used to study pooled RNA for each of the four major pituitary
adenoma subtypes. Individual gene-expression levels in the tumours were compared relative to the
expression profile in normal pooled pituitary RNA. Three differentially expressed genes with potential
importance in tumourigenesis were chosen for validation by real-time quantitative PCR on the orig-
inal tumours and on an additional 26 adenomas.

Results: Bioinformatic analysis showed that 3906 genes and 351 expressed sequence tags were differ-
entially expressed among all pituitary tumour subtypes. Lysosomal-associated protein transmem-
brane-4-B (LAPTM4B), a novel gene upregulated in hepatocellular carcinoma, was significantly
over-expressed in adrenocorticotrophin (ACTH)-secreting adenomas and non-functioning pituitary
adenomas (NFPAs). Bcl-2-associated athanogene (BAG1), an anti-apoptotic protein found at high
levels in a number of human cancers, was significantly over-expressed in growth hormone-secreting
and prolactin-secreting adenomas and NFPAs. The cyclin-dependent kinase inhibitor p18, in which
murine gene deletion has been shown to produce pituitary ACTH cell hyperplasia and adenomas,
was significantly under-expressed in ACTH-secreting adenomas.

Conclusions: Expression array analysis of pituitary adenomas using the Affymetrix GeneChip HG-
U133A arrays appears to be a valid method of identifying genes that may be important in tumour

pathogenesis.
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Introduction

Pituitary adenomas account for 10—15% of all intra-
cranial neoplasms. Despite extensive research, the
pathogenesis of the majority of pituitary adenomas
remains unsolved. In the majority these are mono-
clonal, benign, slow-growing neoplasms, and therefore
perhaps it is not surprising that studies into many of
the common oncogenes or tumour-suppressor genes
involved in human cancer have been unrevealing
when applied to these tumours. The only common
and reproducible mutation to date implicated in pitu-
itary pathogenesis is the Gs, mutation linked to
the growth hormone-releasing hormone receptor
(GHRH-R) in approximately one-third of growth hor-
mone (GH)-secreting adenomas, leading to constitutive
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activation and cAMP production (1). However,
advances in molecular biology have the potential to
fast-track the search for new candidate tumourigenic
genes. The foremost of these techniques is expression
profiling, by either differential display techniques or
microarray analysis. Differential display analysis of rat
or human pituitary tumours has resulted in the identi-
fication of a number of novel candidate genes, includ-
ing pituitary tumour-transforming gene (PTTG) (2),
growth arrest and DNA damage induced-45
(GADD45) (3), maternally expressed gene 3a (MEG3a)
(4) and bone morphogenetic protein 4 (BMP-4) (5).
In rodent pituitary adenomas microarray expression
analysis has been utilised in three studies (6—8). In
human pituitary adenomas there has been only one
published study (9), in which the authors used a
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c¢DNA array that contained 7075 genes to compare the
expression profile of a normal pituitary sample to single
cases of non-functioning pituitary adenoma (NFPA),
and GH-, prolactin (PRL)- and adrenocorticotrophin
(ACTH)-secreting adenomas: in total, 128 genes were
differentially expressed. Of these, three seemed to have
oncogenic importance and were examined by real-
time quantitative PCR (RQ-PCR) in a further 37 pitu-
itary samples. The orthinine decarboxylase (ODC1)
gene was over-expressed in GH-secreting adenomas
compared with other tumour types, but was under-
expressed in ACTH-secreting adenomas. The C-mer
proto-oncogene tyrosine kinase (MERTK) gene was
over-expressed in ACTH-secreting adenomas, but was
under-expressed in PRL-secreting adenomas. The
folate receptor (FR) gene was over-expressed in
NFPAs, but was under-expressed in GH- and PRL-
secreting adenomas. A subsequent study confirmed
the over-expression of the FR at the protein level in
NFPAs (10), although it remains to be determined
how this is related to tumourigenesis. When searching
for potential candidate genes by microarray, the limit-
ing factor is the number of targets represented on
each array. In this study we have used the commer-
cially available Affymetrix GeneChip HG-U133A
arrays to study pooled RNA from each of the four
major pituitary adenoma subtypes: GH-secreting,
ACTH-secreting and PRL-secreting pituitary adenomas,
and NFPAs. These are in situ-synthesised, high-density
oligonucleotide arrays that contain 22 284 probe sets
encompassing 18 400 transcripts and variants, includ-
ing 14 500 well-characterised genes from the human
genome. More-detailed information may be found at
http://www.affymetrix.com. Expression profiles were
compared with that obtained from pooled normal pitu-
itary tissue. Validation of individual gene expression in
specific cases was evaluated by RQ-PCR.

