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As an evolutionarily conserved mechanism, developmental neuronal remodeling is needed
for the proper wiring of the nervous system and is critical for understanding the
neurodevelopment mechanisms. Previous studies have shown that during metamorphosis
lots of Drosophila melanogaster mushroom body neurons experience stereotypic
remodeling. However, the related requlators and downstream executors of pathways are
yet unclear, especially studies of transcriptional gene co-expression analysis of nervous
systems remain insufficient. In this study, we develop a weighted gene co-expression
network (WGCNA) to classify gene modules associated with neuronal remodeling.
Moreover, functional and pathway enrichment analysis with protein-protein network
construction is applied to detect high informative hub genes in the targeted gene module.
Thus, we select a total of five hub genes that play critical roles in neuronal remodeling and
identify them with functional enrichment analysis and protein-protein interaction network.
Overall, this study provides insight into the underlying molecular mechanism of
developmental neuronal remodeling in Drosophila melanogaster.
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Abstract

As an evolutionarily conserved mechanism, developmental neuronal remodeling is needed for the proper wiring of
the nervous system and is critical for understanding the neurodevelopment mechanisms. Previous studies have
shown that during metamorphosis lots of Drosophila melanogaster mushroom body neurons experience stereotypic
remodeling. However, the related regulators and downstream executors of pathways are yet unclear, especially
studies of transcriptional gene co-expression analysis of nervous systems remain insufficient. In this study, we
develop a weighted gene co-expression network (WGCNA) to classify gene modules associated with neuronal
remodeling. Moreover, functional and pathway enrichment analysis with protein-protein network construction is
applied to detect high informative hub genes in the targeted gene module. Thus, we select a total of five hub genes
that play critical roles in neuronal remodeling and identify them with functional enrichment analysis and protein-
protein interaction network. Overall, this study provides insight into the underlying molecular mechanism of
developmental neuronal remodeling in Drosophila melanogaster.
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Both in invertebrates and vertebrates, neuronal remodeling is a necessary process to establish a developed and
functional nervous system [1-3]. Remodeling has been studied and characterized in a broad variety of organisms
including worms, insects, human and m[3-5]. In the remodeling process, degenerative phenomena, such as neurite
pruning may be accompanied by regeneration to form different connections. Studies over the past decades have
demonstrated deregulated neuronal remodeling leads to various neuropsychiatric diseases such as
schizophrenia[6,7]. Consequently, a general perception of the mechanisms that manage developmental neuronal

remodeling might elucidate some neurotic degradation and disorders.

Drosophila melanogaster is a well-known model organism to investigate the structural and functional reorganization
of the nervous system [8,9]. Besides, throughout the processes of metamorphosis, the elimination of larval neurons
via programmed cell death and the birth of adult neurons continues. The neurons regularly undertake individual
remodeling neurites such as pruning of the larva and outgrowth of the adult. Among the neuronal remodeling
examples, the mushroom body (MB) is well-characterized, involving three neuronal sub-populations (y, a‘/f and
a/P), wherein only neurons undergo spatially stereotypic and temporal remodeling manner [10,11]. Remodeling
manner of MB neurons is interfered partly by the regulated transcriptional factor (TF) in neuronal development. For
instance, the activation of MB y neuron pruning demands the initiation of nuclear ecdysone receptor (EcR); EcR
also performs a critical role in the thoracic ventral (TV) neurons and remodeling of the olfactory projection neurons
(PNs) [12,13]. Recently, a well-studied target of E75 in EcR is reported to involve in axon regrowth after
pruning[14]. Another acknowledged EcR target, the transcription factor Sox14, regulates dendrite pruning of the

sensory da neurons [15].

For years past, the improvement of gene expression profiling such as microarray and RNA sequencing has been
utilized to classify genes relevant to neuronal remodeling of MB y neurons. Most studies mainly concentrate on the
screening of differentially expressed genes and the pattern of gene expression, while the functional interaction
among genes is neglected [16](Tavazoie et al. 1999). We attempt to unveil the implied molecular mechanisms of
MB y neuronal remodeling with system biology strategy. We applied the method of weighted gene co-expression
network analysis (WGCNA) and established a neuronal remodeling network on Drosophila y neuron gene
expression data. At last, we identified five hub genes that may be potentially crucial in developmental neuronal

remodeling.
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Materials & Methods

