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Introduction
Cancer is a broad term for a wide spectrum of diseases where the 

cells have gained capability to divide uncontrollably, by overcoming 
fundamental regulatory mechanisms controlling cell division. In 
a multistep process, cells become malignant by acquiring several 
genetic mutations that ultimately alter various molecular pathways 
and which subsequently lead to the development of proliferating cells 
[1]. Several hundreds of genes have been listed to be implicated in 
cancer and mutations in genes controlling the cell cycle, apoptosis and 
angiogenesis have been shown to be important in the progression of the 
disease [2]. As there are many genes and pathways involved, the study 
of the disease from a systems biology point of view becomes rational 
[1,3]. This view intends to fit genes/proteins into a system, rather than 
studying each gene/protein in isolation, based on the observation that 
the properties of a system as a whole may be very different from the 
properties of its individual components. However, understanding a 
network at the systems level not only requires knowledge about the 
components of the network, but also the interactions between them. 
Moreover, an important property of biological networks is degeneracy, 
which is the capability of structurally different elements (seen as nodes 
in the network) to perform the same function [4,5]; degeneracy keeps 
the biological system flexible and adds robustness to it. However, there 
is commonly a minimal set of genes that are essential for the system to 
survive [4,6]. Interestingly, essential genes have previously been proven to 
be potential drug targets and suggested to be considered in cancer therapy 
as well [7-10]. Essential genes tend to be evolutionarily more conserved 
than non-essential genes as they accomplish basic cellular functions. 

The PHD finger-like domain protein 5a (PHF5A) is a highly 
conserved cysteine rich (C4HC3) zinc finger and such proteins 
predominantly have a role in chromatin mediated transcriptional 
regulation [11-14]. Moreover, PHF5A is a component of the subunit 
Splicing factor 3b (SF3b) [15], which in turn is a component of the 
U2 small nuclear riboproteins (snRNA) complex-an important part of 
the spliceosomal machinery. The macromolecular complex spliceosome 
takes part in pre-mRNA splicing and this complex comprises the 
components U1, U2, U5 and U4/U6 snRNAs. The U2 snRNA complex, 
of which PHF5A is a component of, is involved in the two first steps of 
the splicing process [16,17]. Pre-mRNA splicing involves removal of 
introns from pre-mRNA to produce a mature mRNA. In eukaryotes, 
alternative splicing of pre-mRNAs is a major factor for the diversity 
of proteins and functional complexity, and is indispensable for the 
expression of essential genes [18,19]. High-throughput sequencing 
studies have shown that 92-94% of human multiexon genes undergo 
alternative splicing. 

Spliceosome component coding genes have previously been shown 
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Abstract
Cancer is a broad term for a wide spectrum of diseases and which involves the alteration in expression levels of 

several hundreds of genes. As such, the study of the disease from a systems biology point of view becomes rational, 
as the properties of a system as a whole may be very different from the properties of its individual components. 
However, understanding a network at the systems level not only requires knowledge about the components of the 
network, but also the interactions between them. 

Here, a systems biology view of the rat PHD finger protein 5A (Phf5a) gene was attempted; a gene previously 
identified as aberrantly expressed in estrogen dependent endometrial adenocarcinoma tumors from both rat and 
human. Phf5ais a highly conserved cysteine rich (C4HC3) zinc finger and such proteins predominantly have a role 
in chromatin mediated transcriptional regulation. Moreover, PHF5A is a component of the macromolecular complex 
spliceosome that takes part in pre-mRNA splicing and spliceosome component coding genes have previously been 
shown to be implicated in various cancer types and suggested to potentially be novel antitumor drugs.

To derive a systems biology view, in this study, a weighted gene network was inferred from a list of genes having 
correlated expression profiles to Phf5a as nodes, and common transcription factors and microRNAs regulating 
these genes together with annotation about biological process ontology term(s) and pathway(s) as edge weights. 
In the inferred network a higher weight indicates more annotation shared between two genes and, hence, the 
network facilitates the identification of closely interacting genes with Phf5a. The results show that highly weighted 
edges connect Phf5a to other spliceosome components, but also to genes involved in the metabolism of proteins, 
proteasome and DNA replication, repair and recombination. The results also link Phf5ato the Myc/Rb/E2F pathway, 
one of the central pathways associated with cancer. The proposed method for inferring a weighted gene network can 
easily be applied to other genes and diseases.
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to be over-expressed in lung, breast and ovarian cancers [20], and 
mutations in genes coding for the spliceosome proteins SF3B1, U2FA1 
and SFRS2 have been found to be associated with myelodysplastic 
syndromes (MDSs) in humans, which are chronic neoplasms of 
hematopoietic stem cells that often progress to acute myeloid leukemia 
(AML) [21]. Interestingly, the chemicals pladienolide derivatives and 
Spliceostatin A have been shown to display antitumor activity by 
binding to the SF3b complex and thereby inhibiting the spliceosome, 
which results in impaired splicing and altered gene expression patterns 
[22,23]. Phf5a/PHF5A itself has previously been studied on gene-level 
by conventional means, with the aim to characterize the gene and its 
protein product. For example, it has been identified to be essential for 
the formation and maintenance of glioblastoma multiforme (GBM) 
[24], an aggressive malignant brain tumor, and also suggested to act 
as a transcription factor or co-factor in the up-regulation of the Gap 
junction alpha 1 (Gja1) in the presence of estrogen in rat [11,14]. Gja1 is 
a connexin shown to be down-regulated in cancer cells and, moreover, 
connexins have previously been shown to act as tumor suppressors 
[25,26]. Falck and Karin-Levan (2013) previously found Phf5a/
PHF5Ato be aberrantly expressed in estrogen dependent endometrial 
adenocarcinoma (EAC) tumors from rat and human type I tumors 
[27]. Additionally, homologs of Phf5a in Saccharomyces cerevisiae and 
Schizosaccharomyces pombe have been identified as critical genes in 
pre-mRNA splicing and cell cycle regulation in these species, as cells 
lacking this gene showed an arrest in the spliceosome assembly and 
failed to go through the cell cycle, respectively [11,28]. In vertebrates 
PHF5A is 100% identical at the amino acid level and in multicellular 
organisms the degree of DNA sequence similarity is over 80%. Genes 
that have a high evolutionary conservation are commonly retained for 
their functional importance, as they are required to accomplish basic 
cellular functions [29].