Materials and methods

Tissue specimens

For the array analysis, it was found that the quantity of
high-quality mRNA extractable from a single adenoma
was limited; therefore, a total of five human pituitary
adenomas of each of the main subtypes (GH-, ACTH-
and PRL-secreting tumours, and NFPAs) were used to
provide the necessary minimum quantity per chip. Five
normal human pituitary autopsy specimens obtained
from patients with no evidence of any endocrine
abnormality and within 12 h of death were also studied.
For the RQ-PCR an additional six GH-, eight ACTH- and
five PRL-secreting tumours and seven NFPAs were stu-
died. Tissue samples were collected in liquid nitrogen
and then stored at — 80°C. The tumour type was deter-
mined on the basis of clinical and biochemical findings
before surgery and by morphological and immunocyto-
chemical analysis of the removed tissue sample.
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In order to reduce the possibility of contamination of
the tumour tissue by non-adenomatous pituitary
tissue during trans-sphenoidal surgery, only GH- and
PRL-secreting and NFPA macroadenoma samples
(tumours = 10 mm diameter) were chosen for analysis.
In the case of the ACTH-secreting tumours this was not
possible as the majority of tumours are microadenomas
(<10mm), and macroadenomas are not representative
of the average population of patients with Cushing’s dis-
ease; however, PCR for the non-corticotroph transcrip-
tion factor Pit-1 was performed on the ACTH-secreting
samples and NFPAs to exclude contamination by
normal non-adenomatous pituitary tissue, as described
previously (11). In addition, RT-PCR for pro-opiomela-
nocortin (POMC; the ACTH-precursor) to exclude con-
tamination with corticotrophs, present in normal
pituitary, was performed on the GH- and PRL-secreting
adenomas (11). Informed consent was obtained from
all patients, and the study was approved by the local
Ethics Committee (Institutional Review Board).

RNA extraction

Total RNA was extracted from homogenised frozen
tissue using an SV isolation kit (Promega, Southamp-
ton, UK), which includes a DNase step. The integrity
of the total RNA of each sample was determined by
denaturing gel electrophoresis, and the mRNA quanti-
fied approximately by spectrophotometry.