Data collection

Normalized raw data of gene expression was retrieved from the NCBI Gene Expression Omnibus database
(http://www.ncbi.nlm.nih. gov/geo/) [17,18]. In our study, the dataset GSE101946 was used as a training set to
compose an expression network and characterize hub genes [19]. The dataset GSE101946 was sequenced on the
Ilumina NextSeq 500 platform and comprised two independent RNA-sequencing data. One was gene expression
result of various cell types and developmental stages from sample GSM2719262 to GSM2719325. The other
contained three transcriptional genotype profiling of Drosophila y neurons when perturbed by EcR-DN, E75 RNAi
or Sox14 RNALI, including 43 samples from GSM2719326 to GSM2719368 which were the main focus of the

current study.
Data preprocessing and DEG screening

After GSE101946 downloaded, quality control was applied to remove those genes without expression values in over
half of 43 samples. The dataset then went through the logz transformation. For computational restriction, the network
analysis was restrained to a subset of genes[20]. Genes with high median absolute deviation (MAD) value were
selected for subsequent analysis. Depending on the differential expression genes among three key factor and control
groups, the flashClust R package [21](Langfelder and Horvath 2012) was adopted to implement the cluster analysis

to detect and remove the outliers.
Co-expression network construction

A scale-free network for the gene expression dataset[22](Horvath and Dong 2008). The “WGCNA” package in R
(version 1.64, https://cran.r-project.org/web/packages/WGCNA/index.html) was performed for genes in 43 samples
by median absolute deviation (MAD) algorithm with high expression variance[23,24](Carlson et al. 2006; Leys et

al. 2013). Firstly, we computed the Pearson's correlation matrices for each pair of genes and determined the

correlation coefficient between gene x and gene y as Smn = ‘cor( X, y)| . Next, we constructed a weighted network

. . B . .
using a power function 4 = ’c ’ ( ¢, = Pearson's correlation between gene x and gene y; a,= adjacency
xy Xy )
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between gene x and gene y). This step could calculate a soft-thresholding parameter that emphasizes high
correlations and reduced the influences of low correlations on an exponential scale. Besides, we reconstructed the
weighted network with topological overlap (TO), which could weigh the network connectivity of a gene across the
weighted network as a total of adjacency with other genes [25](Yip and Horvath 2007). Based on the TO-based
dissimilarity measure, classification of gene co-expression modules with similar patterns of expression was

conducted by average linkage hierarchical clustering.

After identifying the modules, the principal component analysis for each gene module was used to describe the
module eigengenes (MEs). Gene significance (GS) was calculated as the log10 conversion of the P value, and the
average GS of whole genes in a module was represented as the module significance (MS). Generally, the module
with the highest absolute MS is regarded as the one correlated with neuronal remodeling. Besides, the functional
annotation of the modules was also conducted to distinguish the most relevant module. We used clusterProfiler R
package (version 3.8.1, https://guangchuangyu.github.io/software/clusterProfiler) to test each module for enrichment
in genes with particular Gene Ontology (GO) analysis[26]. GO analysis contains three parts: cellular component
(CC), biological process (BP) and molecular function (MF), revealing functions of gene products[27]. The Kyoto
Encyclopedia of Genes and Genomes (KEGG) database comprises pathway functions of molecules or
genes[28](Kanehisa 2000). The result p-value < 0.05 also g-value < 0.05 after correction was used as the cut-off

threshold.

Hub genes identification

Hub genes involved intense connection among nodes which were functionally significant within a
module[29](Albert 2005). In one module, hub genes might obtain much importance than other genes in the entire
network. In this study, genes with module membership (MM) value over 0.8 were collected as hub genes
[30](Presson et al. 2008). Predicted related genes in the similar complex or pathway with hub genes were also
considered to build a functional association network with GeneMANIA[31](Warde-Farley et al. 2010). Moreover, to
narrow down our research targets, we visualized the protein-protein interaction (PPI) network of interest genes by
Cytoscape software (Version 3.7.0) and calculated the intramodular connectivity[32]. In the PPI network, a gene
with over ten connectivity degree was considered as intramodular hub genes for further analyses. We also selected

high informative hub genes to detect expression level in the brain which might give us some clue for further study.
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Results

DEGs screening

The normalized gene expression matrix of 16026 genes was obtained from the 43 samples. After low-count filtering
and log transforming, 7807 genes remained for the next selection. With the MAD and WGCNA algorithm, we
selected 3,300 highly informative genes for further weighted gene co-expression network construction. The result of

flashClust analysis on the 43 samples was shown in (Fig. 1).

