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THAI ABSTRACT 

ชุมพล งามผิว : ลักษณะทางจีโนมของการแสดงออกของยีนที่มีไลน์-๑ โดยโปรตีนอาร์โก
นอต (GENOMIC CHARACTERISTICS OF ARGONAUTE PROTEINS MEDIATE GENES 
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ส่วนประกอบทางพันธุกรรมอื่นๆ ในการแสดงบทบาทต่าง ๆ ตลอดช่วงวิวัฒนาการในสัตว์เลี้ยงลูกด้วย
นม เช่น ยับยั้งการแสดงออกของยีนหนึ่งชุดในโครโมโซมเอ็กซ์ เกี่ยวข้องกับกระบวนการแลกเปลี่ยน
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มากกว่า เพื่อรักษาความสามารถในการแสดงออกทั้งในมนุษย์และหนู ไลน์-๑ที่อยู่ในยีนของหนูจะมี
จ านวนโมโนเมอร์ซึ่งอยู่ในส่วน 5' UTR มากกว่า ซึ่งแสดงว่าโมโนเมอร์ส าคัญในการควบคุมการ
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ENGLISH ABSTRACT 
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There is increasing evidence that transcriptionally active LINE-1 (L1) could have 
been co-opted through mammalian genomes evolution to play various roles including X-
inactivation, homologous recombination and gene regulation. In this dissertation, both 
statistical and bioinformatic methods were used to evaluate intragenic L1 
hypomethylation, which may influences their host gene expressions. All experiments 
utilized array data from the Gene Expression Omnibus (GEO) database and L1 
information from L1Base. Genome-wide statistical analysis between genes containing L1s 
and their corresponding expression profile showed that these genes are likely to be 
repressed in both cancer and hypomethylated normal cells. Furthermore, AGO2 
potentially forms a complex with intronic L1 pre-mRNA that correlates with the down-
regulation of cancer genes. Thus, hypomethylated intragenic L1s could act as a nuclear 
siRNA mediated cis-regulatory element that can repress genes.  

Moreover, we found that intragenic L1 sequences have been conserved across 
evolutionary time with respect to transcriptional activity in human and mouse. The 
monomers located in the 5' UTR of mouse L1 (more monomers found more in intragenic 
regions of the host genome) suggesting their important role for controlling L1 expression. 
We then compared L1 distributions of both species across autosomes, X and Y 
chromosomes. The results agreeably reveal that L1 densities of both species located much 
denser in the X-chromosome, suggestive of X-inactivation role. A significant correlation was 
demonstrated between the presence of intragenic L1s and downregulated genes in the 
early embryogenesis of both species, suggestive of a similar role in regulating genes in 
cancers. 
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CHAPTER I 

INTRODUCTION 

 
Background and rationale 

The Long INterspersed Element-1 (LINE-1 or L1) is a transposable DNA 
element, which amplifies itself in a genome by utilizing the reverse transcription 
process similar to that of retrovirus when integrating itself to the host genome. L1 
DNAs are transcribed to RNAs, which later are converted to cDNA format using the 
underlying reverse transcriptase mechanism. These L1s enter a nuclease and 
integrate themselves into new genomic loci, causing the host genome to get bigger. 
Although L1s account for 18-20% of mammalian genomes [1, 2], most of them do 
not have retrotransposition activity owing to truncations in 5' regions, rearrangements, 
or mutations [3, 4]. However, active L1 retrotransposition is an important 
evolutionary driver of mammalian genome complexity, and is responsible for many 
heritable disorders [5]. 
 Earlier L1s were thought to be selfish DNA elements in which their only 
function was to replicate and cause host genome to expand [5]. However, through an 
evolutionary process depending on the genomic context where they have inserted, 
these L1s may have acquired other important functions, such as spreading of X-
inactivation [6-8], controlling of gene expression (acting as a cis-regulatory element), 
differentiating cells and repairing DNA [9, 10]. Interestingly, scientists also found that 
intragenic L1s are transcriptionally active during embryogenesis [11] and in cancer 
cells [12] as a result of hypomethylation. It is still unclear whether these special 
functions are conserved among mammalian genomes.  
 DNA methylation is a fundamental molecular characteristic of the human 
genome, and alteration of this epigenetic regulation is associated with cancers [13]. 
The effects of promoter methylation on chromatin configuration and gene 
transcription have been well documented [14]. Particularly, in cancer cells, global 
hypomethylation relative to the methylation level in normal cells is commonly 
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observed [13, 15, 16]. Furthermore, hypomethylation markedly affects those loci with 
moderate to high-copy repeats [17]. This epigenetic phenomenon could play several 
significant roles in multistep tumorigenesis. Most commonly recognized effect of this 
hypomethylation event is the promotion of chromosomal instability [18], increasing a 
risk of chromosome breakage and recombination including high rate of loss of 
heterozygosity (LOH) [19, 20]. Recent report reveals that hypomethylation of a L1 
activates alternate promoter of MET oncogene [21]. Due to hypomethylation is very 
common on those repeating sequences, the role of global L1 hypomethylation 
affecting gene expression profile has not yet been fully explained. Gene body 
methylation (DNA methylation within a gene) changes can certainly affect 
transcription of various transposable elements. In addition, unique methylated 
sequences in introns are frequently found in highly expressed genes [22]. Such 
methylation profile could hinder expression of these genes by forming 
heterochromatin that limits the efficiency of RNA polymerase [23]. These evidences 
implied that methylation of intragenic repetitive sequences may play roles in gene 
regulation.  
 L1s are randomly inserted across genome and are likely to skip those 
housekeeping genes [24]. A report in [25] shows that the insertion of active L1 
sequences into introns of host-gene could lower gene expression. Methylation levels 
of L1s around 5' UTR were also reported to vary at each locus across different cell 
types [26]. This supports the notion that L1s could play a role in regulating gene 
expression. To study human or mouse L1s, researchers can now access the 
comprehensive L1base database [27, 28] that stores locations of L1s and their 
annotations. On the other hand, high quality microarray gene expression data under 
different methylation conditions are also freely available from the Gene Expression 
Omnibus (GEO) database [29, 30]. Thus computational-based experiments can be 
then formulated to statistically test whether the existence of L1 elements associate 
with expression of genes.  

Although mammalian L1s are similar in nature, they are not identical. L1s 
from different mammalian species could regulate genes with different mechanisms. 
In the second part of this thesis, comparative studies between human and mouse 
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L1s are conducted. L1s were classified into two classes according to their locations in 
genome: intragenic (within the body of a gene model) and intergenic (outside the 
body of a gene model). These L1s are counted collectively from within autosomes, X 
chromosome and Y chromosome, respectively. Then, the differences between the 
distributions of mouse and human L1s over these chromosomal regions can be 
compared. Note that human and mouse L1s are different majorly in their 5' UTR 
regions where monomers uniquely present in mouse L1s and are involved in the 
mouse L1 transcriptional activities [4]. Hence, mouse L1s may make use of these 
monomers to further regulate gene expression. Knowing that epigenetics is heavily 
involved in mammalian embryogenesis, we want to perform statistical test if L1s 
from both human and mouse potentially play a role in regulating genes during the 
early stage of embryogenesis. Chi-square statistics is performed to check correlation 
between L1s and the expression of their host genes from both human and mouse 
using embryo gene expression data at different key stages, including zygote (one-
cell), two-cell, four-cell, eight-cell, morula, and blastocyst.  

 
Research questions 

1. Could human intragenic L1s repress host genes in global hypomethylated 
environment? What are specific L1 characteristics that differentiate intragenic 
and intergenic L1s? 

2. Could human L1s act like siRNA to repress expression of gene by forming 
RNA-induced silencing complex with AGO proteins? 

3. What are the different L1 characteristics between mouse and human L1s? 
How many L1 characteristics are shared between the two species in terms of 
intra- and intergenic regions?  

4. Do mammalian L1s regulate genes during early stage of embryogenesis? 
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Objectives 

1. To statistically show human intragenic L1s associated with gene regulation 
and propose novel mechanism of gene regulation via collaborated function 
of AGO proteins and L1s. 

2. To classify different characteristics between intragenic and intergenic L1s in 
human. 

3. To classify different L1s’ characteristics in mouse and compare distribution of 
L1s in both species 

4. To statistically show L1s can regulate genes in early embryogenesis in both 
species other than down regulate genes in cancer. 