Target preparation and microarray
hybridisation

Each of the four subtypes of pituitary adenoma and the
normal pituitary tissue was studied using a single
array: 3 pg total RNA from each of the five individual
tumours/normal pituitaries was pooled, concentrated
by ethanol precipitation and re-quantified. Further tem-
plate labelling and array hybridisation was as per the
Affymetrix GeneChip Eukaryotic sample and array-pro-
cessing protocol (Affymetrix, Santa Clara, CA, USA). In
brief, 10 pwg pooled total RNA was synthesised to
double-stranded c¢DNA wusing SuperScript double-
stranded-cDNA synthesis reagents (Invitrogen, Paisley,
Scotland, UK). T7-(dT),4 primer (Affymetrix) was used
for priming the first-strand cDNA synthesis. Purification
of the double-stranded cDNA was by
phenol/chloroform extraction utilizing Phase-lock gel
tubes (Eppendorf), followed by ethanol precipitation.
The cDNA was synthesised to cRNA using the BioArray
High Yield RNA Transcript labelling kit (Affymetrix):
reactions were carried out at 37°C for 5 h, with agitation
every 30 min. Clean-up of the cRNA using the RNeasy
columns (Qiagen, Crawley, Sussex, UK) was performed
to remove unincorporated ribonucleotides, prior to
quantification by spectrophotometry. The cRNA was
fragmented by metal-induced hydrolysis at 94°C for
35min in a buffer (final concentrations, 40 mM Tris
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acetate, pH 8.1, 100 mM potassium acetate and 30 mM
magnesium acetate). Adequate cRNA fragmentation
was determined by denaturing gel electrophoresis. The
hybridisation cocktail (300 wl) was prepared from
150 pl 2 X hybridisation buffer (final concentration,
100mM Mes, 1 M NaCl, 20mM EDTA and 0.01%
Tween 20), 15 pg cRNA and 5 pl control oligonucleotide
B2. Herring sperm and acetylated BSA were added to
final concentrations of 0.1 and 0.5 mg/ml respectively.
As external controls (spikes), in vitro transcripts of bac-
terial genes BioB, BioC, BioD and cre were added to
final concentrations of 1.5, 5, 25 and 100 pM, respect-
ively. An 80 pl aliquot of cocktail was hybridised to a
GeneChip Test 3 array (Affymetrix) to examine the
target quality, and if this was adequate 200 wl cocktail
was then hybridised to a GeneChip HG-U133A array.
Incubation was performed at 45°C for 16 h with constant
rotation at 60 r.p.m. Arrays were washed and stained at
an Affymetrix fluidics wash station with streptavidin-
phycoerythrin (SAPE; Molecular Probes, Eugene, OR,
USA). Signal amplification was performed by the use of
biotinylated anti-streptavidin antibody (Vector Labora-
tories, Peterborough, Cambs, UK). Scanning was per-
formed on a GeneArray Scanner (Agilent Technologies,
Waldbronn, Germany), and the fluorescence intensities
of the scanned arrays were analysed with Affymetrix
Microarray Suite 5.0.

Data measurement and transformation

Using Affymetrix Microarray Suite 5.0 global scaling
was applied to the quantification data to adjust the aver-
age recorded to a target intensity of 100. Data were then
exported into the bioinformatics software GeneSpring
6.0 (Silicon Genetics, Redwood City, CA, USA) for further
analysis. Data normalisation was performed to scale the
data so that the average intensity value on each array
was 1, by dividing each expression value by the median
of the expression levels on each chip. The individual
gene expression levels for each of the four pituitary ade-
noma subtype arrays was divided by the expression level
in the normal pituitary array. Thus, the data are pre-
sented as relative to the expression in normal pituitary
tissue. Filtering was then performed to identify genes
over- or under-expressed at least 2.0-fold in tumours
compared with normal pituitary, based on Affymetrix
internal quality-control data. The differentially
expressed gene data list and experiment raw data are
deposited at http://www.ncbi.nlm.nih.gov/geo/ (GEO
accession no. GSE 2175). Further analysis as to the
potential relevance of differentially expressed genes in
tumourigenesis was achieved by use of the PubMed data-
base (http://www.ncbi.nlm.nih.gov/PubMed).

RQ-PCR

RQ-PCR for the genes of interest was performed on the
pooled RNA samples for each of the pituitary tumour
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subgroups and normal pituitary, the RNA of each of
the individual samples, and also RNA of the additional
26 pituitary adenomas. Total RNA (1 wg) was reverse-
transcribed into cDNA using TagMan reverse transcrip-
tion reagents (Applied Biosytems, Warrington, Che-
shire, UK). Each 50 pl reaction mix contained 5.5 mM
MgCl,, 2mM dNTP mix, 2.5 pM random hexamers,
20 U RNase inhibitor, 62.5 U Multiscribe reverse tran-
scriptase and 1 pg RNA. Thermal cycling conditions
were as follows: 25°C for 10min, 48°C for 30 min
and 95°C for 5min.

