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Construction and analysis of a protein-protein
interaction network related to self-renewal of mouse
spermatogonial stem cells

Wenhai Xie, “ Jin Sun, ¢ and Ji Wu, “*

Spermatogonial stem cells (SSCs) are responsible for sustained spermatogenesis throughout
the reproductive life of the male. Extensive studies of SSCs have identified dozens of genes
that play important roles in sustaining or controlling the pool of SSCs in the mammalian testis.
However, there is still limited knowledge on whether or how these key genes interact with each
other during SSC self-renewal. Here, we constructed a protein-protein interaction (PPI)
network for SSC self-renewal based on interactions between 23 genes essential for SSC self-
renewal, which were obtained from a text mining system, and the interacting partners of the 23
key genes, which were differentially expressed in SSCs. The SSC self-renewal PPI network
consisted of 246 nodes connected by 844 edges. Topological analyses of the PPI network were
conducted to identify genes essential for maintenance of SSC self-renewal. The subnetwork of
the SSC self-renewal network suggested that the 23 key genes involved in SSC self-renewal
were connected together through another 94 genes. Clustering of the whole network and
subnetwork of SSC self-renewal revealed several densely connected regions, implying
significant molecular interaction modules essential for SSC self-renewal. Notably, we found
the 23 genes responsible for SSC self-renewal by forming a continuous PPI network centered
on Pou5f1. Our study indicates that it is feasible to explore important proteins and regulatory
pathways in biological activities by combining a PPI database with the high-throughput data of

gene expression profiles.

Introduction

In mammalian testes, spermatogenesis is a classic adult stem
cell-dependent process sustained by self-renewal and
differentiation of spermatogonial stem cells (SSCs).! During
spermatogenesis, SSCs give rise to daughter cells through
mitotic cell division. The majority of the daughter cells
differentiate and undergo meiosis and cellular morphogenesis
to produce mature sperm.’> Meanwhile, a small proportion of
the daughter cells is functionally similar to SSCs maintaining
the pool of SSCs through self-renewal. The number of SSCs
estimated by transplantation is only approximately 0.002% of
all germ cells in the testes.> Over the past few decades, many
classic studies of SSCs have established the foundation to
understand the molecular mechanisms underlying SSC self-
renewal using techniques such as  spermatogonial
transplantation and long-term SSC culture.* Recently, high-
throughput technologies such as microarray and transcriptome
sequencing have been adopted for genome-wide expression
studies of SSCs, revealing dozens of genes responsible for SSC
self-renewal and several key signaling pathways involved in
SSC self-renewal.””’

SSCs reside on the basement membrane of seminiferous
tubules and require extrinsic chemokines to maintain a specific
niche for self-renewal. Chemokine receptors Cxcr4 and Csf1r
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have been found to transduce signals from the extracellular
matrix or sertoli cells into SSCs.* ? In addition, several cell
surface molecules have been identified as SSC markers. In
rodents, Thyl, Cd9, Cdhl, Gfral, and Ret, which are mainly
cell surface markers, have been used to isolate SSCs from the
testis.'*' In humans, G protein-coupled receptor 125 is a
marker that can be used to isolate spermatogonial progenitor
cells."” ' By establishing a long-term SSC culture system,
some signaling factors have been found to promote the self-
renewal of SSCs, such as glial cell line-derived neurotrophic
factor (GDNF), fibroblast growth factor 2 (FGF2), and short-
type PB-cadherin.'”!” GDNF activates the phosphoinositide 3-
kinase-Akt pathway that maintains self-renewal of mouse
SSCs.2"? FGF2 mediates SSC self-renewal via up-regulation
of Etv5 and Bcl6b through MAP2K 1 activation.'® Additionally,
Akt has been identified as a critical regulator of SSC self-
renewal.”! Several transcription factors have been found to be
required for maintenance of SSCs, such as PouSf1, Plzf, and
Sall4.%2% The expression of transcription factors Pou3fl, 1d4,
Bclob, Egr2, and Egr3 is up-regulated by GDNF in SSC
cultures in vitro.> ?’+ ¥ Furthermore, RNA-binding proteins
Piwi2 and Nonas?2 are essential for maintenance of SSCs.?°
To date, although a number of genes have been identified in
sustaining or controlling the pool of SSCs in the mammalian
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testis, there is still limited knowledge regarding the interactions
among these key genes in SSCs.

