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Abstract Over the past half decade, temozolomide, an
oral akylating chemotherapeutic agent, has been shown to
have significant activity in the management of aggressive
pituitary tumours. The expression of 06-methylguanine-
DNA methyltransferase (MGMT), a DNA repair enzyme,
is an important predictor of response to therapy. Low
MGMT expression has been reported with a higher fre-
quency amongst more aggressive pituitary tumours, sug-
gesting MGMT may play a role in pituitary tumour
progression. In this study, we performed a microarray
analysis to determine whether there was a distinct gene
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expression profile between tumours with low MGMT and
high MGMT expression. Overall, 1,403 differentially
expressed genes were identified with raw p values less than
0.05. Gene set enrichment analysis (GSEA) revealed sig-
nificant differences in the gene expression profile between
high and low MGMT expressing pituitary tumours. High
MGMT expressing pituitary tumours were found to have
upregulation of components of the FGFR family and
downstream signaling cascades such as PI3 K/Akt and
MAPK pathways. Activation of genes involved in the DNA
damage response and DNA repair pathways, as well as
genes involved in transcription, were identified in pituitary
tumours with low MGMT expression. These results form
the basis of our proposed model to describe the role of
MGMT in pituitary tumorigenesis.

Keywords Pituitary tumour - Temozolomide - MGMT -
Pituitary tumorigenesis

Introduction

Pituitary tumours comprise 15 % of intracranial neo-
plasms, and clinically significant pituitary tumours occur
with a frequency of approximately 1 in 1,000 people [1-3].
There is a wide spectrum of clinical behaviour observed
amongst pituitary tumours. The majority are indolent,
slow-growing neoplasms, but notwithstanding this, have
the potential to cause devastating morbidity through effects
of hormonal hypersecretion, or hyposecretion. More than
half of pituitary tumours are invasive, demonstrating
infiltration of structures surrounding the sella, including
bone, dura and cavernous sinuses [4]. A small subset of
invasive pituitary tumours behave aggressively, demon-
strating progressive growth despite multimodal therapy.
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The term pituitary carcinoma, accounting for 0.2 % of all
pituitary tumours, is reserved for pituitary tumours with
demonstrable craniospinal and/or systemic metastases [4].

Significant advances in our understanding of pituitary
tumourigenesis have emerged in the past decade. The
benign nature of the majority of pituitary tumours is
thought to result from a process termed oncogene-induced
senescence (OIS). OIS is characterised by activation of
tumorigenic pathways, initially resulting in a burst of
tumour cell proliferation. However, subsequent DNA rep-
licative stress and DNA damage response signals then
activate senescence pathways resulting in cell cycle arrest.
Ataxia telangiectasia mutated (ATM) upregulation, indic-
ative of DNA damage signaling, has been demonstrated in
human somatotropinomas [5]. Upregulation of key cell
cycle regulator genes, p53 and p21, are central components
of the senescence response [6]. Activation of the oncogenic
Raf/MEK/ERK and PI3 K/Akt/mTOR pathways have been
recognised as key upstream drivers in the development of
pituitary tumours [7, 8]. A recent study speculated that OIS
is responsible for the attenuation in effect of downstream
targets of these pathways [9].

It is now generally accepted that tumour cell prolifera-
tion and transformation into tumours with invasive prop-
erties, and occasionally malignant potential, occur as a
result of an accumulation of genetic and epigenetic events,
in combination with aberrant growth factor signaling and/
or hormonal stimulation [10]. Several biological markers
have been reported in association with invasive or recurrent
pituitary tumours. These include increased levels of PTTG,
VEGF, MMP9 and topoisomerase Ila, as well as decreased
expression of E-cadherin and f-catenin [11-15].

Over the past 5 years, temozolomide, an oral alkylating
chemotherapeutic agent, has been shown to have signifi-
cant activity in the management of aggressive pituitary
tumours [16-24]. The expression of 06-methylguanine-
DNA methyltransferase (MGMT), a DNA repair enzyme
that directly removes the alkylating lesion induced by
temozolomide, is an important predictor of response to
temozolomide therapy ([25], for review). The loss of
MGMT expression, through promoter methylation and
other as yet unidentified routes, has been reported with a
higher frequency amongst more aggressive pituitary
tumours [26-30]. These observations suggest MGMT may
play a role in pituitary tumour progression.

The primary objective of this study was to determine,
using microarray analysis, whether a distinct gene expres-
sion profile is associated with pituitary tumours demon-
strating low MGMT expression by immunohistochemistry.
MGMT mRNA expression was also examined by qPCR to
provide additional validation for immunohistochemical
stratification, although we did recognise the possibility that
posttranslational modifications of MGMT may explain

differences between mRNA and protein expression results.
It was anticipated that the identification of differentially
expressed genes and/or performance of Gene Set Enrich-
ment Analysis (GSEA) would discover novel mechanisms
linking MGMT with pituitary tumorigenesis.