The RQ-PCR reactions and analysis were carried out
using the ABI Prism 7900 Sequence Detection System
(Applied Biosytems), which allows for detection of PCR
products as they accumulate during the PCR process,
rather than assaying the final product after a fixed
number of cycles. For each experiment a RQ-PCR for the
endogenous control gene 18 S rRNA was also performed
for each sample, allowing data to be expressed relative
to 18 SrRNA, therefore compensating for any differences
in reverse transcriptase efficacy. We had previously deter-
mined 18 S rRNA to be the most consistent internal con-
trol gene in pituitary tissue, both adenomatous and
normal, using the TagMan Human Endogenous Control
Plate (Applied Biosytems) (12). To allow for comparison
between RQ-PCR experiments, standard curves were con-
structed for the genes of interest and 18 S rRNA using
human paraganglioma total RNA (lysosomal-associated
protein transmembrane-4-8 (LAPTM4B) and pl8) or
human prolactinoma total RNA (Bcl-2-associated atha-
nogene (BAG1)), which were shown to have significant
expression of the respective genes. Serial 5-fold dilutions
(20 ng/pl-32 pg/wl) in TE buffer were performed followed
by reverse transcription, and these stocks of cDNAs were
used for all experiments. Data from standard curves
with a correlation coefficient of less than 0.97 were dis-
counted. RQ-PCR was carried out in triplicate using
10l reaction volumes containing 5pl TagMan
2 X PCR Master Mix, 200nM 18 S rRNA or 250nM
LAPTM4B, BAG1 and p18 probe, 300 nM 18 S rRNA or
900nM LAPTMA4B, BAG1 and pl8 forward primer,
300nM 18S rRNA or 900 nM LAPTM4B, BAG1 and
pl8 reverse primer, at 50°C for 2min and 95°C for
10 min followed by 40 cycles of 95°C for 15s and 60°C
for 1 min.

Primer and probes were synthesised by MWG Biotech,
Germany (18S rRNA) or Applied Biosystems
(LAPTM4B, BAG1 and p18) with sequences as follows:
18 S rRNA (GenBank accession no. X03205), forward
5'-“TCCCCATGAACGAGGAATTC-3/, reverse 5-GTGTAC-
AAAGGGCAGGGACTTAA-3', probe 5-CAACGCAAGCT-
TATGACCCGCACTTACT-3';  LAPTM4B (GenBank
accession no. NM018407), forward 5-CTGGGAGGTGA-
CTTTGAGTTCAT-3', reverse 5'-AGAGAAATCGCAATGG-
CAATGC-3/,  probe  5-ACATGTTGGCATCATCC-3';
BAG1 (GenBank accession no. NM004323), forward
5'-CTGACCAGCTGGAAGAGTTGAATAA-3/, reverse 5'-
AGAGCTTCAGCTTGCAAATCCTT-3/, probe 5'-CCAGCA-
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GGGTTTTCTCTGCAGGTTATGAAACTT-3'. The probes
for LAPTM4B, BAG1 and p18 were conjugated with a
minor groove binder. Probes were labelled with the repor-
ter dye (6-carboxy-fluorescein, FAM) at the 5'-end and a
non-fluorescent quencher for LAPTM4B, BAG1 and p18
or with the fluorescent dye 6-carboxy-tetramethylroda-
mine (TAMRA) at the 3’ end for 18 S rRNA. Experiments
were performed on at least two occasions for each sample.

Statistical analysis

Data were expressed as the ratio of gene quantity to
18 S rRNA quantity. Data are shown as medians with
minimum and maximum values, and 25th and 75th
percentile values. The non-parametric Kruskal—Wallis
analysis of variance was used to calculate differences
in expression between groups of tissues. Significance
was taken as P < 0.05.

Results

Using the Affymetrix GeneChip HG-U133A oligonu-
cleotide array the expression profiles of each of the
four major pituitary adenoma subtypes were obtained
and compared with the expression profile of normal
autopsy pituitary tissue. In total, 3906 genes and
351 expressed sequence tags (ESTs) were differentially
expressed among all the pituitary adenoma subtypes.
There were 47 genes and a single EST that were over-
expressed uniformly in all the adenoma subtypes, and
127 genes and five ESTs that were under-expressed in
all the adenoma subtypes.

Expression profile of GH-secreting adenomas

In the GH-secreting adenoma array 401 genes and 26
ESTs were over-expressed = 2.0-fold, and 921 genes
and 80 ESTs were under-expressed = 2.0-fold. Com-
pared with other tumour types 135 genes were
uniquely over-expressed, and 352 genes uniquely
under-expressed. Consistent with the adenoma subtype,
GH was the most highly uniquely expressed gene, and
the GHRH-R was over-expressed 9.6-fold. Similarly,
POMC, the corticotrophin-releasing hormone receptor
(CRH-R), PRL, luteinising hormone (LH), follicle-stimu-
lating hormone (FSH) and thyroid-stimulating
hormone (TSH) were under-expressed >10-, 4.5-,
6.5-, 8.0-, 3.6- and > 10-fold, respectively.