Due to a high genetic heterogeneity in human, the study of complex 
diseases such as cancer may be difficult to perform on human samples. 
Therefore, as a complement to studies in human, model organisms have 
previously been commonly used. The rat model provides a good choice 
since this species has similarities in pathogenesis and histopathological 
properties to those of human and has therefore been extensively used 
in the study of various cancer types [30,31]. For example, the database 
Array Express [32] lists several hundreds of experimental studies 
related to cancer in this species. 

In this study we aimed to develop a systems biology view of the rat 
Phf5a in relation to estrogen, since previouslya strong correlation of 
Phf5a expression to malignant samples of estrogen dependent EAC in 
BDII rats had been identified [27]. This was accomplished by choosing 
published microarray studies from experiments in rats related to 
estrogen. Also, narrowing in on a particular focus resulted in a reduced 
number of suitable data sets and thereby the workload during data 
analysis. In this study, six different microarray studies were finally 
included, which is still a substantial number that plausibly can provide 
important information.

Microarrays measure the expression of thousands of genes 
simultaneously and are therefore suitable for co-expression analysis, 
since a list of highly correlated genes can easily be generated from the data 
by using a correlation test [33,34]. However, co-expression networks 
alone cannot reveal how correlated genes might be co-regulated or 
associated by participating in the same pathway or biological process, 
for example. Therefore, annotation about microRNAs (miRNAs) and 
transcription factors (TFs) need to be added, as these are main classes 
of gene regulatory mechanisms [35]. Moreover, annotation in form of 

ontology term(s), pathway(s) and protein interaction(s) is also valuable 
in the characterization of genes. Finally, integration of knowledge from 
different data sources would seem complex unless it is presented in a 
comprehensible manner [36,37]. Therefore, in this study, a network 
model was used to integrate the data and visualize it, by inferring a 
weighted network where the genes are represented as nodes and 
annotation in form of TF and miRNA regulation, protein interactions, 
biological ontology terms and pathways as an additive weighted edge, 
where a higher weight means more annotation shared between a pair of 
genes. By identifying and analyzing central genes, i.e., those connected 
with highest weighted edges in the network, a number of interesting 
clues were revealed. For example, we conclude that Phf5a is possibly 
a target of Myc, a TF that has a prominent role in the control of DNA 
replication and which mutated form has been shown to be implicated 
in various cancer types [38,39]. We can also link Phf5a to the Rb/
E2F pathway, by being a target of Myc and E2f1 TFs that regulate 
this pathway. The Rb/E2F pathway is critical in the initiation of DNA 
replication and the cell cycle, and is commonly disrupted in various 
cancer types [40]. The expression pattern of Phf5a is also correlated 
to ribosomal components and this could be attributed by the fact that 
Myc controls the expression of ribosomal components [41]. We also 
identified a number of miRNAs that potentially target Phf5a and these 
could also be used as a strategy to slow down tumor progression.

Results 
Generation of a systems biology view

Generation of a systems biology view requires the integration 
of knowledge from various data sources and a comprehensible 
presentation of the integrated data [36,37]; to accomplish this number 
of analysis steps were implemented (Figure 1). In this study we used a 
reverse engineering model to construct a gene network that integrated 
the knowledge obtained from the various data sources. The model starts 
with choosing a set of suitable microarrays based on the condition in 

Figure 1: Systems biology view: Illustrates the flowchart for deriving 
a systems biology view of the gene in focus, by selecting appropriate 
microarray experiments, extracting correlated genes and annotation data 
for these genes, deriving gene networks based on the annotation data, and 
finally establishing a systems biology view from identified central edges 
and genes.
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the experiments and, additionally, the number of correlated genes 
from each experiment varied substantially (Table 1). Most number 
of correlated genes was derived from experiment E-GEOD-40173, 
with 130 positively and 8 negatively correlated genes, and least from 
E-MEXP-999 with only one positively and one negatively correlated 
gene, respectively. In E-GEOD-40173 doses of 0.1/1/10 µg/kg/day of 
ethinyl estradiol were used for 11 days and tissues used were mammary 
glands, whereas in E-MEXP-999 a single dose of 10 µg/kg of ethinyl 
estradiol was used and tissues were collected from the uterus.