 
Hypotheses 

1. Human L1s can down regulate their host genes in global hypomethylated 
environment.  

2. Gene regulation function of Intragenic L1s works as siRNAs where the 
underlying transcribed L1 RNAs are bounded by AGO proteins in nuclease to 
form RISC to silence the genes. 

3. Both mouse and human are mammal; hence their L1 elements should be 
conserved.  

4. Mammalian L1s regulate genes during early stage of embryogenesis.  
 
Key words 

 Agonaute proteins; Early embryogenesis; Gene suppression; Long INterspersed 
Element-1; LINE-1; Hypomethylation; X-inactivation 
 
Expected results 

1. The statistical results performed on genes possessing L1s and 
hypomethylation in cancers show the association between hypomethylation 
L1 can repress host genes in many cancers. 
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2. The association analysis will show the presence of AGO1, AGO2, AGO3 and 
AGO4 can affect on gene expression in either direction up- or down-regulated.  

3. The association analysis will show the presence of AGO bound on genes 
possessing L1s are more likely to regulated genes. Furthermore the analysis 
on AGO binding site locations and binding site sequences related to L1s will 
lead to yield novel mechanisms how AGO and L1s regulate gene expression. 

4. Human intragenic L1s should be more conserve than intergenic LINE-1s for 
controlling host gene regulation. 

5. Mammalian L1s should be conserved then mouse intragenic L1s 
characteristics should be more conserved similar in human for control gene 
regulation.  

6. Intragenic L1s can control gene regulation in early stages of embryogenesis in 
both human and mouse.  
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Conceptual framework 
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CHAPTER II 

REVIEW OF RELATED LITERATURE 

 
Background of Long INterspersed Element-1 

The Long INterspersed Element-1 (LINE-1 or L1) is a retrotransposable 
element that has recently been widely studied in mammal. Such transposons were 
integrated to eukaryotic genomes since ancient time. Mammalian L1s are accounted 
for approximately 18–20% in the host genome. In particular, there are about 500000 
copies of L1 in human genome while the mouse genome has almost 600000 copies 
[1, 2]. A full-length mammalian L1 is approximately 6000–8000 nucleotides. The size 
of a full-length human L1 (~6000 nucleotides) is shorter than that of mouse (~7000 
nucleotides). Full-length L1s contains two open reading frames encoding proteins 
essential for retrotransposition, a smaller ORF1 and a larger ORF2 separated by ~60 
bp intergenic region (Figure 1). Both ORFs are demarcated by 5' UTR and 3' UTR with 
a poly-A tail [31, 32]. 

 
Figure 1 The structure of full-length L1s in human and mouse 

 
There is a great deal of similarities between both ORFs of mouse and human 

L1s. The major difference of L1s between the two species is on the 5' UTR. 
Severynse and colleagues [4] proposed that the underlying differences in 5' UTR vary 
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level of transcriptional activities between the two species. In particular, the 5' UTRs 
of human L1s house two internal promoters, sense and antisense promoters [3]. On 
the contrary, the 5' UTRs of mouse L1s contains ~200 bp repeated sequences, called 
monomers [4, 33]. The numbers of these monomers differ among mouse L1 families, 
which also affect the varying promoter activities in mouse. It has been reported that 
increasing monomer copies can raise the underlying transcriptional activity [4, 34]. 

Although L1s are abundant in human and mouse genomes, most of them 
lack of retrotransposition activity due to truncations in 5' regions, rearrangements, or 
mutations [3, 4]. According to L1base [27], there are almost 12000 full-length (>4500 
nucleotides) human L1s, but only 145 of these are considered as potentially active. 
In contrast, full-length (>5000 nucleotides) L1s are more numerous in mouse, and 
the fraction of potentially active elements is considerably higher (16000 and 2382, 
respectively). Although most L1s are inactive, active L1 retrotransposition is an 
important evolutionary driver of mammalian genome complexity, and is responsible 
for heritable disorders [5]. 

It has been shown that L1s have several important roles in many high-level 
organisms. Considerable numbers of research works have reported several important 
activities of L1s, which include spreading of X-inactivation, retrotransposition activity, 
and controlling gene expression via a mechanism similar to that of siRNAs. X-
inactivation or lyonization controls the amount of gene product from X 
chromosome. L1s were shown to locate more on X chromosome than on the other 
chromosomes indicating the special role of L1s [6, 7]. The genes that are inactivated 
via gene silencing mechanism are consequently richer in L1s than those genes that 
do escape the X-inactivation [8]. This suggests that L1s may associate with the 
spreading of X-inactivation; however, the data was not sufficient to deduce that L1s 
alone were involved in the propagation from X-inactivation center (Xic) [8]. 

Furthermore, L1s play important roles along the path of mammalian genome 
evolution and possess several critical physiological functions of the cells that may be 
similar among different organisms. L1s function as retrotransposon by inserting itself 
to various loci causing random mutations as well as altering the genome size and/or 
its genome GC content [5]. It was known that this retrotransposition mechanism 
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causes various single-gene disorders such as Duchene muscular dystrophy (DMD) and 
Hemophilia, Breast cancer and Colon cancer, β-Thalassemia and others [5]. Although, 
the retrotransposition activity may have been the direct cause of such disorders, 
such an activity requires “intact” full-length L1s, which are only less than 200 
elements in human and less than 2000 elements in mouse [27]. 
  
Intragenic LINE-1 methylation and gene regulation 

 Although L1s were thought to be selfish DNA elements, but there are several 
researches to support that intragenic L1s act as cis-regulatory elements to play a 
crucial role in cell differentiation and the maintenance of normal cell function. The 
decrease of intragenic L1 methylation level are associated with the reduced 
expression level of host genes containing L1s [9]. These methylation levels of 
intragenic L1s are tissue specific [26] that lead to different gene expression levels in 
different tissues, may be a consequence of the epigenetic modification of intragenic 
L1s [10, 35]. The 5' UTR of L1, which has rich of CpGs is controlled by DNA 
methylation, L1RNA is more transcribed when methylation level is decreased. Figure 
2 shows the expression of intragenic L1s in hypermethylated, partialmethylated, and 
hypomethylated conditions. In hypermethylated condition, L1RNA is not transcribed, 
while in hypomethylated condition shows L1RNA is produced. Then the L1RNA and 
pre-mRNA complex is bound by AGO2 protein to suppress expression of mRNA [35].    
 

 
Figure 2 Intragenic L1s repress host gene expression via AGO2 [35] 
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Furthermore, our group reported that the orientation of intragenic L1s 
influence the regulation of their host genes for each siRNA experiment differently [9]. 
They showed some genes regulate genes containing L1s only when the intragenic L1 
orientations are sense or antisense direction only, while some genes had significant 
results regardless of any direction. These results suggest that the intragenic L1 
isoform changes or that some genes possess at least two different L1 regulation 
mechanisms: one mechanism promotes the gene expression, while the other 
mechanism suppresses other gene containing L1s [9].  
 
siRNA mechanism silencing gene 

 Small interfering RNA or siRNA, knows as short interfering RNA or silencing 
RNA, is a 21-25 base pairs double-stranded RNA (dsRNA). There are several reports 
show that siRNA plays many roles, especially in the RNA interference (RNAi) pathway 
to mediates the degradation of mRNAs with sequences fully complementary to the 
siRNA [36]. The originated sequences in dsRNA from transgene- and virus-induced 
silencing in plants, repeat-associated transcripts (e.g. centromeres and transposons), 
convergent mRNA transcripts, other natural sense-antisense pairs, pseudogene, 
hairpin RNAs (hpRNAs), and induced from environment are processed by Dicer into 
siRNAs with two-base overhang on the 3' ends that direct silencing (Figure 3). These 
siRNA duplex forms are assembled into pre-RISC that requires Ago protein to cleave 
the passenger strand. The guide strand or antisense strand of siRNA and Ago are form 
to functional RNA-induced silencing complex (RISC) then bind to complementary 
sequence and prevent the expression of the targeted mRNA [37]. This siRNA 
mechanism silencing gene are widely used for studying the gene function in 
interested pathways, as well as for identifying and validating new drug targets by 
silencing the target gene expression [38, 39].  
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Figure 3 Mechanism of siRNA silencing gene [37] 

 
Background of epigenetic event and global methylation change in early stage of 
embryogenesis 

The DNA methylation is the essential epigenetic control mechanism in 
mammal. During the developmental processes of embryo, DNA methylation poses a 
fundamental epigenetic barrier to guide and restrict differentiation and prevent 
regression into an undifferentiated state that directs cells toward their future lineages 
[40]. Genomewide epigenetic reprogramming occurs at stages when developmental 
potency of cell changes. In normal developmental stage or disease situations, some 
cells have major epigenetic reprogramming dealing with the removal of epigenetic 
marks in the nucleus and then followed by establishment of a different set of marks. 
Especially, this process occurs at fertilization when many genetic marks are 
eradicated and replaced with embryonic marks important for early embryonic 
development and totipotency or pluripotency. This major reprogramming also takes 
place in primordial germ cells in which parental imprints are erased and totipotency 
is restored [41].   
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During preimplantation embryo development comprises four stages: 
fertilization, cell division, morula, and blastocyst formation [42]. In mouse embryo, 
after fertilization there are active and passive hypomethylation happen to control 
gene regulation such as imprinted genes in the parental specific manner (Figure4). 
This passive demethylation continues until forming to blastocyst. After that, de novo 
methylation happens and then maintain the methylation level until developed to 
Embryo. 