With the continuous increase of information in protein-
protein interaction (PPI) databases, topological analyses of PPI
networks have been performed to explore important proteins
and regulatory pathways in biological activities. In systems
biology, the arrangement of molecular networks from gene
expression data based on known interactions permits
understanding of basic biological mechanisms.*' A germline
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regulatory network, which was established by integration of
transcriptome, interactome and phenotype information provide
clues for male infertility*>. Network modeling and topological
analysis can provide additional information on the particular
properties of genes and proteins involved in biological activities
that require multiple genes and proteins to function together.
Thus, the combination of PPI analysis and gene expression can
provide a better understanding of the mechanisms responsible
for SSC self-renewal (Figure 1).
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Fig.1 Flow diagram of this study. First, key genes associated with SSC self-renewal were extracted by PolySearch. Using the 23 key genes
related to SSC self-renewal as seed proteins, we found 1032 (green oval circle) interacting partners from the mouse PPI, and then determined
the overlapping proteins between interacting partners of the seed proteins and SSC overexpressed genes (3036 genes in the red oval circle).

Construction of the PPI network was based on the seed proteins and overlapping genes. Topological analysis of the PPI network revealed key

node proteins and interaction modules essential for SSC self-renewal.

Materials and Methods

1. Extraction of key genes associated with SSC self-renewal

We identified candidate genes associated with SSC self-
renewal using a text mining system, PolySearch, which
produces a list of concepts relevant to the user’s query.’® The
query type used in this study was ‘Text-word-Gene/Protein’
and the query keyword was ‘spermatogonial stem cell’. The
PolySearch system returned 59 genes/proteins from 116 articles

2| J. Name., 2012, 00, 1-3

after removing repeat cites. PolySearch result was found in
Table S1 (ESIt). After manual confirmation, we obtained a list
of 23 key genes that play important roles in maintenance of
SSC self-renewal (Table 1).

2. Combining several well-known PPI databases to construct a
mouse PPI

The R package of cisPath was used to generate PPI pairs for the
mouse from PINA,* iReflndes, >° and STRING 9.1.3° The
combined PPI included 17,991 proteins and 341,219
interactions. Using the genes listed in Table 1 as seed proteins,
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we compiled a PERL script to extract their interacting partners
from the combined PPI. These seed proteins directly interacted
with 1,032 proteins. (Table S2 (ESIY)).

3. SSC differentially expressed genes
published microarray data

The gene expression data of SSCs were retrieved from Wu et
al’” 3 and IM et al’® Data from GSM356344, GSM356345,
GSM356346, GSM761164, GSM761165, GSM761166, and
GSM761167 were used for gene expression profiles of SSCs.
Testis somatic cell data from GSM468625, GSM468627, and
GSM468628 were used as the control to obtain differentially
expressed gene list. These gene expression profiles of SSCs
were all extracted from enriched Thy-1-positive SSCs. The
method of microarray data analysis was described as follows.
Microarray analysis was conducted in the R software
environment for statistic computing. The Affy package was
used to process the raw data of SSCs and testis somatic cells®”.
Firstly, the raw data of three samples were loaded into the same
one AffyBatch class. After detection the quality of the data, we
detected and normalized the expression of probes using rma
function which was precoded with background correction and
probe level normalization procedures in Affy package.
Secondly, we respectively compared the expression profiles
between the two SSC datasets with testis somatic cell dataset
using linear models and empirical bayes methods methods®.
Moderated t-statistic was used to verify the different expressed
genes between SSC and testic somatic cell. The Benjamini and
Hochberg's method was used to control the false discovery rate.
We used the adjusted p-values to control the false discovery
rate. FDR ratio was set as 5%. Genes that at least two-folds

obtained from

Table 1 Genes with essential roles in SSC self-renewal.

Molecular BioSystems

changed with adjusted p-values below 0.05 were selected as
SSC differentially expressed. In order to reduce the bias
brought by two different microarray datasets, we combined the
two SSC differentially expressed gene lists together as SSC
differentially expressed gene list (Table S3 (ESIt)).