The list of correlated genes (including Phf5a) was submitted to 
the Database for Annotation, Visualization, and Integrated Discovery 
(DAVID) [42], to derive Gene Ontology Biological Process terms 
(GO_BP_FAT) [43] associated with these genes. In total 277 (91%) 
of the correlated genes could be mapped to an official gene symbol in 
DAVID and 160 (53%) of them could be mapped to at least one GO_
BP_FAT term. Subsequently, by setting a gene cutoff value ≥ 15 (i.e., 
terms for which at least 15 of the correlated genes were annotated with) 
and a p-value ≤ 0.05, 10 significant GO_BP_FAT terms were retrieved, 
of which 88 (29%) of the correlated genes were annotated with. Most 
number of genes (25 of the correlated genes; 8%) was annotated with 
response to organic substance. However,the only term Phf5a was 
annotated with was positive regulation of macromolecule metabolic 
process. As we intended to develop a network centered on Phf5a, we 
aimed to find more GO_BP_FAT terms in common between this gene 
and the correlated genes. Therefore, a second round of GO_BP_FAT 
terms were obtained, but where the gene cut off limit was decreased 
to 10 and 5, respectively (the p-value was retained on the same level). 
Using a gene cut off 10 increased the number of significant GO_BP_
FAT terms to 30, but still Phf5a was only annotated with the term 
positive regulation of macromolecule metabolic process. Using a gene 
cut off 5 resulted in a list of 78 significant GO_BP_FAT terms to which 
159 (52%) of the correlated genes were annotated with. In this case, six 
terms were retrieved for Phf5a: positive regulation of macromolecule 
metabolic process, mRNA metabolic process, RNA splicing, nuclear 
mRNA splicing via spliceosome, RNA splicing via transesterification, 
and RNA splicing via transesterification with bulged adenosine 
as nucleophile. Another 26 (9%) of the correlated genes were also 
annotated with these six terms and this information was used as edges 
in the un-weighted network; an edge between two genes represented a 
common GO_BP_FAT term. 

From DAVID, a list of overrepresented KEGG pathways [44] was 

focus, together with which processing tools should be used to analyze 
the microarray data. Thereafter, a list of correlated genes to the gene 
under study is derived from the microarray data. The list of correlated 
genes is subsequently submitted to various gene discovery databases/
tools to derive ontology and pathway annotation, TF and miRNA 
binding as well as protein interactions. The compiled annotation is first 
used to generate an un-weighted network, where the nodes represent 
the correlated genes and the edges any shared annotation between a 
pair of genes. For example, if two genes are regulated by the same TF 
than this is represented by an edge in the network. Thereafter, the un-
weighted network is converted to a weighted network by counting all 
edges shared between each pair of nodes and replacing these edges by 
a single edge with a weight, where the weight represents all annotation 
shared by the two genes. For example, if two genes in the un-weighted 
network are connected by three edges (representing regulation by the 
same TF(s), miRNA(s), and/or gene ontology terms, etc.), then in the 
weighted network the weight of the single edge will be three. Here, the 
most important genes, so called central genes, are the ones connected by 
edges with the highest weights. Using the weighted network to identify 
edges with high weights simplifies the task of discerning central genes 
and constructing a systems biology view of these genes centering on 
the gene in focus.

Generation of un-weighted network

In total data from six different microarray studies were collected 
from ArrayExpress [32] based on the condition in focus, i.e., 
the expression of rat Phf5a in relation to estrogen (Table 1). The 
experiments were either conducted on estrogen sensitive tissues or rats 
treated with estrogen. The microarray data was pre-processed using 
various packages in R statistical language, in order to derive expression 
profiles for all genes in each experiment.

Pearson correlation (PC) test was applied and all genes having a 
correlated expression profile (PC ≥ |0.7|) to Phf5a’s expression profile 
in at least one experiment were included in subsequent analyses. 
The cutoff for PC was based on the number of correlated genes that 
were derived; a cutoff of 0.8 resulted in very few genes (and for some 
experiments in no correlated genes) and a cutoff of 0.6 resulted for 
some experiments in a very high number of genes (several thousands). 
Using a cutoff of 0.7, in total 303 correlated genes (~1% of all genes 
in the pool) were derived from the six different experiments, of which 
274 and 29 were positively and negatively correlated, respectively. 
Interestingly, there were no overlaps of correlated genes between 

Exper. References Platform Tissue Species/Sex Rat model Treatment Corr. genes 
(pos./neg.)

E-GEOD-13003 [92] SWEGENE 
Rat 70mer 

oligonucleotide array

Endometrium, cervix 
and uterus 

Rattus norvegicus/Female BDII - 90/6

E-GEOD-13319 [93] A-AFFY-43 Uterine leiomyoma Rattus norvegicus/Females Eker - 27/1
E-MEXP-999 [94] A-AFFY-25 Uterus Rattus norvegicus/Female Charles River 

VAF plus 
10 µg/kg of ethinyl estradiol 1/1

E-TOXM-20 [95] A-AFFY-25 Uterus and ovaries Rattus norvegicus/Female Sprague-
Dawley

0.1/1/10 µg/kg/day of ethinyl 
estradiol for 4 days

25/11

E-GEOD-24672 [96] A-AFFY-43 Testes Rattus norvegicus/Male LBNF1 Irradiation with acyline and 
flutamide for a period of 2/4 
weeks in doses of 30-110 

picograms/ml

1/2

E-GEOD-40713 Unpublished A-AFFY-43 Mammary gland Rattus norvegicus/Male, 
female

Sprague-
Dawley

0.1/1/10 µg/kg/day of ethinyl 
estradiol for 11 days

130/8

Table 1: Microarray experiments: The following microarray experiments were used in this study to derive correlated genes to Phf5a. Exper., reference in ArrayExpress; 
Ref., reference to published paper; Platform, microarray platform used in the experiment; Tissue, which tissue(s) were used in the experiment; Species/Sex, which rat 
species and sex that was used in the experiment; Rat model, which rat model was used in the experiment; Treatment, type of treatment applied to the rats; Corr. genes, 
number of correlated genes to Phf5a.
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also obtained. Using a gene cutoff value ≥ 5 and p-value ≤ 0.05 resulted 
in seven different pathways and in total 56 (18.5%) of the correlated 
genes were annotated with at least one of these pathways. However, 
the only pathway retrieved for Phf5awas the Spliceosome (KEGG: 
rno03040), since there is currently no other evidence of Phf5a/PHF5A 
participating in any other pathway(s). Another 11 (4%) of the correlated 
genes were also annotated with this pathway and this information was 
used as edges in the un-weighted network; an edge between two genes 
represented participation in the same pathway.