 
 
 
 
 
 
 
 
 
Figure 4 The methylation profile among embryonic development in mouse [43] 

 
 The zygotic gene activation (ZGA) that is the critical transition event from 
maternal to embryonic control of development [44]. ZGA is difference among 
species. In mouse, the ZGA is initiated during one-cell to two-cell stages that differ in 
human [44, 45]. In human embryo, the ZGA is inititated at later stages, day 3 of 
human embryo development between four-cell to eight-cell stages (Figure 5) [45]. 
The ZGA of each species correspond with the DNA methylation profiles, active 
demethylation in mouse embryo happens at one-cell to two-cell stages of 
development (Figure 4). Human embryo has different methylation profile, whereas 
human zygotic gene activation (ZGA) occurs between 4-cell to 8-cell stages. 
Interestingly, Fulka and colleagues [46] reported the changes of DNA methylation 
among developmental stages in human. They reported that methylation were 
decreased significantly between four-cell to eight-cell stages in human embryo 
development and rose again between murola and late blastocyst stage (Figure 6). 
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Figure 5 Genetic networks of preimplantation development in human [45] 

 

 
Figure 6 DNA methylation changed in human embryo development [46] 
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CHAPTER III 

MATERIALS AND METHODS 

 

Human and mouse LINE-1 information  

Human and mouse L1 information were downloaded from the L1Base, which 
is a public database containing L1 elements residing in human and mouse reference 
genomes [27]. These L1 sequences include full-length intact L1s (putatively active 
with all functional elements necessary for retrotransposition present), full-length 
non-intact L1s (lacking some or mutated in functional sites, which reduce likelihood 
of mobilization), and intact ORF2 L1s (lacking ORF1 but may assist retrotransposition 
of Alu). For human, there are totally 11885 L1s including 145 full-length intact L1s, 
11637 full-length non-intact L1s and 133 intact ORF2 L1s. While in mouse, there are 
16508, 2382, 13660, and 466 L1s, respectively. L1Base provides their genomic 
locations and analytical important characteristics that associated with L1s activities. 

These L1s were categorized into two groups, intragenic and intergenic, based 
on their genomic locations in NCBI Homo sapiens reference sequence (Refseq) build 
36.3 and Mus musculus mouse Refseq build 35. The intragenic L1 group comprises 
L1s that are totally or partially located within the gene body, which from the first to 
the last exon of the largest transcript isoform (Figure 7). All other L1s are defined as 
intergenic L1, which shows graphical in Figure 7. An intragenic L1 is represented by a 
blue box, while the intergenic one is represented in a red box. The black box 
represents a gene (intragenic region) and the black line represents an area outside 
(intergenic region) the gene bodies. In human, 2535 (21.33%) of the total human L1 
elements are intragenic, which located in 1454 human genes. While in mouse, 2594 
elements or 15.71% of the total mouse L1s are intragenic L1s distributed over 1066 
genes.  
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Figure 7 Definition of intragenic and intergenic L1s 

 

Evaluate the association between gene regulation and human L1s 

 To evaluate if intragenic L1s can play a role in regulating host genes in human 
cancer. The gene expression libraries in many cancers and normal cells treated with 
5-aza-2'-deoxycytidine (Aza-dC) for genome wide demethylation were downloaded 
from the Gene Expression Omnibus (GEO) database. These libraries compose 
GSE6631 (expression data from head and neck squamous cell carcinoma) [47], 
GSE9750 (cervical cancer) [48], GSE5816 (hypomethylated genes in lung cancer) [49], 
GSE14811 (hepatocellular carcinoma) [50], GSE1299 (breast cancer) [51], GSE3167 
(bladder cancer) [52], GSE13911 (gastric cancer) [53], GSE6919 (prostate cancer) [54, 
55], and GSE9764 (carcinoma associated fibroblast) [56]. mRNAs from these GEO 
experiments were classified as "up or down" regulation if they pass the significant p-
value threshold in Student's t-test. The mRNAs that did not pass the cutoff threshold 
are classified as "not up- or not downregulated group". The list of samples in either 
group on every microarray experiments were provided as online supplementary 
documents of [12]. A Student’s t-test statistics were calculated from the average and 
standard deviation of the differences between two conditions, such as cancer and 
normal cells. The paired t-test statistics was performed on experiments with paired 
samples data, while t-test with unequal variance [57] was performed on the others. 
These statistics was performed on all probes. Some probes represented more than 
one gene (homologous probes), a gene was counted as differentially expressed (up- 
or downregulated) by expression level pass the threshold from at least one unique 
probe. If a gene contained only homologous probes, there must be at least two 
homologous probes representing the same gene. Up- or downregulated genes were 
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counted when representing probes were significantly different between test and 
control groups at p-value 0.01. 
 The chi-square statistics was used to evaluate intragenic L1s associated with 
gene regulation. The up- or downregulated genes and genes without significantly 
increased- or decreased-expression in each library were divided into two categories 
whether containing intragenic L1s or not. The chi-square analysis was formed into 2x2 
table as shown in Figure 8. The statistical methods were performed by written in 
computer programming with Python language, using "stats" library in "scipy" module, 
which used to perform statistical analysis in Python.  

 
Figure 8 Chi-square table to evaluate intragenic L1s influence host gene expression 

  
Then to evaluate intragenic L1s can repress gene expression in demethylated 

normal cells in the same pattern as cancer with the chi-square table in Figure 8. 
Figure 9 shows the chi-square test to evaluate the association between gene 
downregulated in cancer and demethylated normal cells.   

 
Figure 9 Chi-square table to evaluate downregulated genes in cancer  

   also reduce expression in demethylated normal cells 
 
Statistical analysis of L1 characteristics  

If human intragenic L1s regulate their host genes, the characteristics of L1 
sequences may have differences between L1s in intragenic and intergenic regions. L1 
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characteristics downloaded from L1Base were classified into two groups, categorical 
and non-categorical characteristics. Most of the categorical characteristics were 
obtained by compared L1 sequences with full-length L1s (L1.2 or gi:M80343 for 
human and L1MdA2 or gi:M13002 for mouse). The intactness (conservation) from 
each of these characteristics were calculated by comparing them with the 
corresponding locus on the reference L1s. These characteristics can be used to 
predict the status of L1 activity [27, 28]. From this definition, conserved means 
conservation of protein functional motifs and RNA structural elements that 
altogether are necessary and sufficient for retrotransposition [27]. These functional 
motifs include ORF boundaries, promoter motifs, poly A terminator, and important 
amino acid residues [27, 28]. The non-categorical characteristics were presented in 
term of the continuous values such as a G-C content, number of ORF gaps, ORF stop 
codons, ORF frameshifts, and intactness score (the overall score represented 
conservation of predicted L1 sequences compared with full-length L1s), etc. 