Methods
Pituitary tumour cohort

Pituitary tumour tissue was collected from patients under-
going pituitary surgery between 2006 and 2009 at Royal
North Shore and North Shore Private Hospitals, Sydney,
Australia. This study was approved by the Northern Syd-
ney Health Human Ethics Committee and informed con-
sent was obtained from patients for the use of tumour tissue
in research. At the time of surgery, pituitary tumour tissue
was snap-frozen in liquid nitrogen and stored at —80° in
the Neuroendocrine Tumour and Tissue Bank of the Can-
cer Genetics Unit, Kolling Institute of Medical Research,
Sydney, Australia. In addition, paraffin-embedded pituitary
tumour tissue from the same surgery was obtained from the
Department of Anatomical Pathology, Royal North Shore
Hospital.

Twenty-one patients were selected for inclusion in this
study and two normal pituitary RNA samples were pur-
chased commercially (Ambion Inc., USA) to serve as
controls. For the purposes of the microarray analysis, 19
tumours were selected as they demonstrated low or high
MGMT expression by immunohistochemistry, according to
our previously described scoring method [21]. An addi-
tional two tumours with intermediate MGMT expression
were included in the Real-Time PCR experiments. Clinical
details and tumour characteristics are shown in Table 1. A
tumour was classified as atypical if an elevated mitotic
index, Ki67 > 3 % and extensive nuclear staining for p53
was seen, as defined by the WHO classification [31].

MGMT immunohistochemistry

Immunohistochemistry for MGMT was performed on for-
malin-fixed paraffin-embedded tissue using a mouse
monoclonal antibody (Clone MT23.2, Cat: MA3016537,
Affinity Bioreagents, CO, USA), as described previously
[21]. In brief, slides were stained using the Vision Bio-
systems bondMax autostainer (Vision Biosystems, Mount
Waverley, Victoria, Australia) using a biotin-free detection
system in accordance with the manufacturer’s protocol.
External positive and negative controls (tonsillar tissue
with areas of known positive and negative staining) were
included. In addition, endothelial cells and lymphocytes
acted as internal positive controls. Slides were examined by
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Table 1 Clinical details, hormone and MGMT expression profile of the pituitary tumour cohort

Tumour Age Sex Clinical Hardy Recurrent Atypical Hormone MGMT
subtype gradeb tumour tumour IHC IHC
1 36 F PRL 1 N N PRL Low
2 59 F ACTH 2 N N ACTH Low
3 41 M NF 3 N N ACTH Low
4 24 M NF 2 N N - Low
5 79 M NF 3 N N - Low
6a 67 M NF 4 Y Y - Low
39 M NF 2 N N TSH, LH Low
71 M ACTH 1 N N ACTH Int
9a 66 M NF 2 N N - Int
10 61 M NF 2 N N GH, PRL High
11 34 M GH 2 N Y GH, TSH, FSH High
12 39 M GH 3 N N GH High
13 60 F NF 3 N N - High
14 56 M NF 3 N N - High
15 62 F NF 3 Y N TSH High
16 58 M NF 3 N N LH High
17 65 M NF 2 N N - High
18 65 M NF 2 N N - High
19 66 M NF 2 N N TSH, LH High
20 60 F NF 3 N N TSH High
21 55 F NF 2 N N - High

* Primary and recurrent tumour from same patient

® Hardy grades: 1 = microadenoma, 2 = macroadenoma, 3 = macroadenoma with cavernous sinus or sphenoid sinus invasion, 4 = carcinoma;
IHC immunohistochemistry, Low = <10 % of tumour cells demonstrating nuclear staining of MGMT; Int (intermediate) = 10-90 % of tumour
nuclei positive; High = diffuse positive staining of >90 % of tumour nuclei regardless of intensity; PRL prolactin, ACTH adrenocorticotrophin,
NF non-functioning, GH growth hormone, TSH thyroid stimulating hormone, LH luteinising hormone, FSH follicle-stimulating hormone

a single observer (A.G.) who was blinded to clinical and
molecular data. MGMT expression was scored semiquan-
titatively. Low MGMT expression was defined as less than
10 % of tumour cells demonstrating nuclear staining of
MGMT, intermediate expression as 10-90 % of tumour
nuclei positive and high expression as diffuse positive
staining of more than 90 % of tumour nuclei regardless of
intensity, as described previously [21].

