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Abstract. Pituitary adenomas are considered to be benign 
tumours. However, they can infiltrate surrounding tissues, 
which may cause a failure of complete removal during surgical 
resection. Thus far, no molecular biomarkers have been iden-
tified, which are able to reliably predict the behaviour of this 
type of tumour. In the present study, a list of differentially 
expressed genes in invasive pituitary adenomas was obtained 
using a computational bioinformatics analysis on the DNA 
microarray expression profiles. The gene expression datasets of 
a total of 16 samples were retrieved from the National Center 
for Biotechnology Information Gene Expression Omnibus data-
base. The gene set enrichment analysis was later conducted on 
the significantly (FDR<0.05) differentially expressed genes. A 
total of 194 genes were identified as differentially expressed. The 
pathway impact analysis revealed that cell adhesion molecules 
may be vital in the progression of pituitary adenoma invasion. A 
total of six genes, claudin 7, contactin associated protein-like 2, 
integrin α6, junctional adhesion molecule 3, protein tyrosine 
phosphatase, receptor type C and cadherin-associated protein α1 
were identified as molecular biomarkers for pituitary adenoma 
invasion. The present study identified six novel molecular 
biomarkers, which may be used for diagnostic or therapeutic 
purposes. However, further experimental investigations are 
required to validate the present findings.

Introduction

Pituitary adenomas are common benign neoplasms, which may 
cause disorders of growth, reproductive function and cortisol 
production (1). Surgical resection is the treatment of choice for 
the majority of symptomatic pituitary adenomas. However, due 
to extensive local invasion, removal of the complete tumour 

is difficult (2). Although not malignant, invasive pituitary 
adenomas are able to infiltrate surrounding tissues, including 
the dura mater, the cranial bone, or the sphenoid sinus (2). The 
invasions observed at the time of surgery account for up to 35% 
of pituitary adenomas (1). By contrast, the metastases to the pitu-
itary are rare, accounting for 0.1‑0.2% of pituitary tumours (2). 
Invasive pituitary adenomas remain clinically indistinguishable 
prior to identification of metastases. Thus, numerous attempts 
have been made to define molecular markers associated with 
invasive adenoma. For example, there is a significant associa-
tion between the expression of the tumour protein p53 (TP53) 
gene and the behaviour of the pituitary tumour. The overexpres-
sion of TP53 was observed in 100% of pituitary carcinomas, 
15% of invasive adenomas and 0% of non-invasive adenomas 
examined in a previous study (3). The fibroblast growth factor 
receptor 4 gene has been revealed to induce pituitary tumour 
invasion in in vivo animal models in association with reduced 
N‑cadherin expression (4). The gene expression of matrix 
metalloproteinase 9 was higher in invasive tumours compared 
with non‑invasive pituitary tumours (5). Notably, no single 
marker has been identified to reliably predict the behaviour of 
the tumour thus far (6), and whether such a biomarker may be 
able to improve clinical management and the ultimate outcome 
remains to be elucidated.

DNA microarray technology has been developed to 
measure the expression of thousands of genes simultane-
ously in one single experiment. Over the past few years, a 
number of raw datasets from DNA microarray experiments 
have been deposited in public primary databases, such as the 
National Center for Biotechnology Information (NCBI) Gene 
Expression Omnibus (GEO) (7) and the European Molecular 
Biology Laboratory-European Bioinformatics Institute 
ArrayExpress (8). Therefore, researchers are able to reuse the 
resources by conducting comprehensive computational analysis. 
In the present study, the DNA microarray expression profiles of 
invasive pituitary adenomas were retrieved from the NCBI GEO 
database and invasion‑associated genes were identified using 
a computational bioinformatics analysis pipeline. This gene 
signature provided novel diagnostic biomarkers and therapeutic 
targets for the treatment of invasive pituitary adenomas.

Materials and methods

DNA microarray expression datasets. The gene expression 
datasets of invasive and non-invasive pituitary adenomas were 
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retrieved from a public functional genomics data repository, the 
NCBI GEO database. As shown in Table I, a total of 16 samples 
were analysed in the present study, eight non-invasive and 
eight invasive pituitary adenomas. The DNA microarray 
experiments were based on the GPL570 [HG-US133 Plus 2] 
Affymetrix Human Genome U133 Plus 2.0 Array platform 
(Affymetrix, Santa Clara, CA, USA), which included complete 
coverage of the Human Genome U133 Set plus 9,921 new probe 
sets representing ~6,500 additional genes for the analysis of 
>47,000 transcripts.

Data pre‑processing. The intensity files with a CEL file 
extension suffix for each sample were loaded in R by the 
R/Bioconductor (http://www.bioconductor.org/) package, 
Affy (9), to create an AffyBatch object. Subsequently, the 
Bioconductor 'gcrma' package was used for background 
correction and normalization. This function added a step of 
adjusting the expression values based on the propensity of 
certain probes to undergo non‑specific binding. The output of 
this process was an expression set object. The data sets were 
log2 transformed for gene expression comparison analysis.