Human L1 sequences can be grouped into two major subfamilies according to 
their sequences in the 3' end of ORF2 [58], namely L1PA (primate L1s with 10668 
elements) and L1M (mammalian L1s with 969 elements). Such subfamily information 
is thought to reflect L1 age by using the assumption that sequence divergence 
increases with age [59, 60]. The different age of L1s may confound the relative 
contributions of young and old elements to the intragenic and intergenic regions, the 
Mantel-Haenszel (MH) chi-square testing model was adopted [61] on categorical 
characteristics to adjust these confounding effects. MH chi-square operates by 
combining the chi-square tests performed separately on each L1 subfamilies. MH p-
values and MH odds ratios (OR) between L1s located in the intragenic and intergenic 
region were then calculated for each characteristics. An OR greater than one 
indicates that the L1 status tested (conserved, etc.) has a higher probability to be 
intragenic than intergenic. For non-categorical (quantitative) characteristics, unpaired 
Student’s t-tests with unequal variances [57] were performed to compare the 
differentiation between intragenic and intergenic L1s. These statistical tests were 
conducted to test the null hypothesis that for a given feature of L1, there should not 
be much different between intragenic and intergenic L1s. There are 33 categorical 
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and 18 non-categorical characteristics of human L1s. For chi-square tests, 2×2 
contingency tables were constructed for every categorical characteristic, describing 
relationship between groups related to the host genome (intragenic/intergenic) and 
condition, e.g., conserved, CpG islands, and L1 functional characteristics.  

 
Intragenic human L1s works as siRNAs by collaborated with AGO proteins to 
repress genes 

 To evaluated gene regulation function of intragenic human L1s act like siRNA 
to repress expression of gene by forming RNA-induced silencing complex (RISC) with 
Argonaute proteins (AGO). The analysis of transcripts regulated by Dicer and 
Argonaute proteins in human HEK-293 cells (GSE4246 [62]) was downloaded from 
GEO database. This microarray data composes the genes expression of embryonic 
kidney cells that knock down AGO (AGO1, AGO2, AGO3, and AGO4) and control. If 
AGO proteins involve to down regulate genes, the gene expressions when knock 
down AGO protein should be up regulate genes. If AGO proteins can up regulate 
genes, the gene expressions when knock down AGO should down regulate genes, in 
vice versa. The paired Student’s t-test with the p-value 0.05 cutoff was used to 
differentiate the upregulated genes from unchanged as well as downregulated genes.  

If intragenic human L1s act as siRNA by forming with AGO proteins in RISC to 
repress genes, the AGO proteins should be binding closely with L1s. The 
chromosomal locations of AGO binding sites were retrieved from the CLIPZ database 
[63], which releases RNA-binding protein (RBP) binding site data generated by 
crosslinking and immunoprecipitation (CLIP) mapping technique. Only AGO binding 
sites longer than 18 base pairs were included in this study. The locations of AGO 
binding sites were mapped to human genome reference sequence build 36.3 and 
then targeted genes of those AGO were identified. The list of genes that contain AGO 
binding sites and also contain L1 were obtained from intersecting the set of genes 
that has at least one AGO target site with the set of L1-associated genes inferred 
from L1base as shown in Figure 10. The locations of AGO binding sites in relative to 
L1 sequences were also identified and were plotted to see their distribution. 
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Figure 10 Chi-square table to evaluate gene containing L1s versus gene regulation in 
AGO knocked down cells 

 

Conservation and distribution of human and mouse L1s 

To evaluate L1s should be conserved in other mammals. The mouse L1s 
information retrieved from L1Base were also categorized into intragenic and 
intergenic groups. Mouse L1s can be classified into four subfamilies according to their 
monomer signatures located at 5' UTR of L1s [28]. These subfamilies are F (2602 
elements), A (6336 elements), TF (4940 elements), and GF (1622 elements). There are 
42 categorical functional characteristics and 11 non-categorical L1 characteristics. The 
MH chi-square and Student’s t-test were performed on categorical and non-
categorical characteristics as same as in human L1s.  

L1s mapped to human and mouse genomes were classified into three 
classes, namely L1s in autosomes (chromosome 1 to 22 in human and chromosome 
1 to 19 in mouse), the X chromosome and the Y chromosome, respectively. L1 
density was calculated as L1 counts per million base pairs (cMbp) of the host 
chromosomal regions. The genome-wide distributions and densities of intragenic and 
intergenic L1s were calculated separately for the two species. The comparison of L1 
distributions in human and mouse genome were presented with bar graphs 
separately. 
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Analysis of intragenic L1s regulating gene expression during embryogenesis 

 To test the hypothesis that intragenic L1s regulate genes in other 
physiological cellular processes such as embryogenesis in mammalian species, the 
publicly available microarray data from different stages of preimplantation embryonic 
development, namely one-cell, two-cell, four-cell, eight-cell, morula and blastocyst 
stages (GEO accession number GSE18290 [64]) was analyzed. The gene regulation 
profiles of one-cell stage were compared with all other stages for human and mouse. 
Differentially expressed genes between each developmental stage and the one-cell 
stage were identified using paired Student’s t-test. Paired t-statistics were calculated 
from the average and standard deviation of differences between paired samples of 
each developmental stage and the one-cell stage. Genes with p-values less than 
0.05 were considered as differentially expressed. Chi-square analysis was then 
performed to test if genes containing L1 sequences are associated with up regulation 
with respect to the one-cell stage. The 2x2 contingency tables were constructed with 
rows of number of genes with L1 present and L1 absent, and columns of number of 
upregulated genes and the rest as shown in Figure 8. Similar 2x2 contingency tables 
were also constructed for testing L1 association with downregulated genes in which 
columns were constructed as downregulated genes and the rest. Chi-square tests 
were performed for both human and mouse between each pair of time-points. 
Thresholds for statistical significance were p-value < 1.0E-03 and OR > 1.0. 
 Finally, the significant regulated genes containing L1s were identified. The 
downregulated homologous genes in both species were listed. The gene function 
and associated pathway were also identified to support the hypothesis. 
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CHAPTER IV 

RESULTS 

 
Human intragenic L1s repress genes in global hypomethylated environment 

This study evaluates the association between gene regulations and intragenic 
L1s in global hypomethylated environments. These microarray data compose nine 
cancer types, the genes in each microarray experiments are classified into 
upregulated, downregulated, or not regulated. The association tests between gene 
possessing L1s and gene regulations were performed by chi-square test in Figure 8. 
Table 1 shows chi-square tests of gene expression in gastric cancer (GSE13911). Genes 
possessing intragenic L1s were found less likely to be upregulated with Odds Ratio 
(OR) = 0.64, p-value = 2.6572E-08, 95% confidence interval = 0.54-0.75 (Table 1A). 
Moreover, expression of genes containing L1s were more commonly decreased (OR = 
1.61, p-value = 9.4992E-16, 95% CI = 1.43-1.81; Table 1B). Intragenic L1s may control 
hundreds of genes. Among 1458 genes containing L1s, 1158 genes were not 
upregulated and 459 genes were downregulated (Table 1A and 1B).  

Table 1 Chi-square tests compare between gene possessing L1s and gene regulation 
in gastric cancer 

 

The analysis on other cancers were performed and showed in Table 2. These 
results showed five in eight cancers comprise cervical cancer, lung cancer, breast 
cancer, lobular and ductal breast carcinomas, and bladder carcinoma situ were also 
more likely to decrease expression in genes containing L1s. Moreover, genes with 
higher expression levels in those cancers were less likely to possess L1s. Therefore, 
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intragenic L1s may repress host genes in these cancers. In prostate cancer, head and 
neck squamous cell carcinoma, and liver cancer, L1s are not statistically significant 
associated with gene regulation. 

Table 2 Chi-square tests were performed on multiple cancer types 

 
Our group measured intragenic L1 methylation and host gene’s mRNA level 

to explore the relation pattern between L1 methylation levels and gene expression 
[12]. They previously evaluated methylation levels of 17 intragenic L1 loci and found 
that the L1 methylation levels in some loci are strongly correlated in cancer cells, 
suggesting locus specific mechanism [18]. 

 

Loss of methylation in normal cell represses genes that harbor L1s  

 An analysis of gene expression in human bronchial epithelial cells (hBECs) and 
human mesenchymal stem cells (hMSCs) after genome wide demethylation by Aza-
dC treatment demonstrated a greater prevalence of intragenic L1s in downregulated 
genes in Table 3 and Table 4 (OR = 1.61, p-value = 1.0575E-03 and OR = 1.59, p-
value = 6.2736E-03, respectively), interestingly, a similar pattern as found in cancers.  
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Table 3 Chi-square tests compare between gene possessing L1s and gene regulation 
in hBEC cells treated with high dose Aza-dC 

 

Table 4 Chi-square tests compare between gene possessing L1s and gene regulation 
in hMSCs treated with Aza-dC 

 
 

 The genome wide hypomethylation regulated genes in cancer was further 
explored. The chi-square test for determining the significance of overlap between 
downregulated genes in demethylated hBECs and in lung cancer was performed. 
Genes which were downregulated in Aza-dC treatment on hBECs were found to 
preferentially have lower mRNA levels in the cancerous cells of the lung (p-value = 
2.4401E-28; OR = 3.43); Table 5A). This supports the hypothesis that hypomethylation 
down regulates genes in cancer. 

