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Abstract

Studying the molecular mechanism of brain asymmetry can provide important clues to under-
stand neurological diseases and psychiatric disorders related to brain lateralization. In this paper,
asymmetric gene expression in the left/right hemispheres of Drosophila brain was genome-widely
analyzed to help understand the molecular mechanism of brain asymmetry. Using microarray
analysis of total RNAs of the left/right brain hemispheres, thirty-eight genes were found to be dif-
ferentially expressed in the left/right hemispheres. This result supports that Drosophila brain is
asymmetrical at the molecular level. Among thirty-eight genes, six genes of interests were chosen
for further analysis based on their protein structures or previous studies: dpr6, CG13299,
CG13068, Lim3, CG43759, and Ir21a. Those six genes encode proteins that serve various functions
like neural gene expression, memory control, ion channel, and membrane receptor. Surprisingly,
all six genes of interests have their peak expression during the early embryonic stages, suggesting
that they may play a role in the developmental stage of brain lateralization. Overall, these findings
of differential gene expressions in the left/right brain hemispheres can serve as a basic foundation
for further research on the understanding of the molecular mechanism of brain asymmetry.
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1. Introduction
Striking internal asymmetries of outwardly symmetrical organisms have long been a fascinating subject in the
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field of biology ever since the discovery of the unilateral Nodal signaling [1]. Brain is one representative body
part of which the asymmetrical structure is critical for its functions [2]. Based on numerous case studies and ex-
periments, the study of structural asymmetries in the brain has been considered very helpful to understand late-
ralized brain functions. For instance, the left-hemispheric specialization for speech could be fully studied and
substantiated by the discovery of structural asymmetry between the left/right plana temporale [3], which is sig-
nificantly larger and developed on the left side and spatially coinciding with a brain region that subserve speech
[4].

Functional specialization of the human brain hemispheres is apparent from the patients with aphasia caused
by the paralysis of the right side, but not left, of their body [5]. Brain laterality is often characterized by the
broad generalization that the left hemisphere is responsible for logical processes, whereas the right hemisphere
is responsible for creativity and emotion. Indeed, two brain hemispheres are known to have distinctive function-
al differences not only in humans, but also over a range of vertebrate and invertebrate species [6]. Furthermore,
disturbances in brain lateralization often strike in patients with neurological illnesses like autism [7], schizoph-
renia [8], dyslexia [9], and stuttering [10]. Therefore, profound understanding in the molecular mechanism of
brain asymmetry can provide important clues to understand neurological diseases and psychiatric disorders re-
lated to brain lateralization.

Numerous researches have been done to find the relationship between brain asymmetry and human behaviors
including speech and language, movement and sensation, and handedness. Although functional lateralization of
human brain can be roughly pictured by neuroimaging, it is extremely difficult to conduct controlled experiment
to elucidate the molecular and cellular processes involved in brain asymmetry. One research analyzed the diffe-
rential gene expression in the left/right human brain hemispheres by using global transcriptome analysis tech-
nique, and the result suggested that those differentially expressed genes might be evolutionarily or developmen-
tally involved in brain lateralization [11]. As such, molecular biology-based research may provide new oppor-
tunities in understanding the molecular mechanism of brain asymmetry.

This paper seeks to provide a foundational study on the molecular difference in the left/right brain hemis-
pheres in the simpler and genetically manipulative animal model. One of many difficulties in the research of
brain asymmetry is the practical challenge in conducting experiment with human brain. Human brain is not only
limited in resource but also extremely complex in both structure and function. To overcome such practical diffi-
culties of studying human brain, Drosophila melanogaster was used in this research as a realistic model for un-
derstanding the molecular mechanism of brain asymmetry. Drosophila has two brain hemispheres, though pri-
mitive, which exhibit significant structural differences between each other [12]. Although the study makes a
brief point about the difference between left and right brain hemisphere in the molecular level, there are no fol-
low-up studies to further explain the molecular mechanism of Drosophila brain asymmetry. In this investigation,
therefore, asymmetric gene expression in the left/right hemispheres of Drosophila brain was analyzed at the
molecular level to provide clues to understand the molecular mechanism of brain asymmetry.