RNA extraction and preparation

Total RNA was extracted from fresh-frozen pituitary
tumours using TRI Reagent according to the manufac-
turer’s protocol (Invitrogen, San Diego, CA). Purification
of RNA was performed using 7.5 M lithium chloride
(Ambion Inc., Texas, USA). RNA concentration and
purity was determined by measuring UV absorbance at
260/280 nm (NanoDrop Spectrophotometer ND-1,000;
Nanodrop Technologies, Wilmington, DE, USA). The
RNA Integrity Number (RIN) was derived with the Agilent
Bioanalyzer 2100 (Agilent Technologies Inc., Santa Clara,
CA, USA) to ensure RNA quality. DNA contamination of
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tumour RNA was excluded by (1) performing PCR of the
housekeeping gene glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) using intron-spanning primers, and (2)
inclusion of a no reverse transcriptase control in the qPCR
experiments.

Real-time PCR

Total RNA from each tumour and normal tissue was
reverse-transcribed into cDNA using random hexamers and
the Superscript III first-strand synthesis system (Invitro-
gen). Quantitative PCR was performed using a 5'nuclease
technique with a specific MGMT Tagman® Gene Expres-
sion Assay and Tagman® Gene Expression Master Mix
(Applied Biosystems, Foster City, CA, USA). The assay
contains both forward and reverse primers and one FAM
dye-labelled Tagman® Minor groove binder probe in a final
concentration of 250 nM. The MGMT assay was run as a
singleplex reaction alongside a duplicate singleplex reac-
tion containing VIC-labelled /8S as the housekeeping gene
(Applied Biosystems, Foster City, CA, USA). The reaction
efficiencies of each probe were determined to be 100 % by
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performance of a standard curve. All gPCR was performed
using the 7900HT Fast Real Time PCR System and cycled
according to the ABI recommended cycling conditions,
using different detectors for the FAM and VIC-labelled
probes (Applied Biosystems, Foster City, CA, USA).
Samples were run in triplicate and experiments repeated
twice. Analysis of the qPCR results was performed using
the Sequence Detection System (SDS) software tool
developed for the 7900HT Fast Real Time PCR System.
Relative MGMT mRNA expression was determined from
tumour samples using mRNA expression from a normal
pituitary sample as calibrator.

Microarray

RNA labeling, hybridisation to the Affymetrix Gene 1.0 ST
Array, scanning and quality control assessment was per-
formed by the Ramaciotti Centre for Gene Function
Analysis (University of New South Wales, Sydney, Aus-
tralia). Raw CEL files were obtained from the Ramaciotti
Centre and subsequent analysis performed using Gene
Pattern software available through the Peter Wills Bioin-
formatics Centre at the Garvan Institute of Medical
Research, Sydney, Australia. Normalisation of all samples
was initially performed. Differential gene expression was
compared between tumours stratified according to MGMT
expression by immunohistochemistry (high vs low).
Comparative gene expression analysis was performed
using Limma analysis.

Gene set analysis was undertaken using Gene Signature
Enrichment Analysis (GSEA). GSEA software was avail-
able through the Broad Institute (www.broadinstitute.
org/gsea) [32, 33]. Gene expression profiles were interro-
gated against gene sets contained with the Molecular Sig-
natures Database v3.0. Initial analysis was performed using
the curated gene set collection (assembled from online
pathway databases and publications on PubMed). Further
analysis utilised the Gene Ontology (GO) gene set collec-
tion also available through the Molecular Signatures
Database.

GSEA was developed to evaluate microarray data at the
level of gene sets. It may lead to identification of important
biological processes that are not evident by performing
single-gene analysis. This is because there may be only
modest changes occurring in individual genes but signifi-
cant changes occurring in a collection of genes comprising
a relevant biological pathway. GSEA is performed by using
the ranked list of genes generated from the microarray
analysis and determining whether an a priori set of genes
are randomly distributed throughout the gene list or pri-
marily found at the top or bottom. The process is repeated
for numerous gene sets comprised within a database. An
enrichment score reflects the degree to which a gene set is

overrepresented at the top or bottom of the gene list and is
calculated as the maximum deviation from zero. Genes
occurring at the very extremes of the list are weighted more
heavily compared with genes occurring in the middle of the
gene list. Statistical significance is denoted by the p value
and the q value is then calculated to account for multiple
hypothesis testing and represents a false discovery rate
[32].