4. Construction and analysis of the PPI network for SSC self-
renewal

The constructed PPI network for SSC self-renewal consisted of
the 23 key genes and their direct PPI neighbors differentially
expressed in SSCs. We compiled a PERL script to identify
interactions between these genes. In the theory of the network,
the connectivity degree (k) and betweenness centrality (BC)
value of nodes are two fundamental parameters that are usually
adopted to evaluate the nodes in a network.*' The degree (k),
defined as the number of interacting partner proteins, is the
most basic characteristic of a node. The BC value is the fraction
of the number of shortest paths that pass through each node in a
network, which measures how often the node is located on the
shortest paths between other nodes.* The shortest path is the
path containing the least number of vertices between two
vertices in a network. A node with a higher BC value indicates
that it has more influence over the information flow in the
network. Therefore, BC values are generally a useful indicator
to detect bottlenecks in a network. Closeness centrality (CC) is
the inverse of the average length of the shortest paths to/from
all other nodes in the graph and measures how close a node is
to other nodes.*” The node with the highest CC is usually the
topological center of the network. In this study, Cytoscape
3.0.2% was used to calculate the properties of nodes and
perform measure under default parameters.

Symbol Function References
Cell surface markers
Thyl surface marker of SSCs used in isolation 10
Cd9 Cell surface marker on mouse and rat SSCs 11
Cdhl Marker for undifferentiated spermatogonia 13
Gpri25 Human SSC marker 15
Gfral GDNF receptor 14
Ret Downstream target of GDNF mediated pathway 17
Transcription factors
Plzf Transcription repressor required to regulate self-renewal and maintenance of SSCs pool 24,23
1d4 Transcription repressor expression is up-regulated by GDNF 27
POUSfI Required for SSCs maintenance in culture and for colonization activity following cell 26
transplantation.
Pou3fl an Important Intrinsic Regulator of GDNF-Induced Survival and Self-Renewal of SSCs 28
TAF4b A transcriptional regulator required for the regulation of SSCs proliferation. 44
Egr2 GDNF up-regulated Transcription factors 5
RNA-binding protein
Piwi2 RNA-binding protein required for SSCs self-renewal 29
Nanos2 Required for maintenance of SSC and is downstream of GDNF mediated signaling pathway 30
Niche related
CXCR4 Receptor of chemokine required for maintenance of SSC 8
Csflr Receptor of extrinsic stimulator 9
Extrinsic growth factors
GDNF Growth factors required for SSCs self-renewal 22
FGF2 Growth factors required for SSCs self-renewal 18
Csfl an extrinsic stimulator of mouse SSCs self-renewal 9
Others genes related to SSC self-renewal
Foxol Required in maintenance of mouse SSCs and initiation of spermatogenesis 45
Atm ATM-deficient result to SSCs defection through DNA damage-induced cell-cycle arrest 46
Bcl6b GDNF and FGF2 up-regulated gene 5,18
Etwvs GDNF and FGF2 up-regulated gene 5,18

This journal is © The Royal Society of Chemistry 2012

J. Name., 2012, 00, 1-3 | 3



Molecular

Journal Name

ARTICLE

5. Creation of the backbone network of the PPI network for
SSC self-renewal

In the theory of the graph, proteins with high BC values are
usually thought to be bottlenecks controlling the information
flow in the transportation network. We set the critical node with
a high BC value at 10% of the total nodes in the network. The
proteins with a higher BC value and the links between them
will make up a backbone network.*> Thus, we extracted the
proteins with the top 10% of BC values and the links between
them from the PPI network for SSC self-renewal to create a
backbone network.

6. Construction of a subnetwork consisting of all shortest paths
between the 23 key genes

Pesca2.0,*” a plug-in for Cytoscape, was used to calculate the
shortest paths between the 23 key genes. The subnetwork
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consisted of all nodes in these shortest paths. The subnetwork
indicates the possible minimal number of connections among
the key 23 genes responsible for the self-renewal of SSCs.