Expression profile of ACTH-secreting
adenomas

In the ACTH-secreting adenoma array 1016 genes and
76 ESTs were over-expressed = 2.0-fold, and 634
genes and 56 ESTs were under-expressed = 2.0-fold.
Compared with other tumour types 520 genes were
uniquely over-expressed, and 179 genes uniquely
under-expressed. Consistent with the adenoma subtype,
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POMC was the most highly expressed gene, and CRH-R
and the glucocorticoid receptor (GR) were over-
expressed 3.0- and 2.5-fold, respectively. Similarly, Pit-
1, PRL, GH, GHRH-R, LH and TSH were under-expressed
4.4-, 2.4-, >10-, 3.9-, > 10- and > 10-fold respectively.

Expression profile of NFPAs

In the NFPA array 890 genes and 52 ESTs were over-
expressed = 2.0-fold, and 937 genes and 123 ESTs
were under-expressed = 2.0-fold. Compared with
other tumour types 467 genes were uniquely over-
expressed, and 370 genes uniquely under-expressed.
Consistent with the non-secretory nature of this ade-
noma subtype, POMC, GH, PRL, LH and TSH were
under-expressed >10-, >10-, >10-, 7.7- and >10-
fold respectively. However, FSH was over-expressed
7.4-fold. In addition, the CRH-R and GHRH-R were
under-expressed 9.4- and 4.1-fold respectively.

Expression profile of PRL-secreting adenomas

In the PRL-secreting adenoma array 663 genes and 43
ESTs were over-expressed = 2.0-fold, and 816 genes
and 53 ESTs were under-expressed = 2.0-fold. Com-
pared with other tumour types 275 genes were
uniquely over-expressed, and 282 genes uniquely
under-expressed. Consistent with the adenoma subtype,
PRL was the most highly expressed gene, and Pit-1 was
over-expressed 3.7-fold. Similarly, POMC, CRH-R, GR,
GH, GHRH-R, LH, FSH and TSH were under-expressed
>10-, 4.3-, 4.1-, 10-, 7.8-, >10-, 2.0- and > 10-fold
respectively.

Identification of potential candidate genes

The criteria used for under- and over-expression was a
2-fold difference in expression levels from normal. Very
few genes were over-expressed by more than 5-fold in
any tumour type (122 of the 2456 genes over-expressed
in one or more tumour subtype). Indeed, the majority of
genes are only over-expressed 2.0—3.0-fold (e.g. 89% in
GH-secreting tumours, 80% in PRL-secreting tumours).
Similarly, the majority of under-expressed genes were in
the 2.0-3.0-fold range. Whereas it was hoped that the
more highly differentially expressed genes might yield
plausible candidate genes, this did not appear to be the
case. Therefore it was necessary to concentrate on
more modestly over-/under-expressed genes. Thus
three differentially-expressed genes with potential
tumourigenic significance, not previously associated
with pituitary tumourigenesis, were chosen: LAPTM4B
was over-expressed 2.4-fold in the ACTH-secreting ade-
noma array and 2.3-fold in PRL-secreting adenoma
array. LAPTMA4B is a recently described integral mem-
brane protein with four transmembrane domains that
has been shown to be upregulated at the mRNA and pro-
tein level in hepatocellular carcinoma and a number of
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other human cancer cell lines (13). Transfection of the
LAPTM4B gene into murine 373 fibroblasts caused cell
proliferation by regulation of cell-cycle control involving
upregulation of cyclin E and increased transition of cells
into S phase (14).

BAG1 was over-expressed 2.7-fold in the GH-secret-
ing adenoma array and 5.0-fold in the PRL-secreting
adenoma array. BAG1 is a multifunctional protein
that blocks apoptosis and regulates other diverse path-
ways involved in cell proliferation and stress responses:
BAG1 protein has been found to be over-expressed in a
number of human cancers.