Interestingly, hypomethylation down regulates both groups of genes, with L1s 
(p-value=1.8525E-02; OR=2.50; Table 5B) and without L1s (p-value=1.3879E-26; OR = 
3.52; Table 5C). Therefore, it is possible that in addition to L1 there are other DNA 
methylated gene body elements that regulated gene expression. This hypothesis is 
supported by a recent report that, in gene body, unique methylated sequences are 
more prevalence in highly expressed genes [22].  
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Table 5 Chi-square test compare between genes that down regulate both in lung 
cancer and hBECs treated with Aza-dC 

  

Our group measured the methylation and RNA levels that showed an inverse 
correlation between genome wide L1 methylation and L1 RNA. That finding supports 
the hypothesis that L1 hypomethylation increases L1 RNA transcription [65]. Intronic 
genes have been proposed to form aberrant RNA complexes with host genes and 
consequently inactivate host gene transcription [66].  

 

Conservation of human intragenic L1 sequences to control gene regulation 

 Human L1 sequence variances and other characteristics downloaded from 
L1Base [27] were classified into intragenic and intergenic L1s. The MH chi-square 
tested was performed on 33 categorical characteristics while Student’s t-test was 
performed on 18 non-categorical characteristics. The MH chi-square and student’s t-
test p-value measurements were presented in -log10(p-value), where the higher 
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number represents more significant value. Human intragenic L1s are more likely 
conserved than intergenic L1s (Figure 11A), there are 15 categorical characteristics 
were passed the significant threshold (p-value=1.0E-03). The green and orange bars in 
Figure 11A represent conserved and mutated features, respectively. These colored 
bars are aligned with L1 structure shown below the graphs. The significant 
characteristics were widely distributed along L1 structure including 5' UTR, ORF1, and 
ORF2. The bars marked with an asterisk (*) indicate the features calculated for the 
entire L1 sequence. The left side of Figure 11A shows intragenic L1s are more 
conserved, while right side shows intergenic L1s are more mutated. Figure 11B shows 
the significant non-categorical characteristics. The blue columns indicate that more of 
these features appear in the intragenic L1s than that of intergenic ones. The red 
columns indicate that there are more of such features in the intergenic L1s than that 
of intragenic ones. The left panel shows GC content, intactness score, ORF1 and 
ORF2 codon adaptation indexes (CAI) were more prevalence in intragenic. Intergenic 
L1s contain more A and T nucleotides, frameshifts, and stop codons in both ORF 
were shown in right panel. This results show intragenic L1 sequences have been 
conserved across evolutionary time with respect to transcriptional activity for 
mammalian DNA methylation. These findings implied physiological functions of 
intragenic L1 methylation. The detail of statistical results were provided as online 
supplement in [67]. The précis of human L1 characteristics were summarized in 
Appendix.  
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Figure 11 The comparison between intragenic and intergenic human L1 sequences. 
 

Human intragenic LINE-1 elements repress transcription in cancer cells through 
AGO2  

  To evaluate if intragenic L1 RNA reduces host gene mRNA via AGO2, AGO2 
protein deprivation will result to increase mRNA levels of genes hosting L1s. Analysis 
of mRNA microarray of AGO knock down experiment (GSE4246) was performed. Table 
6 demonstrates that the limited expression of AGO protein in a human embryonic 
kidney cell line resulted in an expression pattern of gene containing L1s that was 
opposite from that observed during L1 hypomethylation; namely, they were more 
likely to be upregulated in AGO2 knocked down (OR = 1.48, p-value = 9.1036E-05; 
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Table 6B). Other AGO knocked down experiments (AGO1, AGO3, and AGO4) were not 
upregulated gene containing L1s (Table 6). AGO1 and AGO4 have opposite results 
with AGO2 that likely to downregulate genes containing L1s. This suggested that 
AGO2 preferentially limits the concentration of mRNAs derived from genes containing 
L1s. AGO1 and AGO4 should play a role that opposite to AGO2. 

Table 6 Chi-square test compare between genes containing L1s and gene regulations 
when knocked down AGO proteins 
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The AGO2 binding sites from CLIPZ database were downloaded and mapped 
to human reference sequence (NCBI Refseq build 36.3). The genes containing AGO2 
binding sites were identified and used to association with genes that upregulated in 
AGO2 knocked down experiment. Table 7 shows the 2x2 contingency table 
displaying a chi-square test of association between the presence of L1 and AGO2 
binding sites. AGO2 binding sites were found in all L1-containing genes that were 
upregulated in AGO2 knocked down cells (124 out of 126 genes, OR = 17.91, p = 
3.5138E-08). 

Table 7 Chi-square test compare between upregulated genes containing L1s and 
AGO2 binding 

 

 Focusing on these upregulated genes, the distribution of AGO2 binding sites 
related on L1 can be found. Numbers of AGO2 binding sites were counted if they are 
found in the vicinity of L1. Particularly, a histogram by counting the number of AGO2 
binding sites located within 600 kb upstream and downstream of L1 was created by 
using the 25-kb interval size (Figure 12). Figure 12A and Figure 12B demonstrate the 
frequency distribution of AGO2 binding sites with respect to antisense and sense L1, 
respectively. Interestingly, hundreds of AGO2 binding sites were found at 
hypothetical locations presenting double strand RNA between pre-mRNA and 5' or 3' 
L1 transduction sequence. These were sequences nearby L1 at 5' direction from L1 
toward gene transcriptional start sites. Therefore, AGO2 preferentially regulates genes 
containing L1s by targeting intragenic L1 RNAs with sequence complementary to pre-
mRNAs. 
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Figure 12 The frequency distribution of AGO2 binding sites corresponding with                                                        
the location of antisense and sense L1s 

 

Conservation of mouse L1s 

 Previous experiment showed that intragenic human L1s are more conserved 
than intergenic ones. The greater conservation of human intragenic L1 sequences 
may reflect functions dependent on L1 transcription. The conservation and 
distinction of intragenic and intergenic L1 sequences in mouse and human may be 
similar. The conservation of mouse L1s were also tested by Mantel-Haenszel chi-
square and unequal variance Student’s t-tests, the detail information of mouse L1 
characteristics were summarized in Appendix. The completed statistical results were 
provided as online supplement in [67]. Figure 13A shows that intragenic L1s are 
significantly more conserved in mouse as well as human. In mouse intragenic L1s, 
conserved features are distributed along the structure of L1 except for the 5' UTR. 
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Only one functional feature, the SA-154 acceptor splice site on antisense mouse L1 
sequences, is poorly conserved among intragenic mouse L1. There are three 
conserved features in ORF1, six in ORF2 and one in the 3' UTR. For both mouse and 
human, intragenic L1s have significantly higher intactness score and GC contents than 
that of intergenic L1s (Figure 13B). The number of monomer and monomer splice 
sites are significantly greater in intragenic L1s. These analyses indicate that many 
important features of mouse L1 sequences are well conserved in intragenic L1s. 
Furthermore, the significantly higher number of monomer repeats (> 3 copies on 
average) in mouse intragenic L1s suggests their main roles in regulating transcriptional 
activities as reported in [4, 34]. Therefore, like human intragenic L1s, the conservation 
of structural features could suggest a similar transcriptional role. 
 

 

Figure 13 The comparison between intragenic and intergenic mouse L1 sequences 
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Comparison of L1 chromosomal distributions  

 The densities of the mouse and human L1s in term of number of L1s per 
Mbp (cMbp) on autosome, X and Y chromosomes were represented with a bar graph 
(grey columns present distribution of mouse L1s while black columns present human 
L1s) in Figure 14A. Except for the Y chromosome, L1 density is much greater in 
mouse than that of human. Intragenic L1 density is lower than intergenic for 
autosomes and X chromosome of both species, whereas the density of intragenic L1s 
is greater in the Y chromosome of both species. Figure 14B showed two side-by-side 
bar graphs comparing intragenic (blue columns) vs. intergenic (red columns) L1s on 
mouse and human genomes. The denseness of intragenic L1s in Y-chromosome 
(ChrY) cannot be explained by the compactness of Y-chromosome. The percentage 
of intergenic region is always larger than intragenic region on all chromosomes and is 
largest for the Y chromosome. In the human genome on average, 58.95% of 
autosomes are intergenic whereas the intergenic contents of sex chromosomes are 
higher (68.68% and 94.26% for X and Y respectively). Intergenic contents in mouse 
are similar (68.30% average of autosomes, 78.54% for X and 96.35% for Y). 
 