7. Topological analysis to identify densely connected regions in
the PPI network

MCODE,*® another plug-in for Cytoscape, was used to cluster
the whole network to identify densely connected regions. We
selected clusters consisting of more than five node proteins as
candidate clusters. After clustering the PPI network for SSC
self-renewal, function annotation of the nodes located in the
clusters was performed by DAVID.*
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Fig. 2 Overview of the constructed PPI network for SSC self-renewal. The whole network consisted of 246 nodes and 844 edges.
Key nodes in the PPI network are highlighted in different colors. The size of the nodes corresponds to their BC values. POU5SF1

was located at the center of the subnetwork. Nodes with triangle

Results

1. A PPI network for SSC self-renewal

The network was derived from 23 key genes that interacted
with SSC differentially expressed genes and consisted of 246
nodes connected by 844 edges (Fig. 2). The backbone network

This journal is © The Royal Society of Chemistry 2013

shape are down-regulated genes in SSC.

of the SSC self-renewal PPI network consisted of 25 nodes that
were connected via 58 edges (Fig. 3). We compared the
measurement parameters of the network between the SSC self-
renewal PPI network and backbone network (Table 2). The
largest degree in the whole network was 88, while the average
degree was 6.862. Thus, most of the nodes in this network were

J. Name., 2013, 00, 1-3 | 4
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low connected, which is the classical character of a PPI
network.*®
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Fig. 3  Backbone of the SSCs self-renewal PPI network. The

backbone network consists of 25 high BC value nodes and 58
edges. The size of the nodes correspond to their BC values.

Table 2 The general network measurements for networks

Parameter Whole Backbone Subnetwork
network network
Number of nodes 246 25 117
Average degree 6.862 4.64 7.453
Diameter 8 5 4
Mean shortest path 3.227 2.297 2914
length

2. Key nodes in the PPI network for SSC self-renewal

Of the 246 total nodes, 25 nodes had a high BC value (Table S4
(ESIY)), 35 nodes had a large degree, and 15 nodes had both a
high BC value and high degree (Table S5 (ESIY)). To
distinguish the different roles of these key nodes in the network,
they were highlighted with different colors and sizes. The size
of the nodes corresponded to their BC values (Fig. 2). Based on
nodes with a high BC value and large degree, the top three
nodes in the two lists were in the same order. The three nodes
were POUSF1, AKT1, CDH1 and FGF2. POUSF1 was not only
a hub protein with the largest degree but also a bottleneck node
with the largest BC value. We also found that POUSF1 had the
largest CC value, indicating that POUSF1 was located at the
center of the network.

3. Backbone network of the PPI network for SSC self-renewal
The backbone network consisted of 25 high BC value nodes
and 58 edges. The size of these nodes corresponded to their BC
value (Fig. 3). AKT1 was located at the center of the backbone
network with the highest CC value and largest degree. POUS5f1
has the largest BC value, so it controls the information flow in
the backbone network. POUS5f1 has seven neighbors: CTNNBI,
DDX4, NCOR2, PKM, PPP1CA, KLF4 and YY1. KLF4 and
YY1 were down-regulated in SSC.

4. Subnetwork consisting of all shortest paths between the 23
key genes

The subnetwork consisted of 117 nodes and 436 edges. We
found that AKT1 was located at the center of the subnetwork
and had the highest CC value and largest degree (Fig. 4).
POUS5f1 had the highest BC value and second largest degree,
which did not coincide with POUS5f1 as the center of the PPI

This journal is © The Royal Society of Chemistry 2012
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network for SSC self-renewal. The top 25 nodes with a high BC
value in the subnetwork are listed in Table S6 (ESIT).

