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Abstract. The present study aimed to explore molecular 
mechanisms involved in pituitary adenomas (PAs) and to 
discover target genes for their treatment. The gene expression 
profile GSE4488 was downloaded from the Gene Expression 
Omnibus database. Differentially expressed genes (DEGs) 
were identified using the Limma package and analyzed by 
two‑dimensional hierarchical clustering. Gene ontology 
(GO) and pathway enrichment analyses were performed in 
order to investigate the functions of DEGs. Subsequently, the 
protein‑protein interaction (PPI) network was constructed 
using Cytoscape software. DEGs were then mapped to the 
connectivity map database to identify molecular agents 
associated with the underlying mechanisms of PAs. A total of 
340 upregulated and 49 downregulated DEGs in PA samples 
compared with those in normal controls were identified. 
Hierarchical clustering analysis showed that DEGs were 
highly differentially expressed, indicating their aptness for 
distinguishing PA samples from normal controls. Significant 
gene ontology terms were positive regulation of immune 
system-associated processes for downregulated DEGs and 
skeletal system development for upregulated DEGs. Pathways 
significantly enriched by DEGs included extracellular matrix 
(ECM)‑receptor interaction, the Hedgehog (Hh) signaling 
pathway and neuroactive ligand‑receptor interaction. The 
PPI network was constructed with 117 nodes, 123 edges and 
CD44 and Gli2 as hub nodes. Furthermore, depudecin, a small 
molecule drug, was identified to be mechanistically associated 
with PA. The genes CD44 and Gli2 have important roles in 
the progression of PAs via ECM‑receptor interaction and the 
Hh signaling pathway and are therefore potential target genes 
of PA. In addition, depudecin may be a candidate drug for the 
treatment of PAs.

Introduction

Pituitary adenomas (PAs) are common benign neoplasms and 
~10‑25% being intracranial neoplasms. Cross‑sectional studies 
from Switzerland, Belgium and the UK have shown that PAs 
have a prevalence of 78-94 cases/100,000 inhabitants (1). PAs 
are formed due to hypersecretion/hyposecretion of a number 
of or all of the pituitary hormones and/or due to local tumor 
compression (2). The vast majority of PAs occur sporadically; 
however, familial cases are now increasingly recognized (2). 
Presently used drugs, including metyrapone  (3), ketocon-
azole (4) and mitotane (5), inhibit the secretion and synthesis 
of cortisol, which is associated with PAs in the adrenal gland. 
However, due to their side effects and moderate efficacy, these 
drugs have limitations in PA treatment (5‑7). Therefore, it is 
required to elucidate the underlying molecular mechanisms of 
PAs in order to discover novel targets and potential drugs for 
their treatment.

It is commonly thought that the occurrence and develop-
ment of PAs is due to abberant gene expression in pituitary cells 
as well as hypothalamic dysfunction (8). It has been reported 
that Gli1, which is activated by the hedgehog (Hh) signal trans-
duction cascade, has a crucial role in the pathogenesis of PAs 
by modulating adult stem cell fate or tumor‑initiating stem cell 
function in the adult pituitary gland and its neoplasms (9). In 
addition, Cazabat et al (10) suggested that aryl hydrocarbon 
receptor-interacting protein, which is a ligand‑activated tran-
scription factor found in the cytoplasm, is associated with the 
occurrence of PAs. Furthermore, a study reported that the 
neuroactive ligand‑receptor interaction signaling pathway is 
associated with the development of PAs (11). Although great 
efforts have been made to explore the pathogenesis of PAs 
and discover novel target genes for PA treatment, the current 
knowledge is insufficient.

To obtain a systematic perspective for understanding the 
underlying mechanisms of PAs and to discover novel therapeutic 
targets for PA treatment, the present study utilized bioinformatics 
methods to analyze gene expression profiles and performed func-
tional analysis of differentially expressed genes (DEGs) between 
PA samples and normal controls. Furthermore, the protein‑protein 
interaction (PPI) network was constructed to identify hub genes 
associated with PAs and small molecular drugs with associated 
mechanisms were screened. The present study provided a basis 
for exploring the potential underlying molecular mechanism of 
PAs and to discover candidate target genes for PA treatment.