 
Figure 14 Distribution of mouse and human L1s over their genomes 

 
Intragenic L1s regulate genes in early embryogenesis 

 L1s are expressed in early embryogenesis [11], and L1 products are essential 
for development [68]. It is not known, however, if expression of intragenic L1 
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regulates expression of gene pre-mRNA in embryogenesis similar to what was 
reported in cancer [12]. The analysis of microarray expression data from human and 
mouse early embryonic stages were performed whether changes in expression are 
associated with intragenic L1s.  

In human, the observed number of genes with intragenic L1 and 
downregulated relative to the one-cell stage are significantly higher than expected 
for eight-cell, morula, and blastocyst. In contrast, no significant association was found 
for upregulated genes and intragenic L1s (Table 8). Significantly higher than expected 
numbers of downregulated genes with intragenic L1 were also found for all stages 
except blastocyst in mouse (Table 9). 
 
Table 8 Intragenic L1s control gene expression in human early embryogenesis. 

Chi-square test of association between human intragenic L1s and differential 
embryo gene expression stage (between cell division stage) 

 2-cell vs.  4-cell vs. 8-cell vs. Morula vs. Blastocyst vs. 
 1-cell 1-cell 1-cell 1-cell 1-cell 

Up
 

p-value 1.5217E-01 3.6563E-03 1.9267E-03 3.4991E-06 1.7847E-04 
OR 1.29 1.33 0.75 0.70 0.76 
95%CI 0.94-1.51 1.10-1.60 0.63-0.90 0.60-0.81 0.66-0.88 

Do
wn

 p-value 8.9550E-01 8.1226E-01 3.2387E-24 1.7497E-24 1.4097E-18 
OR 0.98 1.02 1.80 1.83 1.70 
95%CI 0.72-1.34 0.85-1.24 1.61-2.02 1.63-2.05 1.51-1.91 

Bold items indicate differential stages that pass the threshold (OR>1.0 and                  
p-value<1.0E-03). 
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Table 9 Intragenic L1s control gene expression in mouse early embryogenesis. 
 

Chi-square test of association between mouse intragenic L1s and differential 
embryo gene expression stage (between cell division stage)  

 2-cell vs.  4-cell vs. 8-cell vs. Morula vs. Blastocyst vs. 
 1-cell 1-cell 1-cell 1-cell 1-cell 

Up
 

p-value 9.0033E-20 7.0438E-18 1.0780E-21 1.7495E-13 1.1192E-04 
OR 0.17 0.32 0.29 0.42 0.48 
95%CI 0.11-0.26 0.24-0.42 0.23-0.38 0.33-0.53 0.32-0.70 

Do
wn

 p-value 6.7540E-07 9.3628E-09 1.7002E-10 6.5540E-07 1.2723E-02 
OR 1.57 1.65 1.73 1.55 1.27 
95%CI 1.31-1.87 1.39-1.96 1.46-2.05 1.30-1.85 1.05-1.53 

Bold items indicate differential stages that pass the threshold (OR>1.0 and                   
p-value<1.0E-03). 
 
 Among the stages with significant association of intragenic L1 and down-
regulation, 300 genes are commonly down regulated among human stages whereas 
107 are common among mouse stages (Figure 15). Figure 15A showed the 
intersection of three gene sets in human genome. A colored circle represents each 
gene set. The numbers in yellow, blue, and red circles indicate the numbers of 
associated human genes in “8-cell vs. 1-cell”, “morula vs. 1-cell”, and “blastocyst 
vs. 1-cell” differential expression stages, respectively.  The intersection of four gene 
sets in mouse genome were shown in Figure 15B. Each gene set is represented by a 
colored oval. The numbers in green, pink, yellow and blue ovals indicate the 
numbers of associated mouse genes in “2-cell vs. 1-cell”, “4-cell vs. 1-cell”, “8-cell 
vs. 1-cell”, and “morula vs. 1-cell” differential expressions stages, respectively. 
Among the genes in these two intersection sets, 14 are orthologous between human 
and mouse, according to the mouse genome database [69]. Figure 15C showed the 
list of mouse-human orthologous genes found in both mouse and human 
intersection gene sets. Each orthologous gene pair indicates the mouse gene name 
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followed by the human gene name. The numbers in parentheses present the 
corresponding gene ids. By using Gene Ontology [70] and GeneCards [71], the 
molecular functions of these orthologous genes are listed in Table 10.  
 

 

Figure 15 The down-regulated gene sets at differential gene expression stages in 
early embryogenesis that pass the chi-square tests 
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Table 10 Molecular functions of 14 orthologous down-regulated genes during early 
embryogenesis in human and mouse. 

 

 
 
 
 

Mouse gene Mouse 

GeneID

Mouse gene function Human 

gene

Human 

GeneID

Human gene function Function from GeneCards

Kcnq1 16535 calmodulin binding, delayed rectifier 

potassium channel activity, ion 

channel activity, outward rectifier 

potassium channel activity, potassium 

channel activity, voltage-gated ion 

channel activity, voltage-gated 

potassium channel activity

KCNQ1 3784 calmodulin binding, delayed rectifier 

potassium channel activity, outward rectifier 

potassium channel activity, voltage-gated 

potassium channel activity

Probably important in cardiac repolarization. Associates with KCNE1 

(MinK) to form the I(Ks) cardiac potassium current. Elicits a rapidly 

activating, potassium-selective outward current. Muscarinic agonist 

oxotremorine-M strongly suppresses KCNQ1/KCNE1 current in CHO 

cells in which cloned KCNQ1/KCNE1 channels were coexpressed with 

M1 muscarinic receptors. May associate also with KCNE3 (MiRP2) to 

form the potassium channel that is important for cyclic AMP-stimulated 

intestinal secretion of chloride ions, which is reduced in cystic fibrosis 

and pathologically stimulated in cholera and other forms of secretory 

diarrhea.
Rad51l1 19363 ATP binding, DNA binding, DNA-

dependent ATPase activity, nucleoside-

triphosphatase activity, nucleotide 

binding

RAD51B 5890 ATP binding, DNA binding, DNA-dependent 

ATPase activity, protein binding

Involved in the homologous recombination repair (HRR) pathway of 

double-stranded DNA breaks arising during DNA replication or induced 

by DNA-damaging agents. May promote the assembly of presynaptic 

RAD51 nucleoprotein filaments. The RAD51B-RAD51C dimer exhibits 

single-stranded DNA-dependent ATPase activity. The BCDX2 complex 

binds single-stranded DNA, single-stranded gaps in duplex DNA and 

specifically to nicks in duplex DNA.
Rabgap1l 29809 GTPase activator activity, Rab 

GTPase activator activity, Rab 

GTPase binding

RABGAP1L 9910 Rab GTPase activator activity, Rab GTPase 

binding

Fut8 53618 SH3 domain binding, alpha-(1->6)-

fucosyltransferase activity, 

glycoprotein 6-alpha-L-

fucosyltransferase activity, transferase 

activity, transferase activity, 

transferring glycosyl groups

FUT8 2530 SH3 domain binding, glycoprotein 6-alpha-L-

fucosyltransferase activity

Catalyzes the addition of fucose in alpha 1-6 linkage to the first GlcNAc 

residue, next to the peptide chains in N-glycans.

Pde3a 54611 3',5'-cyclic-AMP phosphodiesterase 

activity, 3',5'-cyclic-AMP 

phosphodiesterase activity, 3',5'-cyclic-

nucleotide phosphodiesterase activity, 

cAMP binding, cGMP-inhibited 

cyclic-nucleotide phosphodiesterase 

activity, catalytic activity, hydrolase 

activity, metal ion binding, 

phosphoric diester hydrolase activity

PDE3A 5139 3',5'-cyclic-AMP phosphodiesterase activity, 

cAMP binding, cGMP-inhibited cyclic-

nucleotide phosphodiesterase activity, metal 

ion binding

Cyclic nucleotide phosphodiesterase with a dual-specificity for the second 

messengers cAMP and cGMP, which are key regulators of many 

important physiological processes (By similarity).