The list of correlated genes was submitted to the database Chip 
Enrichment Analysis (ChEA) [45], to obtain a list of TF(s) binding to 
these genes. The database contains genome-wide DNA TF binding site 
data from ChIP-chip, ChIP-seq, ChIP-PET, and DamID experiments 
derived for rat, mouse and human. However, when using rat binding 
site data solely, there was binding site information for only 42 (16%) of 
the correlated genes and there was no information for Phf5a. Therefore, 
data for all three species (i.e., rat, mouse and human) was used instead, 
by selecting all species as filtering criteria and a p-value ≤ 0.05. It has 
previously been demonstrated that there is a high conservation in 
binding sites when the function is also conserved, and since Phf5a has 
a high conservation across these three species it seemed reasonable to 
use information from all three species [46]. This resulted in 210 (69%) 
of the correlated genes having binding site information for at least one 
of 338 TFs. The list of TFs was subsequently filtered by removing those 
with no binding site data for Phf5a, and which reduced the number 
of TFs to 29 and the number of correlated genes to 194 (64%). The 
information about TF binding site(s) was used as edges in the un-
weighted network; an edge between two genes represented regulation 
by the same TF. 

From the miRNA database miRWalk [47]a list of validated and 
predicted (p-value ≤ 0.01) miRNAs binding to any of the correlated 
genes was obtained. This list was subsequently filtered to exclude 
miRNAs not binding to Phf5a, which resulted in total 37 miRNAs that 
bound to 136 (45%) of the correlated genes. Of these miRNAs, 10 were 
predicted/validated to bind to the coding region of Phf5a, 24 to the 
3’UTR region, and 3 to both of these regions; there were no miRNAs 
predicted/validated to bind to the 5’ UTR region. All 37 miRNAs 
were used as edges in the network, where an edge between two genes 
represented regulation by the same miRNA.

From the Search Tool for the Retrieval of Interacting Genes/Protein 
(String) database [48] information about protein-protein interactions 
for Phf5awere obtained. Using a low confidence score of 0.150 and 
the active prediction “Experiments” 10 predicted functional partners 
to Phf5a were obtained. However, none of the correlated genes was 
represented among these partners and therefore no annotation about 
protein-protein interactions was included in the network. 

The final un-weighted network included 252 (83%) of the 
correlated genes and these were linked by 33,620 edges; hence, some of 
the correlated genes (17%) did not have an association to Phf5a other 
than expression correlation. The majority of the edges were represented 
by TF binding sites (76%), followed by miRNAs (22%), GO_BP_FAT 
terms (1%), and KEGG pathways (0.2%). Moreover, the genes stilled 
from all experiments and, hence, no experiment was filtered out by this 
method.

Generation of weighted network and analysis of central genes

From the un-weighted network a weighted network was inferred, 
by converting all edges between each pair of genes in the un-weighted 

network to a single edge with an additive weight, i.e., the weight 
represented the sum of all edges between each pair of genes in the 
un-weighted network. This procedure reduced the number of edges 
to 15,827. The distribution of the weights showed that they ranged 
from 1-24 and the majority of the edges had very low weights; 96.6% 
of the edges had a weight ≤ 5 and only 3% had a weight ≥ 10 (Figure 
2). In order to identify the most important interactions, edges with the 
highest weights were extracted and a separate network of the nodes 
that were connected by these edges was inferred (Figure 3). Here, 
edges with weights ≥ 15 were arbitrarily chosen to be “central edges”, 
which reduced the network to 19 nodes (referred to as “central genes”) 
and which represents 6% of all genes in the weighted network. These 
genes were connected by 18 central edges and which represents 0.1% 
of all weighted edges. Additionally, some of the central genes were also 
interconnected by edges with intermediate weights (i.e., weights ≥ 10; 
see dotted lines in (Figure 3). The majority of the central genes were 
positively correlated to Phf5a; in fact only one of them was negatively 
correlated (Figure 2). The central genes were correlated to Phf5a in 
four of the microarray experiments: E-GSE-40173 (8 of them; 44%), 
E-GEOD-13319 (5 of them; 28%), E-GEOD-13003 (4 of them; 22%), 
and E-TOXM-20 (1 of them; 6%).

Figure 2: Distribution of number of annotations: The figure shows the 
distribution of the number of annotations shared between two correlated 
genes. There are 15,827 gene pairs among the correlated genes and the 
x-axis shows gene pair number sorted on number of annotations shared 
between a pair of gene (from highest to lowest). The y-axis shows the number 
of annotations shared between two genes. Most number of annotations 
shared between two genes is 24 and least number of annotations is 1 
(which means they only share correlation in expression profiles, but no other 
annotation).