Obtaining the ranked list of differentially expressed genes. 
To identify differentially expressed genes across multiple 
datasets, a non-parametric method was employed and 
implemented in the RankProd (10) package. RankProd is 
a statistically rigorous, but biologically intuitive algorithm, 
which has been demonstrated to be robust against noise in 
microarray data. This algorithm has also been revealed to have 
a higher sensitivity and specificity compared with other types 
of meta-analytic tools for microarrays.

Gene set enrichment analysis. To more thoroughly charac-
terize sets of functionally related genes differentially expressed 
between non-invasive and invasive pituitary adenoma samples, 
Onto‑Express (11) was used to classify genes according to 
the following Gene‑Ontology (GO) categories: Biological 
process; cellular component; and molecular function. An 
impact analysis was used to identify the pathways affected 
by the differentially expressed genes in the invasive pituitary 
adenomas. The Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analysis was used to identify 
important pathways involved in invasive pituitary adenomas. 
The KEGG database is well-known for a comprehensive data-
base focusing on various biochemistry pathways. This systems 
biology approach was implemented by the Web-based tool, 
Pathway‑Express (11).

Results

Identification of genes differentially expressed under an 
invasive state. Although the microarray experiments were 
conducted by various groups (Table I), the gcrma function 
conducted background correction and normalization on the raw 
data during the pre‑processing stage (Fig. 1). The RankProd 
function yielded a list of genes ranked by percentage of false 
positive prediction (pfp) values. In the current study, a total 
of 194 genes, including 55 upregulated and 139 downregulated 
genes, were identified when the threshold was set as pfp<0.05 
and |logFC|>2 (Fig. 2).

Gene ontology analysis of differentially expressed genes. 
As shown in Table II and Fig. 3, the functional gene 
groups demonstrating the most significant representa-
tion in the selected set of differentially expressed genes 
appear under the biological process ontology and map to 
cellular biopolymer metabolic process, cellular macromol-
ecule metabolic process, macromolecule metabolic process, 
primary metabolic process, cellular metabolic process 
and metabolic process. Functional categories significantly 
represented under the cellular component and molecular 
function ontologies include genes involved in the cytoplasm, 

Figure 1. Gene expression data following background correction and normal-
ization. The grey box represents the eight invasive samples and the white box 
represents eight non-invasive samples from pituitary adenomas. The black 
line in each box indicates the median of data, and its distribution is able to 
determine the standardization degree of the data. When the black lines are 
located at approximately the same level, this indicates an acceptable degree 
of data pre-processing and normalization.

Table I. Descriptions of pituitary adenoma samples.

 Sample NCBI GEO 
Sample ID characteristic accession number

  1 Invasive GSM663750
  2 Invasive GSM663753
  3 Invasive GSM663754
  4 Invasive GSM663755
  5 Invasive GSM663756
  6 Invasive GSM663757
  7 Invasive GSM663758
  8 Invasive GSM96622
  9 Non-invasive GSM663745
10 Non-invasive GSM663746
11 Non-invasive GSM663747
12 Non-invasive GSM663748
13 Non-invasive GSM663749
14 Non-invasive GSM663751
15 Non-invasive GSM663752
16 Non-invasive GSM96623

NCBI GEO, NCBI gene expression omnibus (http://www.ncbi.nlm.
nih.gov/geo/).
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protein binding, intracellular membrane-bound organelles and 
membrane-bound organelles.

Pathway impact analysis. To translate the list of differ-
entially expressed genes into an understanding of the 
underlying biological phenomena, the web-based software, 
Pathway-Express, was used to conduct the pathway impact 
analysis. This analysis included classical statistics and 
considerations on the type and position of each gene in the 
specified pathways. As a result, the pathway impact analysis 
produced more biologically meaningful results than other 

existing techniques. In the present study, the pathway impact 
analysis revealed five pathways, which had a significant effect 
in invasive pituitary adenomas (Table II). These pathways 
include leukocyte transendothelial migration, cell adhesion 
molecules (CAMs), adherens junction, circadian rhythm and 
the phosphatidylinositol signalling system.

Invasion‑associated gene identification. As shown in 
Table II, there are two pathways with significantly higher 
impact factors, leukocyte transendothelial migration (Fig. 4) 
and CAMs (Fig. 5). The genes, which were differentially 

Figure 3. Top ten significant GO terms associated with differentially expressed genes. GO, gene ontology.

Table II. Ranked list of KEGG pathways impacted in invasive pituitary adenomas.