The cyclin-dependent kinase (CDK) inhibitor 2C, or
p18, was under-expressed 3.2-, 2.6- and 2.2-fold in the
GH-secreting adenoma, NFPA and PRL-secreting ade-
noma arrays, respectively. Through binding and inhibit-
ing CDKs 4 and 6, and thereby preventing cyclin
D-dependent phosphorylation of retinoblastoma, p18 is
a negative regulator of the cell cycle. Murine gene del-
etion of pl8 has been shown to produce pituitary
ACTH cell hyperplasia and adenomas (15). These three
genes were subject to further validation by RQ-PCR.

RQ-PCR for LAPTM4B, BAG1 and p18

In order to validate the expression patterns of the genes
LAPTM4B, BAG1 and pl8 as shown by microarray,
RQ-PCR was performed on the pooled RNA from the
tumours and normals. The results for LAPTM4B con-
firmed a > 2 fold over-expression in the pooled ACTH-
and PRL-secreting adenoma RNAs (Fig. 1A). Similarly,
BAG1 was confirmed as over-expressed by RQ-PCR in
both pooled GH- and PRL-secreting RNAs, but it also
appeared to be over-expressed in the pooled NFPA
RNA (Fig. 1B). For p18 there was poor correlation,
and it appeared to be under-expressed only in the
pooled ACTH-secreting adenoma RNA (Fig. 1C).

These findings were essentially confirmed when RQ-
PCR was performed on an additional 26 pituitary adeno-
mas. In summary, RQ-PCR on 46 pituitary adenomas (11
GH-, 13 ACTH- and 10 PRL-secreting adenomas, and 12
NFPAs) showed that LAPTM4B was significantly over-
expressed in ACTH-secreting adenomas (P = 0.007)
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and NFPAs (P = 0.02; Fig. 2A); BAG1 was significantly
over-expressed in GH- (P = 0.005) and PRL-secreting
(P =0.007) adenomas and NFPAs (P = 0.01; Fig. 2B),
while p18 was significantly under-expressed in ACTH-
secreting adenomas (P = 0.04) compared with normal
pituitary tissue (n = 5; Fig. 2C). Side-by-side comparison
of the expression profiles of the genes by RQ-PCR (pooled
and total tumours) and microarray is given in Table 1.

Discussion

The aim of this study was to identify novel differentially
expressed genes in pituitary adenomas compared with
normal pituitary that may be important candidates in
the pathogenesis of these poorly understood tumours.
In addition, the ability to study the expression profile of
over 14 000 genes simultaneously is a powerful analyti-
cal tool that should in principle help unravel the complex
molecular changes present in the change from normal
pituitary tissue to adenoma. The purpose of using
pooled RNA for the microarray analysis was to try and
improve the specificity of gene-expression results
within each tumour subtype, and also within the
normal pituitary tissue, without the need to use multiple
arrays. This experimental design appeared to be largely
validated in the over-expressed genes LAPTM4B and
BAG1, although it is apparent by the RQ-PCR results
on the individual tumour samples pooled that within
tumour subtypes there is marked variability in the
expression levels for certain genes (Fig. 1). This seems
to have skewed some of the microarray results (e.g.
LAPTM4B expression in PRL-secreting tumours), but
not others (e.g. BAG1 expression in GH-secreting
tumours), when judged by RQ-PCR validation on the
larger group of tumours (Table 1). A demonstration of
the robust nature of this novel technology is the remark-
able similarity of the results compared with RQ-PCR
results from the cDNA array study published by Evans
and colleagues (9): they showed (i) that MERTK was
over-expressed in ACTH-secreting adenomas up to
13-fold, but was under-expressed in PRL-secreting
adenomas, (ii) that the FR gene was over-expressed
in NFPAs up to 30-fold, but was under-expressed in

Table 1 Side-by-side comparison of the expression profiles of the genes LAPTM4B, BAG1 and p18 as measured by (1) microarray
analysis, (2) RQ-PCR of the pooled sample RNA and (3) RQ-PCR of the total pituitary tumours for each of the pituitary adenoma

subtypes.
LAPTM4B expression BAG1 expression p18 expression
RQ-PCR RQ-PCR RQ-PCR RQ-PCR RQ-PCR RQ-PCR
Microarray pooled total Microarray pooled total Microarray pooled total

NFPA 0 0 + 0 + + - 0 0
GH 0 0 0 + + + - 0 0
ACTH + + + 0 + 0 0 - -
PRL + + 0 + + + - 0 0

0 = No change in expression relative to normal pituitary; + = over-expression relative to normal pituitary;

pituitary.