Figure 3: Network of central genes: On the left in this figure the central 
genes are indicated and how they are linked in the weighted network. Solid 
lines indicate that two genes share ≥ 15 annotations and dotted lines that 
two genes share ≥ 10 annotations, but <15 annotations. On the right in the 
figure the coloring is explained and which was based on literature searches.
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A literature search on the central genes revealed a rather diverse set 
of molecular functions, but the majority of the genes could be related 
to the biological processes Spliceosome, Metabolism of proteins, DNA 
replication, repair and recombination and Proteasome (Figure 3). Four 
of the central genes, besides Phf5a, could be linked to the Spliceosome, 
of which two were components of the spliceosome complex: Splicing 
factor 3b subunit 5 (Sf3b5) and Serine/Arginine-rich splicing factor 3 
(Sfrs3) [16,49]. The other two were a General transcription factor IIF 
(Gtf2f1) and a Mago-Nashi homolog (Magoh). Gtf2f1/GTF2F1function 
as a general transcription initiation factor that binds to RNA 
polymerase II and helps to recruit the initiation complex [50], whereas 
Magoh/MAGOH is a component of the exon junction complex (EJC) 
that bind to splice junction sites on mRNAs [51]. The genes Sf3b5, Sfrs3 
and Magoh were correlated to Phf5a in the experiment E-GSE-40173, 
whereas Gtf2f1 in E-GEOD-13319. 

Three of the genes that could be related to DNA replication, 
repair and recombination were correlated to Phf5a in the experiment 
E-GSE-13319: the Flap structure-specific endonuclease 1 (Fen1), 
Replication protein A2 (Rpa2) and Structure specific recognition 
protein 1 (Ssrp1). Fen1/FEN1 is a multifunctional nuclease involved in 
DNA repair by cleaving the 5’-overhanging flap structure and process 
the 5’-end of downstream Okazaki fragments [52]. Previous studies 
have shown that FEN1 can directly interact with estrogen receptor-
alpha (ERα) and influence estrogen-responsive gene expression, and 
that FEN1 itself is regulated by estrogen [53]. Rpa2/RPA2 is a subunit 
of the Replication Protein A (RpA), which is essential for chromosomal 
DNA replication and critical for cell cycle checkpoint activation, and is 
hyperphosphorylated in response to DNA damage [54,55]. The gene 
has been shown to be regulated by E2F1, a TF that is regulated by 
ERα [56]. Ssrp1/SSRP1 is a component of the FACT complex, which 
is a general chromatin factor that acts to reorganize nucleosomes and 
shown to be strongly associated with poorly differentiated aggressive 
cancers [57].

Two of the genes correlated to Phf5a in the experiment E-GSE-40173 
were Proteasome subunits Alpha type-1 (Psma1) and Alpha type-
2 (Psma2), which are components of the core 20S proteasome [58]. 
The proteasome’s main function is to degrade unneeded or damaged 
proteins and is essential for many cellular processes, such as cell cycle 
control, gene expression regulation and tumor growth. Moreover, 
proteasome activity has previously been shown to increase in the 
presence of estrogen in murine microglial cells [59]. Another two 
genes were correlated in this experiment and which could be related to 
Metabolism of proteins, the Chaperonin Containing TCP1 Subunit 3 
(Cct3) and Ribosomal protein S4 (Rps24). Cct3/CCT3 is a chaperonin 
that assists the folding of proteins in an ATP-dependent manner and 
Rps24/RPS24 is a component of the 40S subunit in the ribosome, which 
catalyzes protein synthesis [60,61]. 

However, the gene with most annotations in common with Phf5a 
was Cbp/P300-Interacting Transactivator with Glu/Asp-Rich Carboxy-
Terminal (Cited2) and which was correlated to Phf5a in the experiment 
E-GEOD-13003. Cited2/CITED2 has previously been shown to, 
amongst others, act as a transcriptional co-activator of the p300/CBP-
mediated transcription complex and enhance estrogen-dependent 
transactivation mediated by estrogen receptors [62].

For the central genes the edge weights were mainly represented by 
TFs (56%) and miRNAs (36%), and only to a small extent GO_BP_FAT 
terms (7%) and KEGG pathways (1%). In total 29 TFs and 37 miRNAs 
were validated/predicted to regulate the central genes. Moreover, 11 
(38%) of the these TFs had been listed as a member of one or several 

cancer pathways in KEGG (i.e., Myc, E2f1/E2F1, Fli1/FLI1, Runx1/
RUNX1, Myc-n, Pparg/PPARG, Ccnd1/CCND1, Ppard/PPARD, Spi1/
SPI1, Srf/SRF and Esr1/ESR1) and four (14%) of them as a member of 
the cell cycle pathway (i.e., Myc, E2f1/E2F1, Ccnd1/CCND1 and E2f4/
E2F4). Top TFs, i.e., those that regulated most of the central genes, were 
Myc (95% of the central genes), E2f1 (79% of the central genes), Fli1 
(74% of the central genes), Runx1 (74% of the central genes) and Hnf4a 
(58% of the central genes), and top miRNAs were rno-miR-207 (47% 
of the central genes) and rno-miR-129-5p (42% of the central genes). 