Construction of co-expression module

Working with the R WGCNA package, we grouped the genes with similar expression patterns into modules by the
average linkage hierarchical clustering. As a result, a total of 13 modules (Fig. 2A) were identified. Two approaches
were performed to examine the relevance between the critical neurodevelopment factors and every module. At first,
the ME in several modules revealed an association with certain neurotic development factors (p-value < 0.05), then

all modules were ordered in consonance with the significant p-value (Table 1).

Nevertheless, most of the correlations had lower R squared value (R < 0.5), and only one between the tan module
and EcR was strong (p-value = 1 x 10°, R?= 0.93) (Fig. 2B). Afterward, the tan module also had the highest MS
value among all selected modules (Fig. 2C). Hence, the tan module with EcR factor was recognized as the

neurodevelopmental module, which was selected for further analysis.

Enrichment analysis

Enrichment analysis of GO and KEGG was conducted in the tan module. Notable GO enrichment was located in a
biological process (Fig. 3A) and cellular components (Fig. 3B). All GO and KEGG terms with significant p-value

and g-value were listed (Table 2).
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Identification and characterization of hub genes in the tan module

Hub genes with a strong connection in a specific module are fundamental in biological processes. Accordingly, the
top 28 genes shared the high connectivity with weighted correlation coefficients over 0.8 and were preferred as
potential hub genes, including transient receptor potential cation channel y (7Trpgamma), SIFamide receptor (SIFaR),
Hairy/E(spl)-related with YRPW motif (Hey), Heparan sulfate 6-O-sulfotransferase (Hs6st), Centaurin gamma 1A
(CenG1A), supernumerary limbs (s/mb) and Swiprosin-1 (Swip-1). Subsequently, a network included hub genes and
related genes was also built, in which nodes represented genes and links represented networks (pink link indicated
co-expression network, orange link indicated physical interactions network and blue link indicated co-localization

network) (Fig. 4).

Furthermore, according to the DrolD database[33], a network of protein-protein interaction (PPI) was created for the
genes in the tan module (Fig. 5), and 8 hub genes (Swip-1, CenG1A4, Rdx, e(r), Tnks, Cul4, slim and Trpgamma) in

the PPI network were also found in the co-expression network.

Gene expression mining using Fly Atlas Database[34] found that 5 of 8 hub genes had a significantly high

expression level in the brain while one gene revealed significant low level (Table 3).

Discussion and Conclusion

Our analysis revealed 28 highly connected hub genes in the tan module, such as Trpgamma, SIFaR, Hey, Hs6st,
CenGlA, simb, and Swip-1. Functional and PPI network intersection analysis further selected eight genes (Swip-1,
CenGlA, Rdx, e(v), Tnks, Cul4, slim and Trpgamma) in which five genes (Swip-1, Tnks, CenG1A, slim, Rdx) showed

significant higher expressions in the brain.

Pruning and remodeling of exuberant neuronal connections is a broadly accepted mechanism in metazoan
development for performing the mature pattern of neural connectivity[3,35]. Cells will either be extravagantly
activated or become silent without this regulation. As a major model species, Drosophila is well suited for studying
neuronal remodeling mechanisms. Several studies have found that transcriptional changes during developmental
neuronal remodeling resulting from several significant TFs perturbations[36-38]. Each of these TFs has some
potential targets. Thus a network-driven integrative analysis is needed to distinguish hub genes in neuronal

remodeling. Idan Alyagor et al. [19](Alyagor et al. 2018) investigated their dataset using WGCNA and constructed a
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co-expression network of three key TFs, in which both DEGs and their intercommunications were studied.
Hierarchical clustering analysis was implemented to assort genes with co-expression into 13 modules. The most
significant tan module was then recognized by both module significance and the feature vector. In the tan module,
genes were mainly enriched in protein regulated functions, hinting that genes in the tan module might be crucial in

protein regulation during neuronal remodeling.