2. Materials and Methods

2.1. Fly Stocks

The female w™'®fly was used in the experiments. The flies were grown on standard cornmeal-yeast-agar me-
dium at 25°C.

2.2. Microdissection of Drosophila Brain

Using a sharp needle, the head was cut off from Drosophila body. Then, the head was bilaterally dissected into
two parts, each consisting of the left and right hemispheres of Drosophila brain. To prevent the denaturation of
brain mRNA, dissected brain hemispheres were immediately separated and stored in dry ice to freeze. As a re-
sult, 250 of left and right brain hemisphere were collected. The same procedure was repeated to make two sam-
ples of the left (L-1 and L-2) and right (R-1 and R-2) brain hemispheres.

2.3. RNA Extraction and Microarray Analyses

For microarray analyses, total RNA was extracted from four samples, each consisting of 250 left or right brain
hemisphere of w''*® flies, using RNeasy Mini Kit column (Qiagen, Germany). Microarray analyses were per-
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formed with Affymetrix Drosophila Genome 2.0 Array according to the manufacture’s procedure
(http://www.affymetrix.com), with help of the genome research facility, Seoul National University, Korea. The
data were analyzed by using GoMiner program.

2.4. Quantitative Reverse Transcription PCR Analysis

RNA (3 pg) was transcribed reversely by M-MLYV reverse transcriptase (Promega). For quantitative real time
PCR, the synthesized cDNA was mixed with SYBR Green (Enzynomics, South Korea, #RT500) and appropriate
primers (300 nM) and then applied to Bio-Rad iQ5 Real-time PCR detection system. The primers that were used
to amplify brain cDNA are listed in Table 1.

2.5. Statistical Analysis

Student’s unpaired t-test was used for statistical comparison using Graphpad Prism 5. p < 0.05 was considered
statistically significant.

3. Results
3.1. Preparation of Total RNA from the Left/Right Drosophila Brain Hemispheres

Female w'**®Drosophila melanogaster was used for this investigation. The head was first cut off from Droso-
phila body and then bilaterally dissected into two parts, each consisting of the left and right brain hemispheres.
As a result, 250 of each brain hemisphere were collected. For further analyses, total RNA was extracted from
two samples of each brain hemisphere as described in Materials and Methods. The experiment was repeated
from collecting the same number of brain hemispheres.

3.2. Global Transcriptome Analysis between the Left/Right Hemispheres

The gene expression of the left/right brain hemisphere sample groups was analyzed by microarray analysis tech-
nique. Two left hemisphere samples (L-1 and L-2) and two right hemisphere samples (R-1 and R-2) were ana-
lyzed and compared to identify the genes with significantly different expression level.

In the experiment design, the left hemisphere was set up as the comparison group and the right as the experi-
mental group. Based on Student T-test (p-value < 0.05) and fold change (cutoff = 1.5), genes with significantly
different left/right expression level were identified in the volcano plot (Figure 1(a)). Interestingly, twenty-five
genes were significantly more expressed in the right hemisphere compared to in the left hemisphere; on the other
hand, thirteen genes were significantly less expressed in the right hemisphere than in the left hemisphere.

Table 1. PCR primer list.