— = under-expression relative to normal
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GH- and PRL-secreting adenomas; and (iii) that the
ODC1 gene was over-expressed in GH-secreting adeno-
mas compared with other tumour types but not
normal pituitary, but was under-expressed in ACTH-
secreting adenomas compared with normal, GH-secret-
ing adenomas and NFPAs (9). On the Affymetrix Gene-
Chip HG-U133A array MERTK was over-expressed in
ACTH-secreting adenomas 6.4-fold, and under-
expressed 2.5-fold in PRL-secreting tumours, whereas
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expression between groups.

the FR was over-expressed in NFPAs 13-fold and under-
expressed in GH- and ACTH-secreting adenomas (2.1-
and 2.3-fold respectively); there was a trend towards
under-expression in the PRL-secreting adenomas
(1.69-fold), but it did not meet our cut-off criterion.
ODC was under-expressed in the ACTH-secreting ade-
noma compared with the GH-secreting adenomas (2.2-
fold), but not compared with normal pituitary or
NFPAs. In addition, vimentin was under-expressed in
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all tumour types in our study as demonstrated previously
by the cDNA array study. We were also interested to ana-
lyse the gene-expression results obtained by oligonucleo-
tide array of other candidate pituitary genes previously
identified by other technologies. PTTG was over-
expressed in ACTH-secreting adenomas (3.4-fold), but
was not significantly different from normal pituitary in
NFPAs or GH- and PRL-secreting tumours (1.6-, 0.8-
and 1.4-fold, respectively). This is at odds with the results
from McCabe et al. (16), which showed PTTG to be overall
significantly over-expressed in NFPAs and GH-secreting
tumours, although interestingly the highest expression
levels were in ACTH-secreting adenomas. However, it
should be noted that a significant number of individual
pituitary tumours have expression levels < 2-fold above
normal pituitary (17). It was more difficult to make cor-
relations with other reported genes: MEG3a transcript
was not represented on the array; GADD45vy did not
appear to be expressed in our normal pituitary sample;
and BMP-4 was absent from normal pituitary and all
tumour types. In addition, we have recently identified
Aktl and Akt2 to be over-expressed in pituitary adeno-
mas, and in particular NFPAs (18). This correlates with
the microarray data on Aktl, which show a 2.5-fold
over-expression in NFPAs. Unfortunately, Akt2 is not rep-
resented on the HG-U133A array.

Our results show that LAPTM4B is differentially
over-expressed in ACTH-secreting adenomas and
NFPAs. Several studies indicate that LAPTM4B plays
an important role in tumourigenesis (13, 14, 19),
although its exact mechanism of action remains to be
elucidated. The over-expression in ACTH-secreting
tumours demonstrated by the microarray analysis
and confirmed with the RQ-PCR analysis of grouped
tumours may relate to the abundant lysosomes present
in corticotroph adenomas (20). It should be noted that
differences in gene expression between normal pituitary
and ACTH-secreting tumours may possibly be due to
differences in the clonal composition between the
samples, in that in the normal pituitary corticotroph
cells represent less than 20% of the total cells, and in
ACTH-secreting adenomas greater than 80%.