Tnks (Tankyrase) exists in the poly (ADP-ribose) polymerase (PARP) superfamily, which is defined by a similar
PARRP catalytic domain that transfers ADP-ribose from NAD" onto substrate proteins successively. Also, it
interferes a novel type of post-translational adjustment through energy homeostasis and vesicle traffic[39,40](Moore
et al. 2007; Kobayashi and Fukuda 2012)ing in Drosophila [41](Nagashima et al. 2011). CenG1A4 is a GTPase that
may have a role in regulating the second to third instar larval transition, which is ecdysone signaling-dependent. It
also takes parts in both presynaptic and postsynaptic cells [42](Homma et al. 2014). As a member of Centaurin
family, CenG1A (Centaurin gamma 1A) plays an essential role in neurite outgrowth and dendritic differentiation in
neural cells (Moore et al., 2007; Kobayashi & Fukuda, 2012). Slim (scruin like at the midline) activates the
Apoptosis signal-regulating kinasel (ASK1) by the suppression of protein phosphatase 5 (PP5) and thereby to
contribute to oxidative stress-induced cell death [43](Sekine et al. 2012). Rdx (Roadkill) functions as a substrate
identification component of Cul3-based E3 ubiquitin ligase complexes. It promotes the degradation of the

transcriptional factor ci to regulate the Hedgehog signaling pathway [44](Seong et al. 2010).

In summary, a total of 3300 high informative genes were selected from 16026 gene matrix and 13 modules

established. Module tan was regarded as the essential module in the developmental neuronal remodeling. Moreover,
the analysis revealed several hub genes including Swip-1, Tnks, CenG1A, slim and Rdx that all play essential roles in
neuronal functions and may serve as potential biomarkers of developmental neuronal remodeling. Nevertheless, due

to the limitation of sample size, further studies are needed to understand this complicated process fully.
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Figure 1: Clustering dendrogram of 43 samples.
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Figure 2 (on next page)

Figure 2: Identification of modules associated with developmental neuronal remodeling

(A) Clustering dendrogram of co-expression modules presented in diverse colors of

drosophila

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27586v1 | CC BY 4.0 Open Access | rec: 13 Mar 2019, publ: 13 Mar 2019




Cluster Dendrogram

1.0

0.9

Height

0.5
|

Dynamic Tree Cut

Merged dynamic

Module-trait relationships C

Gene significance across modules, p-value=2.8e-148

~ -
-0.11 -024 0.46 -0.12 N
MEbrown (©5) (©1) (0002) (©05) 1 T
00024 045 00053 043
MEred ) (0.003) [} (0.004) g d
-003 -035 025 012
MEblack (09) (0.02) (0.1) (04)
-0.11 0.03 0.13 -0.055 0
MEgreenyellow ©5) ©08) (04) ©7) —0.5 e
0.2 0.38 ! !
MEmagenta. o (0.01) Kt qé -
g ¥4
-032 -023 LS ©
MEtan ) _ ) 0 £
2
0.23 0.51 0.076 2]
MEpurple . ©1) (4e-04) (06) —0 o @
$ o ——
: 037 046 —045 035 15} =
MEturquoise (0.02) (0.002) (0.003) (0.02)
—
-0.28 0.036 0.32 -0.076 N P
MEblue . (0.07) (08) (0.04) (06) [S]
-032 -029 0.1 L i
036 054 0.42 058 u S
MEgreen . (0.02) (2e-04) (0.005) (5e-05)
] 024 04
MEpink 1) (0.008) o) . : : : : :
034 035 0.21 019 -1 S 3 S 5 S 3 g < 2 B 5 3 S
MEgrey ©.02) ©0.02) ©02) ©02) 8 3 H 3 2 g g 5 . 2 = . 2
= 5 <) 3 = 2 =2 g
& s R RS s £ E
& & Pe%tﬁ’"reprints | httos://doi.orb‘(ﬁfo.7287/peeri.Dreorints.27586v1 | CC BY 4.0 Open Access | rec: 13 Mar 2019, publ: 13 Mar 2019
& A N

< "oé‘.



Figure 3(on next page)

Fig 3: The top 5 GO terms enriched in the tan module.

(A) Biological process; (B) Cellular components
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Figure 4 (on next page)

Fig 4: Functional network in the tan module.

The network of top 28 genes in the tan module. (Inner ring indicated hub genes in the tan
module, outer ring indicated functionally related genes. Node color: Blue indicated genes

with a similar function of regulation of intracellular signal transduction).
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Figure 5(on next page)

Fig 5: Protein-protein interaction (PPl) network of genes in the tan module.