Results

MGMT expression: RT-PCR
versus immunohistochemistry

MGMT expression was determined in 21 pituitary tumours
by both immunohistochemistry (MGMT protein) and RT-
PCR (MGMT mRNA). There were 7 pituitary tumours with
low MGMT expression, 2 with intermediate and 12 with high
MGMT expression on immunostaining. Table 2 illustrates
the relative mRNA expression levels of the 21 tumour
samples compared with normal pituitary gland MGMT

Table 2 MGMT expression results—RT-PCR (mRNA) versus
Immunohistochemistry (protein)

Tumour MGMT RT-PCR MGMT IHC
(AA CTY)

1 —0.944 Low
2 —-0.719 Low
3 —2.436 Low
4 —2.835 Low
5 —2.498 Low
6 —0.550 Low
7 —1.681 Low
8 0.332 Int

9 —-3.277 Int
10 0.803 High
11 —2.667 High
12 1.245 High
13 —0.108 High
14 0.341 High
15 0.852 High
16 —0.044 High
17 —0.401 High
18 0.309 High
19 0.001 High
20 0.632 High
21 0.430 High

* AA CT: relative tumour MGMT mRNA expression levels compared
with normal pituitary gland MGMT mRNA expression
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Fig. 1 Correlation between MGMT Expression by Immunohisto-
chemistry and RT-PCR

expression; these results are presented alongside MGMT
expression levels according to immunohistochemistry.

All 7 pituitary tumours with low MGMT expression by
immunohistochemistry also demonstrated decreased MGMT
mRNA expression by RT-PCR (AA CT range —0.55 to
—2.835). Eleven of 12 pituitary tumours with high MGMT
expression by immunohistochemistry demonstrated greater
MGMT mRNA expression levels by RT-PCR compared with
low MGMT-expressing pituitary tumours (AA CT range
—0.401 to +1.245). There was one pituitary tumour with
high MGMT expression by immunohistochemistry that
showed low MGMT mRNA expression (AA CT —2.667).
The two intermediate-expressing pituitary tumours accord-
ing to immunohistochemistry displayed widely different
MGMT mRNA expression (AA CT —3.277 and +0.332).
Overall, there was a strong correlation between MGMT
mRNA expression by RT-PCR and protein expression by
immunohistochemistry as illustrated in Fig. 1. Higher
MGMT mRNA expression was significantly correlated with
high protein expression, and conversely low MGMT protein
expression was associated with low MGMT mRNA expres-
sion (p = 0.007).

Gene expression profiles: high versus low MGMT
expressing pituitary tumours

The gene expression profile of the 7 pituitary tumours with
low MGMT expression was compared with that of the 12
pituitary tumours with high expression on MGMT immu-
nostaining. The two tumours with intermediate MGMT
expression were not included in this analysis. Utilising a
p value threshold of less than 0.05, there were 1,403 genes
with differential expression between low and high MGMT
expressing tumours (708 upregulated in high expressing
tumours, 695 upregulated in low expressing tumours).

@ Springer

Fig. 2 Microarray heatmaps of top 100 upregulated genes (a) in high
MGMT expressing tumours, and (b) in low MGMT expressing
tumours. Each gene is represented as a row of coloured boxes.
Tumour samples are represented in columns and are divided into 2
groups. Low MGMT-expressing tumours, as determined by immu-
nohistochemistry, are denoted by the blue bar at the top of the
columns encompassing the first 7 tumours. High MGMT-expressing
tumours are denoted by the red bar at the top of the columns and
encompass the second 12 tumours. Blue boxes represent a downreg-
ulated gene, red boxes an upregulated gene

Figure 2 illustrates the heatmap for the top 100 differentially
expressed genes across all tumour samples: (a) upregulated
in high MGMT expressing pituitary tumours compared with
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low MGMT expressing tumours; and (b) upregulated in low
MGMT expressing tumours compared with high MGMT
expressing tumours. In an attempt to identify the most sig-
nificantly differentially expressed genes between the 2
tumour groups and decrease the false positive discovery rate,
multiple hypotheses testing was performed (q value < 0.05).
However, no significantly differentially expressed genes
were then identified.

Amongst the most upregulated genes in pituitary
tumours with high MGMT expression were a number of
transcription factors including POU3FI, FOXD3 and
IKZF3. Fibroblast growth factor 19 appears along with
calpain 11, each with roles in integrin and growth factor
signalling. In addition, high-mobility group box 1
(HMGB1) proteins, calpain family members, and micr-
oRNA-223 via downregulation of RhoB, have been
implicated in chemoresistance [34-36].

In contrast, a number of genes with roles in the cellular
DNA damage response pathways were identified amongst
the most upregulated genes in low MGMT expressing
tumours compared with high MGMT expressing tumours.
These included ERCC6, XRCCI, PER3, RIPKI, CASP9
and CDK7 [37-40]. In addition, low MGMT expressing
pituitary tumours exhibited upregulation of multiple genes
involved in RNA metabolism, transcriptional regulation,
cell cycle control, nucleocytoplasmic transport and intra-
cellular trafficking (DDX50, DDX46, PER3, NUPISS,

BTAF1, KIF16B, BICD1, CDK7) [38, 40-45]. Several zinc
finger proteins also appear amongst the most upregulated
genes in low MGMT expressing tumours.