5. Densely connected proteins in the constructed PPI network
for SSC self-renewal

Based on topology, we found six densely connected regions in
the whole SSC self-renewal network (Fig. 5). The Gene
Ontology (GO) term of cell surface receptor-linked signal
transduction was overrepresented in cluster 1 and 3 nodes,
indicating that these nodes may be involved in signal
transduction to sustain the self-renewal of SSCs. Seed protein
CXCR4, an important factor in maintenance of the SSC niche,
was found in cluster 1, which coincides well with the functions
of Cxcr4 in signal transduction to maintain the SSC
microenvironment.® Seed protein CSFIR located at cluster 3
has been found to enhance SSC self-renewal.” CXCL1 and
CXCL12 are extrinsic chemokines essential to form SSC self-
renewal nich. Nodes in clusters 1 and 3 may act as key
molecules composing a special microenvironmental niche on
the basement membrane of seminiferous tubules, which is
required for SSC self-renewal. Functionally annotated nodes in
cluster 6 enriched cell proliferation, cell cycle and transcription
regulation related GO terms. For example, seed protein ATM
and nodes CHECK1, PPPO1CA, and HCFC1 are cell cycle-
related genes. Atm deficiency results in a defect of SSCs
through DNA damage-induced cell cycle arrest.*® The
proliferation gene Mcm5 was also located in cluster 6.
Transcription regulated terms were overrepresented in Cluster 2
nodes. Trancription factor Pouf51, Kif4, Salll and several
nucleus molecules located in cluster 2. The cluster 2 described
a detailed transcription regulation network. Other clusters
contained genes that play key roles in SSC self-renewal. For
example, gonad-specific Taf4b as a component of TFIID lists in
cluster 4 is a transcriptional regulator required for regulation of
SSC proliferation.** Cell growth factors FGF2 mediated signal
pathway was displayed Cluster 6, which promotes SSC growth
in vitro.

Discussion

By combining key genes involved in self-renewal of SSCs and
the unique gene expression profiles of SSCs, we obtained a
continuous PPI network consisting of 246 genes and 844
interactions. Based on topological analyses, we evaluated
important proteins in the SSC self-renewal PPI network.
Notably, POUSF1 was located at the center of the network.
Pou5f1 is an important transcription factor in maintaining the
stemness of many stem cell types such as embryonic stem cells
3! and SSCs.*® In addition, Pou5fI is a necessary transcription
factor in induced pluripotent stem cells.’* Berg ez al.”' has also
proposed a PPI network centered on POUS5f1, which controls
pluripotent cell identity.

Clustering the SSC self-renewal network to find densely
connected genes might help to delineate the underlying
mechanisms of SSC self-renewal. Nodes in clusters 1 and 3
were involved in signal transduction to sustain the self-renewal
of SSCs. We can directly perceive interactions of Csf7r and
Cxcr4 through senses. Nodes in cluster 6 suggested that the
signaling pathways of FGF2 promote SSC self-renewal.

Sall4 plays a critical role in maintenance of the pluripotency
and self-renewal of embryonic stem cells,* ** and can activate
the expression of Poujfl in embryonic stem cells. Pou5f]
interacts with Nanog to form a transcriptional core network
essential for the maintenance of “stemness” of embryonic stem

J. Name., 2012, 00, 1-3 | 5
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Fig. 4 The subnetwork consisting of all shortest paths between the 23 key genes. The seed proteins are connected by all shortest
paths in the SSCs self-renewal PPI network. The subnetwork consists of 79nodes and 209 edges. The size of nodes corresponds to

their BC values. AKT1 locats at the center of the subnetwork.

cells.> % In the PPI network for SSC self-renewal, SALL4
connected with POUSF1, SALL1, CHD4, MBD3, and
TFCP2L1. Nodes in cluster 2 suggest that a transcriptional core
network consisting of POUS5f1 and Egr2 may be exist in SSCs.
Ncor2 connected two independent clusters centered on Pou5f1
and Egr2. Another famous transcription factor Kif4, down-
regulated in SSC was found in cluster 2. The interactions

maybe sugesst some way how Klf4 was down-regulated in SSC.

However, Hobbs er al.?® proposed that Plzf antagonizes the
function of Sall4 by displacing Sall4 from cognate chromatin to
induce Salll expression in SSCs. Mbd3 and Hdac?2 are involved
in epigenetic regulation. Mbd3 is an effector for ShmC in
embryonic stem cells.’’ Tfep2/l is at the intersection of
leukemia inhibitory factor- and two small molecule inhibitor-
mediated self-renewal pathways and plays a critical role in
embryonic stem cell identity.’® More experiments are needed to
verify the regulatory mechanisms among Sall4, Pou5fI, and
Plzf'in SSC self-renewal.