Myc (c-Myc) is a well-studied oncogene; previous studies have 
shown that cells lacking Myc cannot grow and cells over-expressing 
Myc have an increased proliferation rate [39,63]. The gene has been 
shown to be estrogen-induced and, moreover, being rapidly induced by 
estrogen in estrogen receptor (ER)-positive breast cancer cells. When 
Myc is bound to the estrogen receptor it causes activation of cyclin 
dependent kinases (Cdk2 and Cdk4/6), which together with cyclins act 
as a complex to drive the progression of the cell cycle. The expression 
of cyclins is cell cycle specific, but these proteins also have a role in 
transcriptional regulation [64]. Moreover, according to information 
in ChEA [45], the transcriptional regulators Ccnd1/CCND1, Fli1/FLI1, 
E2f1/E2F1 and E2f4/E2F4 are regulated by Myc (Figure 4). Ccnd1/
CCND1 has also been shown to be induced by estrogen, but not, 
however, by induced Myc expression, indicating that other response 
elements in the promoter region of Ccnd1/CCND1 are required 
for its induction [65-67]. For example, Sabbah et al. (1999) showed 
that a cAMP response element, besides estrogen, was critical for the 
induction of Ccnd1/CCND1 [68]. Moreover, this gene has also been 
shown to interact with members of the retinoblastoma protein (Rb) 
family [69]. Interestingly, E2f1/E2F1 and E2f4/E2F4 have been shown 
to be inactive when bound to Rb proteins, but activated when released 
upon phosphorylation of Rb by cyclins (such as Ccnd1/CCND1) and 
cyclin dependent kinase complexes [70]. Additionally, E2F TFs are 
important regulators of genes required for cell cycle progression [71]. 

Fli1/FLI1 is a proto-oncogene that has previously been 
demonstrated to undergo translocations in Ewing sarcoma and acute 
myeloid leukemia (AML) cases [72]. According to information in 

Figure 4: Regulation of central genes: The figure shows TFs and miRNAs 
predicted/validated to regulate Phf5a and the central genes. On top of figure, 
miRNAs and TFs are indicated with blue and red circles, respectively. Arrows 
indicate a predicted/validated regulation of the central genes listed in the 
box at the bottom of the figure. Green squares indicate a regulation by 
either a miRNA or TF. The different experiments included in this study are 
also indicated to the right of the box: E-GEOD-13003 (EAC), E-GSE-40173 
(MGL), E-GEOD-13319 (ULE) and E-TOXM-20 (UOV).
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ChEA, this gene is regulated by Myc and Runx1/RUNX1, amongst 
others, and itself regulates the TF E2f4/E2F4 (Figure 4). Runx1/
RUNX1 is a transcriptional activator for various genes having a role 
in hematopoiesis and has been established as a tumor suppressor in 
AML [73,74]. Moreover, Runx1/RUNX1 can act to promote G1-S 
cell transition via its transactivation domain and is a transcriptional 
activator of Cyclin D3, another cyclin involved in the cell cycle [75]. 
Runx1/RUNX1 itself is regulated by E2f1/E2F1 and E2f4/E2F4, 
amongst others, and reported to regulate Myc, Fli1/FLI1 and E2f4/E2F4 
(Figure 4).

Hnf4a/HNF4A is a gene required for the development of the 
kidney, liver and intestine [76]. The DNA binding ability of this protein 
is related to its phosphorylation status, as only its phosphorylated 
form can bind to DNA. The basic functions of Hnf4a/HNF4A include 
regulation of genes involved in amino acid metabolism, lipid and bile 
acid synthesis. Hnf4a/HNF4A has been identified as an important gene 
in hepatocyte differentiation and the loss of Hnf4a has been associated 
with hepatocellular carcinoma in mouse [77,78]. Interestingly, 
overexpression of Hnf4a has been shown to block carcinogenesis and 
metastasis in a rat model of hepatocellular carcinoma [79]. According 
to ChEA [45], Hnf4a/HNFA is regulated by E2f1/E2F1, but itself does 
not regulate any of the transcriptional regulators previously mentioned 
(Figure 4).

According to information in miRWalk [47], mir-207 is predicted 
to target nine of the central genes, but, interestingly, none of the TFs 
previously mentioned (Figure 4). The expression level of mir-207 has 
previously been shown to be up-regulated by Myc in mouse mammary 
tumors and be down-regulated in estrogen-treated mice [80,81]. Mir-
129-5p, on the other hand, is predicted to target eight of the central 
genes, but, similar to mir-207, none of the TFs previously mentioned. 
However, mir-129-5p has been shown to be a target of the APC gene in 
human, a gene that has previously been shown to repress the expression 
levels of CCND1 and Myc; a down-regulation of mir-129-5p in human 
Hep-2 cells led to an increase of APC expression and which correlated 
with lower expression levels of CCND1 and Myc in these cells [82]. 
Hence, an indirect connection between mir-129-5p and Ccnd1/CCND1 
and Myc is a possibility. Moreover, an overexpression of mir-129-5p in 
gastric cancer cells as well as in E10 lung epithelial cells was shown to 
result in significant G1 phase arrest. Mir-129-5p has also been shown 
to target CDK6, a kinase involved in G1-S transition in the cell cycle, 
as an over-expression of the miRNA resulted in inhibition of CDK6 
[83,84]. However, Cdk6 was not among the correlated genes derived 
in this study.