Lmbr1 56873 - LMBR1 64327 - Putative membrane receptor.

Vav3 57257 Rac guanyl-nucleotide exchange 

factor activity, Rho guanyl-nucleotide 

exchange factor activity, epidermal 

growth factor receptor binding, 

guanyl-nucleotide exchange factor 

activity, metal ion binding, 

phospholipid binding, protein binding

VAV3 10451 GTPase activator activity, Rac guanyl-

nucleotide exchange factor activity, 

SH3/SH2 adaptor activity, epidermal growth 

factor receptor binding, metal ion binding, 

phospholipid binding, protein binding

Exchange factor for GTP-binding proteins RhoA, RhoG and, to a lesser 

extent, Rac1. Binds physically to the nucleotide-free states of those 

GTPases. Plays an important role in angiogenesis. Its recruitment by 

phosphorylated EPHA2 is critical for EFNA1-induced RAC1 GTPase 

activation and vascular endothelial cell migration and assembly (By 

similarity). May be important for integrin-mediated signaling, at least in 

some cell types. In osteoclasts, along with SYK tyrosine kinase, required 

for signaling through integrin alpha-v/beta-1 (ITAGV-ITGB1), a crucial 

event for osteoclast proper cytoskeleton organization and function. This 

signaling pathway involves RAC1, but not RHO, activation. Necessary 

for proper wound healing. In the course of wound healing, required for the 

phagocytotic cup formation preceding macrophage phagocytosis of 

apoptotic neutrophils. Responsible for integrin beta-2 (ITGB2)-mediated 

macrophage adhesion and, to a lesser extent, contributes to beta-3 

(ITGB3)-mediated adhesion. Does not affect integrin beta-1 (ITGB1)-

mediated adhesion (By similarity).Rsrc1 66880 protein binding RSRC1 51319 protein binding Plays a role in pre-mRNA splicing. Involved in both constitutive and 

alternative pre-mRNA splicing. May have a role in the recognition of the 

3' splice site during the second step of splicing.
Ccdc132 73288 molecular_function CCDC132 55610 - -

Tusc3 80286 magnesium ion transmembrane 

transporter activity

TUSC3 7991 dolichyl-diphosphooligosaccharide-protein 

glycotransferase activity, magnesium ion 

transmembrane transporter activity

Magnesium transporter. May be involved in N-glycosylation through its 

association with N-oligosaccharyl transferase.

Hivep1 110521 DNA binding, DNA binding, HMG 

box domain binding, metal ion 

binding, nucleic acid binding, protein 

binding, zinc ion binding

HIVEP1 3096 DNA binding, protein binding, zinc ion 

binding

This protein specifically binds to the DNA sequence 5'-GGGACTTTCC-

3' which is found in the enhancer elements of numerous viral promoters 

such as those of SV40, CMV, or HIV-1. In addition, related sequences are 

found in the enhancer elements of a number of cellular promoters, 

including those of the class I MHC, interleukin-2 receptor, and interferon-

beta genes. It may act in T-cell activation. Involved in activating HIV-1 

gene expression. Isoform 2 and isoform 3 also bind to the IPCS (IRF1 and 

p53 common sequence) DNA sequence in the promoter region of 

interferon regulatory factor 1 and p53 genes and are involved in 

transcription regulation of these genes. Isoform 2 does not activate HIV-1 

gene expression. Isoform 2 and isoform 3 may be involved in apoptosis.
Rims2 116838 Rab GTPase binding, ion channel 

binding, metal ion binding, protein 

binding, protein domain specific 

binding, protein heterodimerization 

activity

RIMS2 9699 Rab GTPase binding, metal ion binding, 

protein binding

Rab effector involved in exocytosis. May act as scaffold protein.

Tox 252838 DNA binding TOX 9760 DNA binding May play a role in regulating T-cell development (By similarity).

Cntn4 269784 - CNTN4 152330 - Contactins mediate cell surface interactions during nervous system 

development. Has some neurite outgrowth-promoting activity. May be 

involved in synaptogenesis.

Table 4. Molecular functions of 14 orthologous down-regulated genes during early embryogenesis in human and mouse
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CHAPTER V 

DISCUSSION 

We conducted genome-wide statistical analyses using publicly available 
microarray expression datasets that report gene expression level from different 
disease conditions or biological process-related mechanisms.  The present findings 
show that genes containing intragenic L1s are more likely to be repressed in many 
cancers and that downregulation level depends on the degree of L1 
hypomethylation. Levels of L1 hypomethylation vary at each locus of a tumor and 
they may change throughout the multistage carcinogenesis process. In general, more 
advanced stages of cancer are associated with a greater degree of hypomethylation 
[15, 72-76]. Therefore, intragenic L1s may promote cancer progression in part due to 
increasing degrees of gene repression and numbers of repressed genes. 

Even though L1s are still active retrotransposons and the new insertion can 
be identified as L1 insertion dimorphisms (LIDs). These LIDs were reported to cause 
many diseases [5]. In human, the majority of LIDs are truncated and localized in 
intergenic regions [77-79]. Therefore, the number of long LIDs in intragenic region are 
low. Moreover, L1Base hosts locations of L1s from both human (human genome 
version 36) and mouse (mouse genome version 35). Most L1s in L1Base are not 
newly inserted and very few may represent common LIDs. This supports our 
statistical analysis between L1 locations in host genes and their expression profiles 
that LIDs should not regulate these genes.  

Many studies have reported the methylation of tumor suppressor gene 
promoters in cancer cells; this epigenetic-based regulation has become a potential 
candidate for biomarker and therapeutic target development. As genome-wide 
hypomethylation is common to many cancer types [15], our results  support that the 
global hypomethylation could down regulate some genes in cancer. Furthermore, 
there may be several hypomethylation-mediated cis-suppressor elements, including 
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intragenic L1s. Hence, the hypomethylation sites and repressed genes described here 
represent a vast number of molecular targets and diagnostic markers. 

However, not all intragenic L1s can repress gene expression in cancer, and 
intragenic L1s may regulate genes through several distinct mechanisms. Although 
human L1 sequence analysis showed that there are high number of conserved 
intragenic L1s, their sequences and distributions vary markedly. The methylation 
levels of some L1 loci are independent of genome wide L1 hypomethylation in 
cancer [26]. Rangwala et al. [80] reported that levels of L1 RNA vary in normal cells 
[26], suggestive of other factors influencing L1 expression. Therefore, it is important 
to further explore L1 and genome characteristics that may determine their repression 
properties in cancer cells. 

This work also established a new finding that L1s could be complex with 
AGO2 to silence genes under a global hypomethylation environment. We 
hypothesized that L1 hypomethylation increases L1 RNA levels, which is then 
transcribed in both direction from sense and antisense promoters and formed 
dsRNAs. These dsRNAs are converted to siRNAs that form RISC complexes with AGO2, 
resulting in disruption of mRNA processing of genes containing hypomethylated L1s. 
This hypothesis is supported by the experiment in [81] in which AGO2 was reported 
to commonly target L1 RNA and was proposed to prevent retrotransposition events 
[82]. However, the role of the L1-RNA-AGO2 complexes derived from the majority of 
retrotranspositionally incompetent elements was unknown. Moreover, there are 
several mechanisms by which RISC can regulate gene expression [83].  

Our experiments show strong statistical support that intragenic L1 
hypomethylation represses genes via a post-transcriptionally mechanism, based on 
siRNA and AGO2. However, it is possible that there are other mechanisms that should 
be further explored such as the interference with the elongating RNA Pol2 
transcribing their host genes or formation of chromatin complex in relation with L1 
methylation level.  
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Based on the available data of mouse L1 sequences from L1Base, the 
conservation of mouse L1 sequences were analyzed. This statistical result shows 
mouse intragenic L1s also have more conserved than intergenic ones. But these 
conservations in mouse are less conserved than human. The lower conservation of 
mouse L1 is particularly marked in the 5' UTR, in which variation in monomer repeats 
was shown previously to control L1 promoter activity [4, 34]. The significantly higher 
number of monomer in intragenic compared with intergenic L1s suggests that 
intragenic L1s are more transcriptionally active. The difference in mechanism of 
transcriptional control in human and mouse L1 may suggest that the transcriptionally 
active L1s have acquired biologically important functions independently in different 
mammalian lineages, i.e., convergent evolution [84]. 