Name Sequence Tm (°C)
Lim3-5 TCGACTTCAGCAACATGAGC 58.54
Lim3-3 GGCCTAACCAATGTTGTGCT 58.50
Ir21a-5 TTGGTATGTCCGGTATATATATAAC 52.33
Ir21a-3 TTTTCTTACTCAGGGTTCCAA 55.06
CG13068-5 TTCAAGCTGGTGAGTTGGTG 58.28
CG13068-3 CCACGTACTGCGAACTGGTA 58.24
dpr6-5 GTGTTCAGGGACCCATAGAG 55.44
dpr6-3 CACACGGCAGCTGAGATA 55.15
CG13299-5 CTCAGAAAGCAAGATGGTTTT 54.80
CG13299-3 TATGAAGGTCCTGCCAAAGT 55.76
CG43759-5 GACCATCCGGCTGCTACTAC 58.21
CG43759-3 GACGGGTAAAGTGCGAGGAA 60.96
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Figure 1. Microarray analyses. (a) Volcano plot. Based on Student T-test (p-value < 0.05) and fold change (cutoff = 1.3),
significant genes are shown in the volcano plot. Red points in the upper left side represent the genes of p-value < 0.05 among
genes of down regulation, and the red points in the upper right side represent the genes of p-value < 0.05 among genes of up
regulation. As a result, twenty-five genes were significantly more expressed in the right brain hemisphere than in the left, and
thirteen genes were significantly more expressed in the left brain hemisphere than in the right. (b) Hierarchical clustering of
heat maps. The heat maps generated from the microarray analyses of the left/right Drosophila hemisphere samples were
subject to hierarchical clustering analysis. Relative expression patterns of the significant genes in left/right hemispheres were
shown by the strength of red and green colors, each representing high (Cluster 1) and low (Cluster 2) expression level.
Twenty-five genes in Cluster 1 are shown: CG18586, CG5568, CG13068, T3dh, CG43759* (former name: CG32541), RYBP,
CG34340, s-cup, CG11570, CG3812, CG31106, Or59b, CG15554, TwdIB, CG12523, CG2083, CG17266, CG14529,
CG31814, RE66017, HDC10913, S.C2L.000027, HDC14849, CT33913, and CT34187. Thirteen genes in Cluster 2 are shown:
Or46a, Ir21a, betalnt-nu, Obp56f, Lim3, CG7573, dpr6, knrl, CG13299, CG5376, decay, S.C3R000111, and HDC13408.

The heat maps generated from the microarray analyses of the left/right Drosophila hemisphere samples were
subject to hierarchical clustering analysis (Figure 1(b)). The hierarchical clustering heat map demonstrated that
thirty-eight genes were differentially expressed in the left/right brain hemispheres. By using hierarchical clus-
tering technique, relative expression patterns of the significant genes in left/right hemispheres were shown by
the strength of red and green colors, each representing high and low expression level. As a result, 25 genes were
significantly more expressed in the right brain hemisphere than in the left (CG18586, CG5568, CG13068, T3dh,
CG43759, RYBP, CG34340, s-cup, CG11570, CG3812, CG31106, Or59b, CG15554, TwdlB, CG12523, CG-
2083, CG17266, CG14529, CG31814, RE66017, HDC10913, S.C2L000027, HDC14849, CT33913, and CT-
34187). On the other hand, 13 genes were significantly more expressed in the left brain hemisphere than in the
right (Or46a, Ir21a, betalnt-nu, Obp56f, Lim3, CG7573, dpr6, knrl, CG13299, CG5376, decay, S.C3R000111,
and HDC13408).

The thirty-eight significant genes were then categorized by three domains of gene ontology—nbiological process,
cellular component, and molecular function (Figure 2). In addition, the KEGG pathway analysis was conducted
among them. As a result, the significant genes were involved in many different biological processes, such as or-
gan development, sensory perception of chemical stimulus, cell adhesion, regulation of transcription, nervous
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Figure 2. Gene ontologies of the significant genes represented by pie charts. (a) Genes were categorized by biological
process. Significant genes were involved in various biological processes, including organ development, sensory perception
of chemical stimulus, cell adhesion, regulation of transcription, nervous system development, and apoptotic process. (b)
Genes were categorized by the location in cellular component. Vast majority of the significant genes were found in the mem-
brane or the nucleus. (c) Genes were categorized by their molecular function. Significant genes were responsible for many
different molecular functions, including sequence-specific DNA binding transcription factor activity, olfactory receptor ac-
tivity, and metal ion binding.

system development, and apoptotic process (Figure 2(a)). In terms of cellular component, vast majorities of the
significant genes were found in the membrane and the nucleus (Figure 2(b)). Lastly, significant genes were
found to serve various molecular functions, including sequence-specific DNA binding transcription factor activ-
ity, olfactory receptor activity, and metal ion binding (Figure 2(c)).