Identification of candidate target genes of pituitary 
adenomas based on the DNA microarray
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Materials and methods

Affymetrix microarray data and data pre‑processing. The array 
dataset GSE4488 was downloaded from the Gene Expression 
Omnibus (GEO) database from the national center of biotech-
nology information (http://www.ncbi.nlm.nih.gov/geo/), 
which was deposited by Vierimaa et al (12). The expression 
profiles analyzed in the present study had been obtained from 
nine blood samples from patients with PAs and seven blood 
samples from healthy controls. The platform via which the 
data had been obtained was the GPL570 (Affymetrix Human 
Genome U133 Plus 2.0 Array; Affymetrix, Inc., Santa Clara, 
CA, USA). All of the array data were pre‑processed using the 
robust multi‑array average algorithm (13). Normalization was 
performed at probe level. Whenever multiple probes corre-
sponded to the same gene, the mean value was calculated as 
the gene expression value for this gene.

Screening of DEGs and hierarchical clustering analysis. The 
Limma package (14) in R language was used to screen DEGs. 
DEGs with |log2 fold change (FC)|>1 and P<0.05 were consid-
ered to be significant.

Hierarchical cluster analysis produces a unique set of 
nested categories or clusters by sequentially pairing variables, 
clusters, or variables and clusters (15). The gene expression 
profiles of the selected DEGs was subjected to two‑dimen-
sional hierarchical clustering analysis based on Euclidean 
distance using the ‘pheatmap’ package in R language (16) and 
then the heat map was generated.

Gene ontology (GO) and pathway enrichment analysis. GO 
analysis is a commonly used approach for functional studies 
of genomic or transcriptomic data (17). In order to analyze 
the DEGs at the function level, GO annotation for DEGs was 
performed using the online software Database for Annotation, 
Visualization and Integration Discovery (18). The DEGs were 
classified into three GO categories, including molecular func-
tion, biological process and cellular components. P<0.05 was 
set as the threshold value.

The Kyoto Encyclopedia of Genes and Genomes (KEGG) 
knowledge database is used for classification of correlating 
gene sets into their respective pathways (19). The Web‑based 
Gene Set Analysis Toolkit (http://bioinfo.vanderbilt.
edu/webgestalt/,WebGestalt) (20,21) was applied for the enrich-
ment tests of KEGG pathways. P<0.05 was selected as the 
threshold.

PPI network construction. The Search Tool for the Retrieval of 
Interacting Genes (STRING) (22) is an online database resource, 
which collects comprehensive information of predicted and 
experimental interactions of proteins. The interactions of 
protein pairs in the STRING database were displayed with a 
combined score >0.4. The PPI network with significant gene 
pairs was then visualized using Cytoscape software (23).

Identification of candidate agents. The Connectivity Map 
(cMap) (24,25) database collects the gene expression profiles 
from cultured human cells treated with small molecules. The 
DEGs were converted into a probe set on the GPL570 platform 
and mapped onto the cMap database. Small molecules mecha-
nistically associated with PAs were then identified as candidate 
agents using thresholds of |connectivity score|>0.8 and P<0.05.

Results

Screening of DEGs and hierarchical clustering analysis. 
According to the cut‑off criteria of P<0.05 and |log2 FC|>2.0, a 
total of 389 DEGs were obtained, including 49 downregulated 
and 340 upregulated DEGs.

The heat map of hierarchical clustering analysis for the 
DEGs is shown in Fig.  1, which clearly demonstrated the 
obvious differences in expression between PAs and normal 
controls. The expression values for the same gene in the two 
groups were significantly different, rendering the DEGs suitable 
for distinguishing PAs from normal controls.

GO and pathway enrichment analysis. The results of the 
GO analysis are shown in Table  I. The upregulated DEGs 

Figure 1. Hierarchical clustering of differentially expressed genes.
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were mainly enriched in ectodermal development, epithelial 
development, response to radiation and skeletal system devel-
opment, while the downregulated DEGs were mainly involved 
in responses to stimuli, immune system-associated processes 
and gene expression.