P
<

Figure 2 Graphs showing the mRNA expression levels of
LAPTM4B (A), BAG1 (B) and p18 (C) in normal pituitary (n = 5),
GH-secreting adenomas (n = 11), ACTH-secreting adenomas
(n=18), NFPAs (n = 12) and PRL-secreting adenomas (n = 10)
by RQ-PCR. The whiskers represent the maximum and minimum
values, the boxes represents the 25th and 75th percentile ranges
of values, and the thick line in each box represents the median
value. LAPTM4B was significantly over-expressed in ACTH-
secreting adenomas (*P = 0.007) and NFPAs (**P = 0.02) com-
pared with normal pituitary tissue. BAG1 was significantly over-
expressed in GH-secreting adenomas (*P = 0.005), NFPAs
(**P = 0.01) and PRL-secreting adenomas (***P = 0.007) com-
pared with normal pituitary tissue. p18 was significantly underex-
pressed in ACTH-secreting adenomas (*P = 0.04) compared with
normal pituitary tissue. The non-parametric Kruskal—Wallis analy-
sis of variance was used to calculate differences in expression
between groups.
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BAG1 was significantly over-expressed in GH- and
PRL-secreting adenomas; this was confirmed by the
RQ-PCR analysis, which also suggested over-expression
in the NFPAs. In addition to enhancing the anti-
apoptotic effects of the proto-oncogene Bcl-2 (21),
BAG1 augments the activity of several other proteins
important in oncogenesis (22, 23). BAG1 protein is
found to be over-expressed in a number of human
cancer cell lines, including breast, colon,
leukaemia/lymphoma and prostate (24). In a recent
study injection of human breast cancer cells transfected
with BAG1 into mouse mammary fat pads resulted in
larger tumours than controls (25). It remains to be deter-
mined what the protein expression of BAG1 isin pituitary
adenomas, and whether transfection of BAG1 into pitu-
itary adenoma cells affects growth.

We found that the CDK inhibitor p18 was significantly
under-expressed in various tumour types, although RQ-
PCR analysis did not confirm this, and instead indicated
significant under-expression only in ACTH-secreting
adenomas; this latter finding was confirmed in the
grouped tumour data. The reasons for this discrepancy
are unclear, but may possibly be due to error from
small differences in fluorescence values at low levels, as
the actual expression value of p18 in the normal pitu-
itary was below the median expression value and there-
fore expression levels in the tumours were even lower. It
is interesting to note that in their study Evans and col-
leagues (9) also showed less good correlation between
microarray and RQ-PCR results when genes were
under-expressed as opposed to when they were over-
expressed (9). Members of the INK4 family of CDK inhibi-
tors, which includes p16 (INK4A) and pl8 (INK4C),
specifically bind to CDK4 and CDK6, and prevent cyclin
D-dependent phosphorylation of retinoblastoma and
progression through the cell cycle. Under-expression of
p16 mRNA and protein is well described in human pitu-
itary tumours (26, 27), and this has been shown to be
due to DNA methylation, at least in NFPAs (28). Our
microarray results also confirmed pl6 to be under-
expressed in ACTH- and PRL-secreting tumours and
NFPAs by 2.4-, 2.8- and 3.4-fold, respectively. A mouse
model with deletion of p18 was created by Franklin
and colleagues in 1998, these mice developing wide-
spread organomegaly. Of particular interest was the pro-
gressive development of intermediate and anterior
pituitary lobe hyperplasia leading to the development
of intermediate lobe adenomas by 10 months of age.
These adenomas stained strongly for ACTH (15). The
same study also demonstrated that mice lacking both
p18 and p27 (a member of the KIP family of CDK inhibi-
tors) invariably died from pituitary adenomas by
10 months, suggesting that these two genes mediate
two separate pathways to suppress pituitary tumouri-
genesis. We have previously demonstrated low levels of
nuclear p27 in corticotroph tumours compared with
other tumour types (29). If it is confirmed that p18 is
also under-expressed at the protein level in corticotroph
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tumours, it would suggest that these tumours are rela-
tively deficient in both p27 and p18, which may syner-
gise, as in the mouse model, in pituitary
tumourigenesis. It maybe that alterations in pl8
expression, like p16, are influenced by gene methylation.

In conclusion, we have determined the expression pro-
file of more than 14 000 genes in the four major subtypes
of human pituitary adenomas. This shows that many
thousands of genes are differentially expressed compared
with normal non-adenomatous pituitary tissue. We have
confirmed by RQ-PCR that three genes with potential
tumourigenic significance, LAPTM4B, BAG1 and p18,
are dysregulated at the mRNA level in pituitary tumours.
Further investigation is required into the protein
expression and functional relevance of these three
genes in pituitary adenomas, and the search for other
potential candidate genes continues.
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