Gene set enrichment analysis (GSEA): high versus low
MGMT expressing pituitary tumours

GSEA was performed on the gene expression profiles of
the low and high MGMT expressing pituitary tumours.
Interrogation of both curated gene sets and Gene Ontology
gene sets was performed.

Amongst the pituitary tumours with high MGMT
expression, 115 of 2,517 curated gene sets were signifi-
cantly upregulated (p < 0.01). The 20 most upregulated
gene sets are shown in Table 3. Enrichment of ribosomal
proteins predominates amongst the first 6 gene sets. There
is enrichment of receptors involved in hormone and neu-
rotransmitter transduction, and upregulation of components
of the FGFR family and downstream signalling cascades
such as PI3 K/Akt and MAP kinase pathways. Examples of
enrichment plots from these gene sets are shown in Fig. 3a.
Gene Ontology Gene Set analysis revealed 30 of 584 gene
sets significantly enriched in high MGMT expressing
pituitary tumours (p = 0.01) (data not shown). Gene sets
involved in epidermis and ectodermal development are
highly upregulated, and include genes such as keratins,
collagens and follistatin. Also featured amongst the

Table 3 Top 20 upregulated gene sets (curated gene set analysis)—high MGMT expressing pituitary tumours

Gene set Number of genes with Enrichment P value Q value
core enrichment score
Reactome regulation of beta cell development 67/112 0.51 <0.001 <0.001
Reactome regulation of gene expression in beta cells 58/100 0.50 <0.001 <0.001
Reactome viral mRNA translation 48/84 0.50 <0.001 <0.001
KEGG Ribosome 51/87 0.51 <0.001 <0.001
Reactome formation of a pool of free 40S subunits 51/94 0.46 <0.001 <0.001
Reactome peptide chain elongation 48/84 0.49 <0.001 <0.001
Reactome GPCR ligand binding 185/385 0.40 <0.001 0.001
Reactome class A1 Rhodopsin Like Receptors 136/285 0.40 <0.001 0.004
Reactome peptide ligand binding receptors 84/169 0.41 <0.001 0.008
West adrenocortical tumour markers DN 8/10 0.60 <0.001 0.010
Reactome downstream signaling of activated FGFR 15/42 0.49 <0.001 0.012
Biocarta cardiacegf pathway 8/18 0.66 <0.001 0.011
Huper breast basal vs luminal up 29/54 0.47 <0.001 0.011
Nakayama soft tissue tumours PCA2 DN 36/80 0.45 <0.001 0.019
Rickman head and neck cancer E 40/86 0.42 <0.001 0.021
KEGG complement and coagulation cascades 36/68 0.44 <0.001 0.022
Reactome FRS2mediated cascade 12/27 0.58 <0.001 0.023
Reactome amine ligand binding receptors 27/42 0.51 <0.001 0.024
HSIAO liver specific genes 117/236 0.36 <0.001 0.026
Reactome phospholipase C mediated cascade 12/23 0.62 <0.001 0.026

@ Springer



214

Pituitary (2013) 16:208-219

a
Enrichment plot: REACTOME_GPCR_LIGAND_EINDING

Enrichment plot: Enrichment plot: KEGG_RIBOSOME
04 REACTOME_DOWNSTREAM_SIGNALING_OF_ACTIVATE as
035
T om .. D_FGFR g o ;\,ﬂ
o g TN for| |
z ox u r = o
g o E % 02
5 om s ]
& g0s E Eor

Toro e m 12808,

a_sag (negatively samelated

L MIE WM WL

Tors e w1000

Toew eronn a8 13604,

alatad) ‘na_neg {negativaly ceustated)

Ranked list matie (PreRanked)
TR
B

a 2500 65000 7500 90000 12500 15000 17.500 20000 22.500 25000
Rank in Ordered Datasat

Ranked list matric (PreRanked)

| Entichment profile — Hils Ranking metric scores

0 250 5000 7500 10000 12500 15000 17500 30,000 22500 25000
Rank in Ordered Dataset

[ Enrichmant profile — Hits

Ranked list matie (PreRanked)
s e
o

0 2500 5000 7500 %0000 12500 15000 17.500 20.000 22500 25,000
Rank in Ordared Dataset
Ranking malic scores