Furthermore, only three significant pathways of the 
screened DEGs were enriched, including extracellular matrix 
(ECM)‑receptor interaction [Homo  sapiens (hsa)04512], 
the Hh signaling pathway (hsa04340) and neuro‑active 
ligand‑receptor interaction (hsa04080) (Table II).

PPI network construction and functional analysis of DEGs. 
Based on the STRING database, a total of 101 gene pairs with 

a combined score >0.4 were obtained. The PPI network shown 
in Fig. 2 contained three pathways comprising 117 nodes and 
123 edges. The hub proteins of cluster of differentiation 44 
(CD44) and laminin, gamma 2 (LAMC2) were involved in 
the ECM‑receptor interaction pathway, while prostaglandin E 
receptor 3 (PTGER3) was associated with the neuroactive 
ligand‑receptor interaction pathway. Glioma‑associated 
oncogene 2 (Gli2), which took part in the hedgehog signaling 
pathway, was also a hub protein in the PPI network.

Screening of small molecular drug candidates. After mapping 
of DEGs onto the cMap database, a total of 13 potentially 
mechanistically associated small molecules were obtained, 

Table I. Gene ontology enrichment analysis for differentially expressed genes.

Gene ontology term	 Function	 Count	 P‑value

Downregulated
  0048584	 Positive regulation of response to stimulus	 4	 1.79x10-2

  0002684	 Positive regulation of immune system process	 4	 1.83x10-2

  0002521	 Leukocyte differentiation	 3	 3.82x10-2

  0050926	 Regulation of positive chemotaxis	 2	 4.40x10-2

  0050927	 Positive regulation of positive chemotaxis	 2	 4.40x10-2

  0010628	 Positive regulation of gene expression	 5	 4.68x10-2

Upregulated
  0007588	 Excretion	 5	 9.52x10-3

  0060429	 Epithelium development	 9	 1.67x10-2

  0007398	 Ectoderm development	 8	 2.47x10-2

  0009314	 Response to radiation	 8	 2.53x10-2

  0007200	 Activation of phospholipase C activity 	 4	 3.84x10-2

  0045664	 Regulation of neuron differentiation	 6	 4.26x10-2

  0015698	 Inorganic anion transport	 5	 4.47x10-2

  0009416	 Response to light stimulus	 6	 4.86x10-2

Figure 2. Protein-protein interaction network of DEGs. Red nodes, upregulated genes; green nodes, downregulated genes; orange rhombi, Kyoto Encyclopedia 
of Genes and Genomes pathways; rhombic nodes with red or green, DEGs involved in pathways. ECM, extracellular matrix; DEG, differentially expressed gene.
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which are listed in Table III. The small molecule depudecin 
(connectivity score, ‑0.935) had the highest negative score.

Discussion

PAs are a common type of benign intracranial neoplasm (26). 
In previous studies, gene expression profiling has been used to 
identify germline mutations associated with the pre-disposition 
to pituitary adenoma (26). KEGG pathway enrichment analysis 
performed in the present study showed that DEGs were signifi-
cantly enriched in ECM‑receptor interaction and Hh signaling 
pathways, including CD44 and Gli2, which were hub proteins 
in the PPI network. Furthermore, the small‑molecule depudecin 
was identified as a potential drug for the to treatment of PAs.

The present study identified that CD44 was a hub protein in 
the PPI network and had a significant role in the ECM‑receptor 
interaction pathway (27). CD44 is a cell‑surface glycopro-
tein (28). It is a receptor for hyaluronic acid (HA) and can 
interact with ligands such as osteopontin, collagens and matrix 
metalloproteinases  (29-31). It is involved in cellular func-
tions, including cell‑cell interactions, cell adhesion and cell 
migration (31). Upregulation of CD44 may induce signaling 
events that promote anchorage‑independent tumor‑cell 
growth, survival and migration, thereby increasing metastatic 
spread (32,33). Previous studies have reported that CD44 is 

expressed in PAs (34) and that its expression levels are signifi-
cantly upregulated in PAs (35). However, CD44 is also an ECM 
receptor, which has a crucial role in tumorigenesis. It has been 
reported that pituitary tumorigenesis involves remodeling of 
the ECM (36). The CD44‑ECM interaction can contribute to 
malignant transformation in an indirect manner, for instance 
by regulating sensitivity to inflammation (37). The cleavage 
of CD44 and ECM can promote cell migration of pituitary 
adenoma (38); therefore, CD44 may induce signaling events 
and interact with the ECM to promote the tumorigenesis of 
pituitary adenoma.