The light yellow circle represented similar GO term annotation. The central nodes of every

circle were hub genes in the PPl network. The color of nodes was based on gene eccentricity

from high (red) to low (yellow).
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Table 1l(on next page)

Table 1. Correlation between modules and developmental neuronal remodeling
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1

Table 1. Correlation between modules and developmental neuronal remodeling

2
MODULE Correlation P-value
Tan 0.93 1.00E-19
Green 0.54 1.68E-04
Purple 0.51 4.39E-04
Turquoise 0.46 1.86E-03
Pink 0.40 7.59E-03
Magenta 0.38 1.13E-02
Blue 0.04 8.20E-01
Greenyellow 0.03 8.47E-01
Brown -0.24 1.17E-01
Yellow -0.29 6.20E-02
Grey -0.35 2.07E-02
Black -0.35 1.99E-02
Red -0.45 2.51E-03

3

4

5

6
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Table 2(on next page)

Table 2. GO and KEGG pathway enrichment analysis of tan module

KEGG: Kyoto Encyclopedia of Genes and Genomes; GO _BP: Gene ontology term of the

biological process; GO_CC: Gene ontology term of the cellular component
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1
2
3 Table 2. GO and KEGG pathway enrichment analysis of tan module

Category  Term Count P-value

KEGG dme00534~ glycosaminoglycan biosynthesis 1 4.41E-02
GO _BP GO:0051049~regulation of transport 5 1.88E-04
GO_BP GO0:0051223~regulation of protein transport 3 2.01E-04
GO _BP G0:0070201~regulation of establishment of protein localization 3 2.24E-04
GO _BP G0:0090087~regulation of peptide transport 3 2.87E-04
GO _BP GO0:0015031~protein transport 6 3.42E-04
GO _BP GO0:0015833~peptide transport 6 3.88E-04
GO _BP G0:0042886~amide transport 6 4.01E-04
GO _BP G0:0045184~establishment of protein localization 6 4.28E-04
GO _BP G0:0032880~regulation of protein localization 3 8.30E-04
GO _BP G0:0043087~regulation of GTPase activity 3 9.14E-04
GO _BP G0:0046822~regulation of nucleocytoplasmic transport 2 9.55E-04
GO _BP GO:0006886~intracellular protein transport 5 1.12E-03
GO _BP GO0:0032874~positive regulation of stress-activated MAPK cascade 2 1.24E-03
GO _BP G0:0070304~positive regulation of stress-activated protein kinase signaling 2 1.24E-03

cascade

GO _BP G0:0033157~regulation of intracellular protein transport 2 1.44E-03
GO _BP G0:0032879~regulation of localization 5 1.47E-03
GO _CC G0:0031461~cullin-RING ubiquitin ligase complex 3 2.23E-03
GO _CC GO:0000151~ubiquitin ligase complex 3 5.58E-03
GO _CC GO0:0080008~Cul4-RING E3 ubiquitin ligase complex 1 2.56E-02
GO _CC G0:1990234~transferase complex 4 2.60E-02
GO _CC G0:0005927~muscle tendon junction 1 3.24E-02
GO _CC G0:0043025~neuronal cell body 2 3.36E-02
GO _CC GO0:0030667~secretory granule membrane 1 3.70E-02
GO CC  GO:0044297~cell body 2 3.77E-02

5 KEGG: Kyoto Encyclopedia of Genes and Genomes; GO_BP: Gene ontology term of the biological process;
6 GO_CC: Gene ontology term of the cellular component

7

8
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Table 3(on next page)

Table 3. Hub gene expression in brain tissue
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1
2 Table 3. Hub gene expression in brain tissue
3

Gene Symbols  Genes Secondary Gene Name Fly Atlas Fly Atlas Fly Atlas
Identifier Enrichment Affy Call mRNA Signal
Rdx CG12537 roadkill 1.3 Up 246.4
slim CG5186 scruin like at the midline 2 Up 403.2
CenG1A CG31811 Centaurin gamma 1A 2.1 Up 3529
Tnks CG4719 tankyrase 2.5 Up 217.0
Swip-1 CG10641 Swiprosin-1 2.7 Up 503.4
Cul4 CG8711 Cullin 4 0.7 Down 153.2
4
5
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