Discussion
PHF5A is a highly conserved zinc finger protein and such proteins 

commonly participate in fundamental mechanisms of gene expression, 
e.g., as TFs and mediators of protein-protein interactions, but they 
can also have more specific functions, such as participating in cell 
growth regulation and differentiation [85]. PHF5A has previously been 
shown to act as a transcriptional regulator and also be involved in pre-
mRNA splicing, by being a component of the U2 snRNP complex in 
the spliceosome machinery [16,18,19]. Moreover, essential genes tend 
to be evolutionarily more conserved than non-essential genes as they 
accomplish basic cellular functions and on the DNA level PHF5A has a 
sequence similarity over 80% in multicellular organisms. Since essential 
genes participate in basic cellular functions they have proven to be 
potential drug targets and could be considered for cancer therapy as 
well [7,8]. Additionally, spliceosome components are highly interesting 

since any obstruction in pre-mRNA splicing would halt the expression 
of cell cycle genes and as dividing cells require a tightly regulated 
expression of many essential genes, this would lead to interference in 
cell division and ultimately cell death [10,18]. Furthermore, several 
spliceosome component-coding genes have previously been shown 
to be over-expressed in lung, breast and ovarian cancers, implicating 
their role in cancer progression [20]. For example, Phf5a/PHF5A has 
been identified as essential for the formation and maintenance of 
glioblastoma multiform (GBM), an aggressive malignant primary brain 
tumor [24] and be aberrantly expressed in estrogen dependent EAC 
tumors from both rat and human [27]. The facts given above made it 
interesting to analyze Phf5a/PHF5Afrom a systems biology view. Since 
the study of complex diseases, such as cancer, can be difficult to perform 
on human samples due to a high genetic heterogeneity, the use of rat 
as a model organism has been shown to be a good complement; rat 
has similarities in both pathogenesis and histopathological properties 
to those of human. Hence, we choose to derive a systems biology view 
of the rat Phf5a gene.

In order to analyze the rat Phf5a from systems biology view, we 
utilized the wealth of publicly available microarray studies for rat 
and derived genes correlated in their expression levels to Phf5a in the 
different experiments as the basis. However, due to a large number of 
available data sets, we choose to focus on studies related to estrogen, 
since Phf5a had previously been linked to malignant samples of EAC 
in rats. The results showed that the number of correlated genes varied 
between the datasets and, interestingly, there were no overlaps among 
the correlated genes derived from the different experiments (Table 1). 
From the experiment E-GEOD-40173 in which estrogen stimulation 
response was measured in mammary glands after estrogen treatment 
for 11 days, 130 positively and 8 negatively correlated genes were 
derived, and from the experiment E-GEOD-13003 that used samples 
of EAC, 90 positively and 6 negatively correlated genes were derived. 
These two experiments comprised 77% of the correlated genes, i.e., 
the majority of the correlated genes were derived from either breast 
tissue continuously treated with estrogen or estrogen dependent 
endometrial adenocarcinoma tissue, which indicates the relation to 
estrogen dependence since in both cases the underlying mechanism 
would have been stimulation of estrogen sensitive tissues by estrogen. 
In the experiment E-GEOD-24672 a longer duration (4 weeks) of 
estrogen exposure was used than in E-GEOD-40173 (11 days), but 
only three correlated genes were derived from E-GEOD-24672. 
However, the tissue used in E-GEOD-24672 was testis, which has poor 
estrogen sensitivity due to a low expression of the estrogen receptor. 
Consequently, we hypothesize that this was the main underlying reason 
for a few number of correlated genes derived from E-GEOD-24672. 

Subsequently, we collected annotation for Phf5a from various 
sources as well as for the correlated genes and derived a weighted 
gene network based on this information. The idea behind generating a 
weighted network was that stronger interactions would be represented 
by higher edge weights, whereas weaker and relatively unimportant 
interactions would be represented by lower edge weights. For example, 
genes sharing a high number of TFs are presumed to have a high 
expression correlation [86]. However, TFs alone do not regulate the 
expression of genes, since miRNAs have recently been shown to have 
a vital impact as well, and genes sharing both TFs and miRNAs have 
a greater probability of forming various activation loops, e.g., feed 
forward, auto regulatory, negative feedback loops, etc. [87]. When 
principal classes of gene regulators (such as TFs and miRNAs) are 
combined with previous established interaction data, the identification 
of closely interacting (central) genes becomes easier [88]. From the 
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weighted network it was possible to identify several central genes (by 
setting an arbitrary threshold on the weight) that shared a large number 
of annotations with Phf5a. Subsequently, from the reduced weighted 
network compromising only the central genes, we could identify top 
TFs and miRNAs, i.e., TFs and miRNAs regulating a large number 
of the central genes (by arbitrarily selecting the number of TFs and 
miRNAs to further analyze).

The reduced weighted network clearly showed that the TF Myc has 
a central role regarding the regulation of Phf5a and the central genes; 
the TF was reported to regulate 95% of the central genes. Myc is a well-
known onco-gene that is erratically expressed in about 70% of all human 
cancers [39,63,89]. Overexpression of Myc causes overexpression of 
E2F TFs, which are inactive when bound to Rb proteins and activated 
when released upon phosphorylation of Rb by cyclin and cyclin 
dependent kinase complexes. The Rb/E2F pathway is one of the central 
pathways associated with cancer; it regulates the initiation of DNA 
replication and is disrupted in almost all human cancers [40,90]. Rb 
proteins and E2F TFs oppose each other in actions, and both of them 
are associated with G1-S phase transition; the interaction of E2F family 
members with Rb proteins is a key event in proper cell cycling. Phf5a 
is reported to be regulated by both E2f1 and E2f4, and E2f1 regulate 
as well the spliceosome components Magoh, Sf3b5 and Sfrs3 that were 
correlated to Phf5a. This establishes a link between the spliceosome 
and the Myc/Rb/E2F pathway. Moreover, as previously described, 
both Rb proteins, E2F TFs as well as Runx1/RUNX1 is associated with 
G1-S phase transition in the cell cycle. Additionally, mir-129-5p, one of 
the miRNAs identified in this study to target Phf5a/PHF5A, has been 
shown to also target CDK6, a kinase involved in G1-S transition in the 
cell cycle. This indicates an interesting link between the spliceosome 
and the cell cycle.