Rank Pathway name Impact factor P-value

1 Leukocyte transendothelial migration 188.308 3.13E-80
2 Cell adhesion molecules 143.574 6.41E-61
3 Adherens junction 15.326 3.60E-06
4 Circadian rhythm 11.094 1.84E-04
5 Phosphatidylinositol signalling system 7.01 7.23E-03

KEGG, Kyoto encyclopedia of genes and genomes (http://www.kegg.jp/kegg/pathway.html).

Figure 2. Scatter plot of estimated pfp value versus number of identified differentially expressed genes. Genes within the specified threshold value (pfp<0.05) 
range are plotted in red. pfp, false positive prediction.
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Figure 4. Leukocyte transendothelial migration pathway. Blue boxes indicate the downregulated genes from invasive pituitary adenoma samples.

Figure 5. Cell adhesion molecules, Blue boxes indicate the downregulated genes from invasive pituitary adenoma samples.
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expressed in the invasive pituitary adenomas were identified 
as invasion-associated genes. These genes include claudin 7 
(CLDN7), contactin associated protein‑like 2 (CNTNAP2), 
integrin, α6 (ITGA6), junctional adhesion molecule 3 (JAM3), 
protein tyrosine phosphatase, receptor type, C (PTPRC) and 
catenin (cadherin‑associated protein), α1 102 kDa (CTNNA1).

Discussion

In the present study, the raw intensity files of microarray 
experiments were retrieved from the NCBI GEO databases. 
Following pre‑processing, RandProd was used to identify 
differentially expressed genes in invasive pituitary adenomas. 
Subsequently, Pathway-Express was used to conduct pathway 
impact analysis. Compared with other gene set enrichment 
techniques, this approach took consideration of important 
biological aspects, including the magnitude of each gene's 
change in expression and their positions in the specified 
pathways. This provides a greater level of pathway‑specific 
biological analysis than other existing techniques, which 
render the results more meaningful. The pathway impact 
analysis revealed two important pathways, leukocyte transen-
dothelial migration and CAMs.

CAMs are important in all aspects of cell growth, cell 
migration and cell differentiation in vertebrate cells (12). They 
have been implicated in numerous cellular functions, including 
signal transduction, cellular communication and recognition, 
embryogenesis, inflammatory and immune responses, and 
apoptosis (12). Dysregulation of CAMs is often associated 
with carcinogenesis (13), particularly tumour invasion. For 
instance, Cadherin genes are members of the CAMs and are 
considered to be tumour suppressor genes (14). A member of 
the Cadherin family, E-cadherin, mediates cell-cell contacts 
and acts as an important suppressor of epithelial tumour cell 
invasiveness and metastasis (15). In another study, E‑cadherin 
was observed to be deregulated in the poorly differentiated 
human squamous cell carcinomas of the head and neck and 
its expression was inversely correlated with lymph node 
metastasis (16). In addition to the identification that the 
E-cadherin-catenin complex is vital in epithelial cell-cell 
adhesion and in the maintenance of tissue architecture, the 
expression of the complex was found to be inversely correlated 
with the invasion of tumour cells (17). These data may support 
the findings of the present study, which demonstrated that the 
gene CTNNA1, termed α‑catenin, was identified as one of the 
invasion-associated genes in pituitary adenomas.

CLDN7, CNTNAP2, ITGA6, JAM3, PTPRC and CTNNA1 
have been identified as invasion‑associated genes in pituitary 
adenomas. In previous studies, it has been reported that reduced 
expression of CLDN7 correlated with tumour invasion in 
oesophageal squamous cell carcinoma, colorectal cancer, lung 
cancer and oral squamous cell carcinoma (18‑22). Silencing of 
ITGA6 was able to significantly inhibit cell migration of head 
and neck squamous cell carcinoma cells (23). ITGA6 may 
serve as a potential therapeutic target in oesophageal squa-
mous cell carcinoma (24). In gliomas, the interaction between 
JAM2 and JAM3 activates the SRC proto-oncogene, which is 
a central upstream molecule in the pathways that regulated cell 
migration and invasion (25). The gene JAM3 is also important 
in the adhesion of cancer cells to extracellular matrices and the 

subsequent invasion in HT1080 human fibrosarcoma cells (26). 
Therefore, these six invasion‑associated genes identified in the 
present study may serve as novel diagnostic or therapeutic 
biomarkers in pituitary adenomas. However, further studies 
are required.

In conclusion, pathway impact analysis was used to iden-
tify an invasion-associated molecular signature of six genes, 
CLDN7, CNTNAP2, ITGA6, JAM3, PTPRC and CTNNA1. 
These genes were significantly deregulated in invasive 
pituitary adenomas and may serve as potential diagnostic or 
therapeutic biomarkers in the treatment of invasive pituitary 
adenomas. However, further studies are required to validate 
the present findings.
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