Gli2, which has a key role in pituitary development, 
belongs to the C2H2‑type zinc finger protein sub‑class of the 
Gli family. The members of the Gli family are mediators of the 
Sonic hedgehog (Shh) signaling pathway. A previous study has 
shown that loss‑of‑function mutations in the human Gli2 gene 
are associated with PAs (39). Furthermore, Devine et al (40) 
indicated that dysregulation of Gli2 function may contribute 
to PAs. Hh signaling is necessary for the induction and func-
tional patterning of the pituitary placode (40). The pathway 
analysis of the present study showed that Gli2 is an impor-
tant member of this pathway. A previous study showed that 
downregulation of Shh, which is a member of the Hh family, 
increases the proliferation of PA cells and may be involved 
in the pathogenesis of PAs (41). Gli2 is the most important 
mediator of Shh signaling in vertebrates (42). It is required for 
repressing Shh gene expression posteriorly in the pars inter-
media (40). Accordingly, Gli2 takes part in the development of 
PAs through the Hh signaling pathway.

In addition, the present study discovered candidate small 
molecules which may be implicated the development of PAs 
(positive cMAP enrichment factor) or which may be suitable 
drugs for the treatment of PAs (negative cMAP enrichment 
factor). Depudecin was identified to be small molecule drug 
with the most significant reverse mechanistic association 
with PAs. Depudecin is a fungal metabolite containing two 
epoxide groups (43). It was reported to have anti‑angiogenic 
activity (44), regulate the assembly of the actin microfilament 
components of the cytoskeleton in mammalian cells  (45) 
and to induces morphological reversion of transformed 
fibroblasts (46). Depudecin has been patented as a histone 
deacetylase inhibitor for the treatment of neuroendocrine 
tumors (47). The present study indicated a close reverse mecha-
nistic association of depudecin with PAs, therefore suggesting 
that it may be a suitable drug for its treatment; however, the 
efficacy of depudecin against PAs as well as its mechanism of 
action remain to be elucidated in future studies.

In conclusion, the present study identified enriched pathways 
in PAs, generated a PPI network and virtually screened candi-
date small molecules associated with PAs. The genes CD44 and 
Gli2, which are involved in ECM‑receptor interactions and Hh 
signaling, were shown to have significant roles in the develop-
ment of PAs. In addition, depudecin may be a candidate drug for 
treating PAs. The present study provided a systematic perspec-
tive to elucidate the underlying mechanism of PAs, including 
molecular targets for their treatment. However, the present study 
was performed using bioinformatics methods and the conclu-
sions remain to be confirmed by corresponding experiments. 
Therefore, further study is required to verify the underlying 
mechanisms of metastatic PAs.

Table III. Enriched significant small molecules.

cMap name	 Enrichment	 P‑value

Depudecin	 ‑0.935	 8.71x10-3

Sulfamonomethoxine	 ‑0.863	 6.40x10-4

Sulfadimethoxine	 ‑0.807	 6.20x10-4

Prestwick‑692	 ‑0.806	 2.71x10-3

Podophyllotoxin	‑ 0.803	 2.88x10-3

Cefamandole	‑ 0.801	 3.06x10-3

Verteporfin	  0.802	 1.58x10-2

Thioguanosine	  0.803	 2.84x10-3

Fluorocurarine	  0.804	 2.80x10-3

Anabasine	  0.811	 1.36x10-2

Blebbistatin	  0.858	 4.11x10-2

Imidurea	  0.918	 1.14x10-3

Spiperone	  0.973	 1.11x10-3

Table II. Enriched Kyoto Encyclopedia of Genes and Genomes 
pathway of differentially expressed genes.

ID	 Pathway	 P‑value

hsa04512	 ECM‑receptor interaction	 2.47x10-3

hsa04340	 Hedgehog signaling pathway	 1.33x10-2

hsa04080	 Neuroactive ligand‑receptor	 2.44x10-2

	 interaction

hsa, Homo sapiens; ECM, extracellular matrix.
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