However, Myc or E2F TFs were not represented among the 
correlated genes derived, indicating that other regulators as well are 
affecting the expression of these genes. Moreover, the lack of overlap 
among the correlated genes derived from the different experiments 
further support this observation. The annotation analysis of the 
central genes revealed clues to other regulators that might influence 
the expression of these genes. For example, a number of miRNAs 
were validated/predicted to target many of the central genes and, in 
more specific, miR-207 and mir-129-5p were predicted to target more 
than 40% of them. Interestingly, the expression level of mir-207 has 
previously been shown to be up-regulated by Myc in mouse mammary 
tumors and be down-regulated in estrogen-treated mice [80,81], and 
mir-129-5p to be up-regulated by APC, a gene that is down-regulated 
by both CCND1 and MYC [82]. These miRNAs are new interesting 
regulators that potentially influence the expression of Phf5a. Targeting 
these miRNAs and others identified in this study can also be a strategy 
to slow down tumor progression, which should be further investigated. 
Moreover, experimentally establishing the spliceosome as target 
for both Myc and E2F TFs will strengthen the case of spliceosome 
inhibitors to be used in the treatment of cancer, as the Myc/Rb/E2F 
pathway is one of the most important pathways in tumor progression 
and the spliceosome is indispensable for proper expression of essential 
genes.

Materials and Methods
Microarray data and analysis

The following microarray data sets were downloaded from 
ArrayExpress [32]: E-GEOD-13003, E-GEOD-13319, E-MEXP-999, 
E-TOXM-20, E-GEOD-24672 and E-GEOD-40713. Annotation 

regarding platform, tissue, species/sex, rat model and treatment used 
in each experiment can be found in Table 1, as well as reference to 
publication. R statistical language was used to carry out the microarray 
pre-processing. The E-GEOD-13003 is a two-dye data with Cy3 (Cyanine 
3) and Cy5 (Cyanine 5) columns. The Genepix files for this experiment 
were downloaded and pre-processed with the packages Marray and 
Array Quality available in Bioconductor [91]. These microarrays were 
within-array normalized using the function normalizes within arrays 
and the method Loess and background corrected with the method 
minimum. Thereafter, they were between-array normalized with the 
function normalize between arrays and the method Rquantile, because 
the red channel in this experiment represented the RNA reference.For 
the experiments E-GEOD-13319, E-MEXP-999 and E-GEOD-40713 
the pre-processed data was directly downloaded from ArrayExpress. 
For the experiments E-TOXM-20 and E-GEOD-24672 the cell-files 
were downloaded and pre-processed using the Affy package and the 
MAS5 function for normalization.

Extraction of correlated genes

Pearson correlation (PC) test was applied on all experiments 
separately and for each experiment genes with a correlated expression 
profile to Phf5a’s expression profile were derived. A user-defined 
function was designed in R to conduct the correlation tests and filter 
out all genes having a PC ≥ |0.7| compared to Phf5a. 

Extraction of gene annotations

The Affymetrix IDs for the correlated genes were submitted to 
the Database for Annotation, Visualization and Integrated Discovery 
(DAVID) [42], to get official gene symbols. This was done for all 
experiments except E-GEOD-13003, since for this experiment the 
platform used was SWEGENE Rat 70mer oligonucleotide array V1.0 
and therefore the data did not have Affymetrix IDs. Instead, gene 
IDs for the SWEGENE array was downloaded from Gene Expression 
Omnibus (GEO), which was then subjected to DAVID analysis. The 
Functional Annotation Tool in DAVID was used to derive over-
represented Gene Ontology Biological Process terms and pathways 
from the Kyoto Encyclopedia of Genes and Genomes pathway database 
(KEGG) [44], using a p-value ≤ 0.05 and a gene cutoff value ≥ 5.

The gene symbols of the correlated genes were submitted to 
the database Chip Enrichment Analysis (ChEA) [45] and a list of 
transcription factors binding to any of the correlated genes was 
downloaded. This list was subsequently filtered to only retain those 
transcription factors that also bind toPhf5a and having a p-value ≤ 0.05.

The gene symbols of the correlated genes were submitted to the 
database miRWalk [47] to obtain a list of miRNAs predicted (p-value 
≤ 0.01) or validated to bind to the genes. This list was subsequently 
filtered to exclude miRNAs not binding to Phf5a.

Protein interactions for PHF5A were obtained from the Search 
Tool for the Retrieval of Interacting Genes/Protein (String) database 
[48], using the active prediction “Experiments” and a confidence score 
of 0.150.

Generation of gene networks

Gene networks were generated in R statistical language using 
correlated genes as nodes and extracted gene annotations as edges; for 
two genes to be interacting they must either be predicted/validated to 
be regulated by the same transcription factor or miRNA, or annotated 
with the same biological process ontology term, have a direct protein 
interaction or be a member of the same pathway. The gene networks 
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were created using the igraph package available in R. Initially, an 
un-weighted network was created, using the function graph.edgelist 
from igraph, which was then converted to a weighted network using 
the functions graph.adjacency and get.adjacency from igraph. Parallel 
interactions between nodes were converted to a single edge with a 
weight, where the weight indicated the number of annotations shared 
between two genes. From the weighted network central genes were 
identified, by setting an arbitrary threshold on the edge weight and 
removing genes having a weight lower than the this threshold. 
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