The subnetwork was formed by the shortest paths between the
23 key genes in SSC self-renewal. Most of the top 25 nodes
with a high BC value in the subnetwork were the same as those
in the SSC self-renewal network. Only seven proteins were not
in the list of top 25 nodes in the SSC self-renewal network
(Table S6 (ESIT)). Unlike POUSF1 at the center of the whole
network, we found that AKT1 was located at the center of the
subnetwork. As mentioned above, AKT1 was at the intersection

6 | J. Name., 2012, 00, 1-3

of two different growth factor-mediated signaling pathways,
which may explain why AKT1 was located at the center of the
subnetwork.

By clustering the subnetwork of the SSC self-renewal
network, we found two clusters that was similar to the
combination of clusters 1, 2 and 4 in the whole SSC self-
renewal network (Fig. 6). CXCR4 interacted with TGFB1 that
is a known growth factor involved in cellular proliferation,
growth, and development. The two clusters in subnetwork
could be bridged together by ADCY9 and CXCR4. As nodes in
the two cluster of the subnetwork were involved in cell surface
receptor-linked  signal transduction and transcriptional
regulation, we speculated that extracellular signals transduce
into the cell nucleus via Cxcr4 in SSC self-renewal. Via
POLR2E or POLR2B, ADCY9 connected with TAF4B, a
gonad-specific transcriptional regulator required for regulation
of SSC proliferation.** Polr2e and Polr2b encode subunits of
RNA polymerase II. Therefore, Taf4h may interact with RNA
polymerase II to mediate the precise expression of genes
essential for SSC self-renewal. Adcy9 is a membrane-bound
enzyme that catalyzes the formation of cyclic AMP from
ATP.*® Cyclic AMP is often considered an endogenous
suppressor that inhibits cell proliferation and promotes cell
differentiation. Thus, 4dcy9 may act as a gate controlling SSC
proliferation or differentiation.

This journal is © The Royal Society of Chemistry 2012



Page 7 of 10 Molecular BioSystems

Journal Name RSCPublishing

ARTICLE

Cluster 1 Cluster 2

' KLF4

.SALU @rous = ~Acor

.CD36 ‘MED8
5 .TGFB1

.MBD3 AHDAQ ‘NCORZ , AMED13

’ | .NCOA3 .PPARGC1A

// : / ‘

.SUDS3 HELZZ
MED24

ACSNK2A1

Cluster 3 Cluster 4

~ @GTF2H4
‘(‘21 QA .G Qc ‘PIK3R3 QPOLRZB :

., _ADRBKI @

\EDNRB _F POLR2E

‘ .FCGR3 AR

C10B .CCNH

Cluster 5 Cluster 6
Asr @sr

Arrrice A \ ‘FGFZ -2

," AKT3 ATRP53BP1 _— ;‘H3F3A
.OGT ‘ : / CATM APDGFRAA
™~ \ & T ] EGFR
\ ~/ ‘ @A

= | Avwc L @piac
 PPPICA Acs awc o

\ / @cex \/ T/ \ CTNNB1

.HCFC] ‘ ) .CI:')KN1A:‘ / ,AFoxo3

O« @cis @scloin

Fig. 5 Clusters of the whole PPI network for SSC self-renewal. After clustering the whole PPI network for SSC self-renewal,
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Fig. 6  Cluster from the subnetwork of the SSC self-renewal

PPI network. The two clusters consisted of three independent
modules that were similar to the combination of clusters 1, 2,
and 4 from the whole PPI network for SSC self-renewal.

As the heterogeneous of SSC, there is no criterion on
defining true SSC. SSC identified by single marker maybe not
exactly represent the true SSC. Not only Thyl but also Gfral
and 1d4 positive SSC comprise A,, A, and A, spermatogonia
with slight differences in gene expression.®” ®! Thus, if there are
datasets of true SSC
mechanisms of SSC self-renewal will be more accuracy.

transcriptome, the prediction on
Considering the heterogeneous of SSC, we selected the same
one marker purified SSC as data sources. In this manuscript, the
constructed PPl network still can provide some clues for
mechanisms of SSC self-renewal.

Conclusion

It is feasible to analyze interactions between dozens of key
genes by combining information in PPI databases with the
high-throughput data of gene expression profiles. We adopted a
systems biology method to construct a continuous PPI network
that mediates SSC self-renewal.
expression studies may provide a better understanding of the

PPI analysis and gene
mechanisms responsible for SSC self-renewal.
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