Endichmant profile — Hils Ranking matric scores

b Enrichment plot: Enrichment plot: REACTOME_DNA_REPAIR Enrichment plot: NIKOLSKY_BREAST_CANCER_19Q13.
REACTOME_PROCESSING_OF_CAPPED_INTRON_CONT 1] 1_AMPLICON
AINING_PRE_MRNA & o1 oo
09 Y u a8 TS
& F £ oz f W o2 e T
& 01 & S 03 ~
E 02 .f’ E = f s 04 \““-a_\_
- £ o4 J as T
03 E o8 =11
a4 e o7 -
‘u ‘“ | ‘ ||| ‘” | ||‘ | ‘o.
1 i 5 na_por (pouseeely somelated
" ma_5a% (Rasiwely samelated) E as B
s : £ oo e v 1366 £ oo Zerm ores o 13000
E 00 i eross w1208 E H
28 = 28 B a8
na_ne (nagativaly seeutases) 3 Sa_reg (swgasaly ssmalated) 3 ma_seg’ (negstivaly camalated)
L] 2500 S000 700 10000 12500 15000 17.500 20000 22.500 29.000 E L 28500 S000 7500 10000 12500 15000 17500 20000 22500 25000 E o 2500 5000 7500 10000 12500 15000 17500 20000 22500 26000

Rank in Ordered Dataset

Rank in Ordered Dataset

Rank in Ordered Datasel

| Entichment profile — Hits Ranking metric scnms|

|_ Enrichment profile — Hits.

Ranking matric sroresJ | Enrichment profile — Hits Ranking metric scores |

Fig. 3 Gene set enrichment plots from upregulated gene sets in
(a) high MGMT expressing pituitary tumours, and (b) low MGMT
expressing pituitary tumours. Along the horizontal axis the maximal
gene list is shown in ranked order with upregulated genes (in high
MGMT expressing pituitary tumours) represented by the red bar and
upregulated genes (in low MGMT expressing tumours) by the blue
bar. Each time a member of the gene set is found within the gene list

upregulated gene sets are genes involved in G protein
coupled receptor and phosphoinositide mediated signaling
pathways.

Low MGMT expressing pituitary tumours demonstrated
significant enrichment of 352 of 2,517 curated gene sets
(p < 0.01). Table 4 lists the 20 most upregulated gene sets
amongst the tumours with low MGMT expression. Eleven
of these gene sets include genes involved in transcription,
mRNA processing and transport. DNA repair gene sets are
also a notable feature of this list. Nikolsky breast cancer
19q13.1 amplicon gene set is composed entirely of zinc
finger proteins. In addition, published cancer gene sets
involving copy number changes appear on the list. Exam-
ples of enrichment plots from these gene sets are shown in
Fig. 3b. Gene Ontology Gene Set analysis revealed 77 of
584 significantly enriched gene sets amongst the pituitary
tumours with low MGMT expression (p < 0.01) (data not

@ Springer

it is represented by a vertical black line. The bottom graph (in grey)
illustrates the weighting given to genes depending on where they
occur in the ranked gene list, and this is used to formulate the
enrichment plot shown in green in the top graph. The enrichment
score is calculated as the maximal deviation from zero from the
enrichment plot

shown). Supporting the curated gene set analysis, gene sets
involving DNA repair, mRNA transcription and processing
predominate in low MGMT expressing pituitary tumours.

Discussion

There have now been multiple publications addressing the
relationship between MGMT status and temozolomide
response in aggressive pituitary tumours, recently exten-
sively reviewed [25]. A few studies have examined MGMT
expression by immunohistochemistry amongst larger
archived cohorts of pituitary tumours [21, 29]. In these
studies and the current study, no appreciable difference has
been found in MGMT expression when comparing invasive
and non-invasive adenomas. However, not all invasive
adenomas display aggressive behaviour. Other studies have
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Table 4 Top 20 upregulated gene sets (curated gene set analysis)—low MGMT expressing pituitary tumours

Gene set Number of genes Enrichment P value q value

with core enrichment  score

Reactome processing of capped intron containing premRNA 77137 —0.56 <0.001  <0.001
Reactome late phase of HIV life cycle 61/89 -0.61 <0.001  <0.001
Nikolsky breast cancer 19q13.1 amplicon 21/22 -0.84 <0.001  <0.001
Reactome HIV infection 110/182 -0.53 <0.001  <0.001
Reactome transport of mature mRNA derived from an intron containing transcript 36/50 —0.61 <0.001 <0.001
Reactome DNA repair 58/104 —0.57 <0.001 <0.001
Reactome transport of ribonucleoproteins into the host nucleus 23/28 —-0.70 <0.001  <0.001
Reactome SNRNP assembly 34/48 —0.64 <0.001  <0.001
Reactome HIV Life Cycle 65/102 —0.57 <0.001  <0.001
Reactome Transcription Coupled NER 28/44 —0.64 <0.001  <0.001
Moreaux multiple myeloma by Taci DN 68/131 —0.52 <0.001  <0.001
Lindgren bladder cancer with LOH in Chr9q 67/116 —0.56 <0.001 <0.001
Lastowska neuroblastoma copy number up 83/171 —0.52 <0.001 <0.001
Reactome regulation of glucokinase by glucokinase regulatory protein 22/28 —0.69 <0.001 <0.001
Reactome nucleotide excision repair 31/49 —0.63 <0.001  <0.001
Reactome transport of the sibp independent mature mRNA 25/31 —0.70 <0.001  <0.001
Reactome RNA Pol II CTD phosphorylation and interaction with CE 21726 —-0.72 <0.001  <0.001
Reactome elongation and processing of capped transcripts 67/134 —0.52 <0.001  <0.001
KEGG nucleotide excision repair 24/44 —0.60 <0.001 <0.001
KEGG aminoacyl tRNA biosynthesis 29/41 —0.63 <0.001 <0.001