3.3. Reverse Transcription PCR

Among thirty-eight genes that were significantly differently expressed in the left/right brain hemispheres, six
genes of interests were chosen for further analysis: dpr6, CG13299, CG13068, Lim3, CG43759, and Ir2la. To
confirm the results from microarray analysis, RT-PCR was used. Significant differences in gene expression be-
tween the left and right brain hemispheres were validated by RT-PCR technique. As a result, all six genes were
confirmed to have differential gene expression in left/right brain hemispheres (Figure 3). dpré, CG13299, Lim3,
and Ir21a were significantly more expressed in the left brain hemisphere, and CG13068 and CG43759 were sig-
nificantly more expressed in the right brain hemisphere.

4. Discussion

This genome-wide study sought to provide a foundational work on the differential gene expression of the left/
right brain hemispheres of Drosophila. Surprisingly, thirty-eight genes were found to be expressed differentially
in the left/right brain hemispheres with statistical significance. Among all significant genes, six genes of interest
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Figure 3. Gene expression levels of six genes of interest in the left/right Drosophila
brain hemispheres. Results from RT-PCR as described in Materials and Methods. The
tested genes are listed in the order of Lim3, Ir21a, dpr6, CG13299, CG32541, CG43759,
and CG13068. The values in Y axis represent fold changes of gene expression. Data are
presented as mean = SEM (** p < 0.01).

were chosen for further analyses based on the previous studies or their protein structures. Those six genes en-
code proteins that serve various functions like neural gene expression, memory control, ion channel, and mem-
brane receptor, suggesting their relation to the development and lateralized functions of the central nervous sys-
tem.

The gene Lim3 encodes a protein that is located in the nucleus, containing two cysteine-rich LIM zinc-binding
domains and a homeobox DNA-binding domain [13]-[15]. Lim3 functions as sequence-specific DNA binding
transcription factor and is involved in various biological processes, including nervous system development [13],
motor neuron axon guidance [14], and regulation of cell cycle [15]. The gene expression is peaked in the em-
bryonic stage and early larval stages. Its human homologue is LIM homeobox 3, a member of a large protein
family that carries the LIM domain. It is required for pituitary development and motor neuron specification, and
its mutations can cause combined pituitary hormone deficiency [16].

Two of the selected genes encode transmembrane receptor proteins. The gene Ir21a (ionotropic receptor 21a)
encodes a structure related to extracellular glutamate-gated ion channels and its gene expression is peaked in the
embryonic stage. The gene dpr6 (defective proboscis response 6) encodes a transmembrane protein that carries
immunoglobulin domains. Inferred from sequence and structural similarity with dprl, dpr6é is predicted to be
involved in sensory perception of chemical stimulus [17]. Its gene expression is peaked during the very early
embryonic stages, and little or no expression is detected in any larval or adult organs/tissues. Such a gene ex-
pression pattern suggests that dpr6 is very likely to be involved in the early neuronal development.
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Other genes regulate many functions related to various neural activities. CG13299 showed the most dramatic
difference of gene expression level in the left/right brain hemispheres (Figure 3). A study found that the mutant
(Toi) near 3" of CG13299 showed defects in one-day memory, hinting the gene’s role in the memory control
[18]. CG43759 (former name: CG32541) encodes a protein that is involved in the inter-male aggressive beha-
vior [19]. CG13068 is highly expressed in the embryonic stages, during early larval stages, and at stages
throughout the pupal period. It is down-regulated in trx mutants [20].

Many of these genes are not yet studied in depth, but further studies of their functions in the lateralized brain
can lead us to the better understanding of the molecular mechanism of brain lateralization. Even if those genes
are not directly linked to the formation of brain asymmetry, understanding how their gene expressions are con-
trolled will provide us with the critical clues of the molecular network that regulate brain lateralization. There-
fore, these findings of differential gene expressions in the left/right brain hemispheres can serve as a basic foun-
dation for further research on the understanding of the molecular mechanism of brain asymmetry.
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