reported a higher incidence of low MGMT expression
amongst more aggressive subtypes of pituitary tumours,
suggesting MGMT may be involved in pituitary tumori-
genesis [27-29, 46]. In one small study, 92 % of 12 silent
subtype 3 adenomas (associated with an increased risk of
aggressive behaviour) and 50 % of 10 pituitary carcinomas
demonstrated low MGMT expression [29]. Low MGMT
expression is particularly common amongst invasive
Crooke’s cell adenomas and tumours of patients with
Nelson’s syndrome [28, 46]. Furthermore, low MGMT
expression was seen more commonly in non-functioning
pituitary tumours that recurred on follow-up compared
with nonrecurrent tumours [27]. Our study is the first to
examine in detail, the relationship between MGMT and
pituitary tumour gene expression. In fact, the microarray
experiment reported herein is the first genome-wide gene
expression profiling to directly compare low versus high
MGMT expression in any tumour type.

MGMT expression as determined by immunohisto-
chemistry, has met with some controversy as a clinical tool
in predicting response to temozolomide in pituitary tumours
[22, 23]. Furthermore, several groups have shown no cor-
relation between promoter methylation and MGMT
expression by immunohistochemistry in pituitary tumours
[22, 23, 29]. Whilst loss of MGMT expression may be
associated with promoter methylation in a proportion of

cases, the techniques used to assess promoter methylation
are highly sensitive and can detect minute amounts of
methylation that may not translate into effects on protein
expression. Furthermore, it is likely that there exist other, as
yet unknown, mechanisms driving low MGMT expression.
Therefore, we deemed it important to ascertain the rela-
tionship between MGMT protein expression and MGMT
mRNA expression. This would allow us to determine the
biological validity of using differential MGMT protein
expression by immunohistochemistry as a means to assess
for differences in tumour biology. We did establish a strong
correlation between MGMT mRNA expression by RT-PCR
and protein expression by immunohistochemistry. There
was one tumour with high MGMT expression and another
with intermediate expression by immunohistochemistry,
which both demonstrated reduced mRNA expression by RT-
PCR. Interestingly, the intermediate tumour with markedly
reduced mRNA expression progressed to a carcinoma the
subsequent year and MGMT expression (by immunohisto-
chemistry) in the carcinoma was low. It is possible these
disparate results relate to tumour heterogeneity, given fresh
frozen tumour tissue is used to perform RT-PCR and a dif-
ferent section of tumour is paraffin-embedded and used for
immunohistochemistry. This is the first study in pituitary
tumours to examine MGMT mRNA expression. In the wider
literature, there are only a handful of studies examining
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MGMT expression at the mRNA level. Others have reported
a good correlation between MGMT protein activity and
mRNA levels in MGMT deficient (Mer—) and MGMT
proficient (Mer+) tumour cell lines, and also amongst
human tumour samples [47-49].

The primary objective of this study was to determine
whether there were any gene expression differences, at the
whole genome level, between tumours with low MGMT
and high MGMT protein expression. Overall, we identified
1,403 differentially expressed genes with raw p-values less
than 0.05. However, significance of these results did not
withstand adjustment for multiple hypotheses consistent
with low statistical power on the basis of small sample size.
Given the lack of highly significant differentially expressed
genes at the single-gene level, validation of individual
genes was not performed. The performance of GSEA does,
however, allow identification of differences in gene
expression that are occurring across whole biologically
associated gene sets. These differences may provide some
valuable biological information. With this in mind, the
GSEA results generated from this microarray study did
reveal significant differences in the gene expression profile
between high and low MGMT expressing pituitary
tumours.

Results of the GSEA suggest that high MGMT
expressing pituitary tumours are associated with upregu-
lation of components of the FGFR family and downstream
signaling cascades such as PI3 K/Akt and MAP kinase
pathways. This association could be one of a “chemore-
sistant” phenotype, however the literature supports a more
direct connection. Activator protein (AP)-1 transcription
factor has been demonstrated as the downstream target of
protein kinase C-mediated signaling involved in MGMT
promoter activation [50]. AP-1 levels are also increased by
activation of the growth factor signal transduction path-
ways [51]. Overexpression of basic fibroblast growth factor
has been shown to increase MGMT expression by
demethylation of the MGMT promoter [52]. EGFR sig-
nalling via Akt and ERK activation has been demonstrated
to enhance DNA double strand break repair, whilst nuclear
factor kappa ff mediates DNA damage repair by positively
regulating MGMT expression [53, 54]. In addition, there is
evidence to support a positive feedback loop involving Akt
activation, consequent cyclin D1 overexpression and acti-
vation of the DNA damage response [55]. The forced cell
cycle progression caused by cyclin D1 overexpression
induces DNA double strand breaks that activate DNA-
dependent protein kinase (DNA-PK), which in turn acti-
vates Akt [55]. DNA-PK has been demonstrated to interact
with MGMT [56].

There was a distinctly different gene expression pro-
file characterising pituitary tumours with low MGMT
expression. GSEA identified activation of genes involved
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in the DNA damage response and DNA repair pathways. In
addition, genes involved in transcription were found to be
upregulated. The DNA damage response and transcrip-
tional activity are tightly linked. Transcription-coupled
NER is a dedicated mechanism whereby the DNA damage
response can be prioritised to cells with high transcriptional
activity [57]. RNA polymerase II functions as a lesion
sensor by stalling at sites of DNA damage and triggers
preferential repair of the transcribed strand of active genes
[57]. Thus, the finding of genes involved in transcriptional
regulation amongst the highly upregulated genes in low
MGMT expressing tumours is perhaps not surprising.
Interestingly, a number of unidentified zinc finger proteins
were listed amongst the most highly upregulated genes in
low MGMT expressing tumours. Zinc finger proteins are
recognised as important transcription factors, regulating
gene expression through DNA-binding domains [58].
Many DNA repair proteins contain zinc finger motifs,
which facilitate protein-nucleic acid and protein—protein
interactions [59].

The exploration of a differential gene expression
between human tumours with high and low MGMT protein
expression, as presented here, is unique. Chahal et al. [60]
in a recent study examined the gene expression profile in
MGMT positive and negative glioblastoma cell lines. They
reported a decreased angiogenic profile in MGMT positive
cells associated with an increased sVEGFR-1/VEGFA ratio
and demonstrated reduced tumorigenic potential of the
MGMT positive cell line. Interestingly, they found more
than 3,000 differentially expressed genes between MGMT
positive and negative cell lines, including upregulation of
fibroblast growth factors, integrins and forkhead box tran-
scription factors. The gene ontology analysis suggested
involvement of the MGMT protein in several pathways not
yet described in relation to MGMT function, including the
identification of many zinc finger transcription factor
pathways. They speculated MGMT may be a regulator of
key functional pathways.

In summary, pituitary tumours with high MGMT
expression are enriched for gene sets of the fibroblast growth
factor family and the downstream PI3 K/Akt and MAP
kinase signalling pathways. On the other hand, low MGMT
expressing pituitary tumours demonstrate upregulation of
gene sets involved in DNA repair and transcription. These
results in concert with the suggestion of a higher incidence
of low MGMT expression amongst more aggressive sub-
types of pituitary tumours, has led us to propose an inte-
grated role for MGMT in pituitary tumorigenesis (Fig. 4). In
this model, early pituitary tumour growth is characterised by
activated growth factor signaling and upregulation of PI3 K/
Akt/mTOR pathways. This results in a transient burst of
cellular proliferation and consequent genomic instability
and DNA damage. Activation of DNA damage response
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signals, involving ATM and ATR (ataxia-telangiectasia and
Rad3-related) genes aims to effect DNA repair. DNA repair
is facilitated by increased activation of cell cycle regulators,
in particular p53 and p21, via DNA damage response sig-
nals. In early stages of pituitary tumour growth this results in
oncogene-induced cellular senescence. The activated PI3 K/
Akt/mTOR pathway also results in activation of transcrip-
tion factors, such as AP-1, which are known to increase
MGMT expression. It is possible that MGMT forms part of a
positive feedback loop, acting to reinforce DNA damage
signals. However, prolonged DNA damage signaling leads
to increasing upregulation of p53 and preferential down-
regulation of MGMT expression. More aggressive tumours
are often associated with p53 overexpression and also may
be subject to widespread promoter methylation silencing of
genes, including MGMT. Low MGMT expression may then
result in increased mutagenesis, which further drives the
tumorigenic process and increases cellular proliferation.
This feeds back into the cycle of genomic instability and
further DNA damage.
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In conclusion we report, for the first time, differences in
the gene expression profiles between pituitary tumours with
high and low MGMT expression. These results support the
available literature suggesting the tumour expression of
MGMT serves a wider biological relevance than simply a
biomarker of response to alkylating chemotherapy.
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