The L1 density is greater in mouse than human, including L1s within genes. 
The intergenic L1s density is greater in autosome and X-chromosome but less in Y-
chromosome. On the X-chromosome, L1 density is highest in mouse and human. 
This result supports the thought that L1s act as boosters for spreading of inactive 
genes from the center of inactivation [7, 8]. For autosomal and X-chromosomes, 
intergenic L1 densities are much higher than intragenic ones. The lower density of 
intragenic versus intergenic L1 in both species suggests that L1 retrotransposition into 
genes is likely to be deleterious in some genes and would selected against in 
evolution [85]. This purifying selection in the X and autosomes could be facilitated 
by recombination of homologous chromosomes or homologous recombination DNA 
break repair. Y-chromosome is hemizygote and majority of the chromosome lacks 
homologous recombination. If the role of intergenic L1s is related to increasing of 
homologous recombination rate, intergenic L1s in Y-chromosome may have no 
function and can be considered as junk DNA. Rearrangements and deletion 
mutations of intergenic L1s in Y-chromosome should not affect fitness and the L1s 
should be continuously lost during evolution. In contrast to intergenic L1s, intragenic 
L1s possess gene regulatory function and should be conserved [9, 11, 12]. As a result, 
in Y-chromosome, intragenic L1 density is higher than intergenic for both human and 
mouse. 
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Although these tests are suggestive for possible function of intragenic L1s in 
human and mouse such as X-inactivation, there are alternative explanations that do 
not require L1s to have functions. For example, some rodent species thought to lack 
potentially mobile L1 still have X-inactivation [86]. In addition, accumulation of L1 
elements in X still continues even when X-inactivation is not needed in Tokudaia 
osimensis, an XO species [87]. The reason for conservation of intragenic L1s could 
stem from the genomic context that these elements are located, i.e., genic regions 
are likely to be more constrained by background selection, hence conservation of 
intragenic L1s does not necessarily imply function. Therefore, apart from direct 
testing for function, e.g., L1 ablation by genome editing tool, comparison among a 
greater range of mammalian species could provide insights into putative functions of 
conserved L1s. This is because a recent intragenic L1 element is unlikely to have a 
function and is tolerated because it has minor phenotypic consequence. On the 
other hand, if an intragenic L1 element has persisted for a long evolutionary time, it 
may have acquired a new function which can be constrained by purifying selection. 

The greater conservation and possible activity of intragenic L1 in both human 
and mouse is suggestive of function. We investigated whether intragenic L1 might 
play a role in gene regulation in early embryogenesis. Significant associations were 
found for down regulated genes with intragenic L1 and down regulation of the genes, 
starting from the two-cell to the morula stage in mouse, whereas associations were 
significant for eight-cell to blastocyst in human. The different “L1 associated with 
down regulation” (LaD) profiles align well with the varying zygotic gene activations 
and the levels of global hypomethylation among mammals [41]. In particular, human 
zygotic activation starts during the four to eight-cell divisions, whereas starts early 
from two-cell division in mouse. Furthermore, mouse embryos undergo 
demethylation after fertilization to become hypomethylated, and establish new 
methylation patterns at the blastocyst stage [88]. The mouse LaD pattern thus agrees 
with the global hypomethylation profile during zygotic activation (Table 9). Human 
embryogenesis differs from mouse in the timing of zygotic activation [41, 45] and the 
human LaD pattern aligns with the slower onset of activation in mouse (Table 8). 
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Although the timing of zygotic gene activation differs between mouse and 
human, intragenic L1 appears to be important for controlling gene expression in both 
species. Among the orthologous genes obtained from intersecting the mouse and 
human LaD gene sets (Table 10), two genes have previously been reported with roles 
in embryogenesis. Kcnq1 was reported to be a paternally imprinted gene that is 
down regulated during embryogenesis development [89]. The Cyclic GMP-Inhibited 
Phosphodiesterase 3A (PDE3A) gene functions in the cGMP-PKG signaling pathway 
[90]. PDE3A must be inhibited to allow expression of other important genes during 
physiological development. Hence, under the global hypomethylation state during 
zygotic activity, intragenic L1 may be expressed which down regulates these genes, 
perhaps by the same AGO2-dependent mechanism as described in cancer cells [12]. 
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Definitions of human L1 characteristics 

Human L1 sequences were downloaded from L1Base. These elements were 
annotated with important features for L1 activities. We group them according to 
where these features can be found, namely, 5' UTR, ORF1, ORF2 and 3' UTR. We put 
the overall features, e.g., G-C content and cannot be placed according to a specific 
location on L1 in a group called “Overall”. Detailed information on finding of each 
feature can be found from the cited references. The measurement outputs are in 
two forms, categorical (e.g., conserved/mutated, L1M/L1PA for chi-square test) and 
non-categorical (e.g., %A, %T for student’s t-test).  

 

Overall 

• ORF StartStop: check the presence of valid methionine start and stop codons in 
both ORF1 and ORF2 in the form of (M*, M*). This feature is reported as 
conserved, ORF1 conserved, ORF2 conserved, or mutated. 

• Find TSDs : search for target-site-duplications (TSD) flanking the L1 element. 
These TSDs, which span more than 10 nucleotides (nt), will be considered as 
valid TSDs. This feature is reported as the number of valid TSDs. 

• CpG Islands : count the number of annotated CpG islands. This feature is 
reported as the number of CpG islands. 

• G-C Content : calculate the percentage of G-C of the L1 element in a 50nt 
window. This feature is reported as G-C percentage. 

• Intactness Score: calculate the overall score of features. Every intact feature 
(conserved) awards one point. This feature is reported as the total points earned. 

 

5' UTR  

• Ta1-nd/d : check for the presence of Ta1 subfamily where “nd” is no deletion 
and “d” is for deletion of Ta1 located in 5' UTR. 
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• Runx3 Site, Runx3 ASP : check for the presence of the intact RUNX3 and RUNX3 
Anti-Sense-Promoter (ASP) binding motifs, respectively. 

• SRY Site 1, SRY Site 2 : check for the presence of the intact first and second SRY 
(sex-determining region Y) binding motifs, respectively. 

• YY1 BoxA+BoxA : check for the presence of an intact YY1 binding motif. 

• TF nkx-2.5, TF nkx-2.5B : check for the presence of the first transcription factor 
Nkx-2.5 and second Nkx-2.5B sites, respectively. 

 

ORF1 

• ORF1 conserved: check for the conservation of amino acid sequence of ORF1. If 
the final score passes the significance cutoff value, it will be reported as 
“conserved”, otherwise mutated. 

• REKG235, ARR260, YPAKLS282 : these features are short amino acid sequences at 
different locations. It is said to be conserved if an amino acid sequence matches 
otherwise mutated. For example, check the amino acids position 235 to 238 if 
they match REKG (REKG235), see note below. 

• ORF1 gaps, ORF1 frameshifts, ORF1 stops: count the number of gaps, frameshifts 
and stop codons (TAA, TAG, TGA) in ORF1, respectively. 

• ORF1 %A, ORF1 %T, ORF1 CAI : calculate nucleotide percentages of A (%A), T 
(%T), and the Codon Adaptation Index (CAI) of ORF1, respectively.  

 

ORF2 

• ORF2 conserved: check for the conservation of amino acid sequence of ORF2. If 
the final score passes the significance cutoff value, it will be reported as 
“conserved”, otherwise mutated. 

• Ta0/Ta1 SSVs : determine the shared sequence variant (SSV) subfamily of L1s 
from Ta0-1 locus including Ta-0/L1PA2, Ta-1, and L1PA5. 
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• L1M/L1PA Discrimination : check if ORF2 contains either mammalian L1 (L1M) or 
primate L1 (L1PA).  

• N14, E43, Y115, D145, N147, T192, D205, SDH228, R363, FADD700, HMKK1091, 
SSS1096, I1220, S1259 : check for the conservation of amino acid residues at 
these particular loci (see note below) 

• ORF2 gaps, ORF2 frameshifts, ORF2 stops: count the number of gaps, frameshifts 
and stop codons (TAA, TAG, TGA) in ORF2. 

• ORF2 %A, ORF2 %T, ORF2 CAI : calculate nucleotide percentages of A (%A), T 
(%T), and the Codon Adaptation Index (CAI) of ORF2, respectively.  

• ORF1&2 %A, ORF1&2 %T : calculate %A and %T for ORF1&2, respectively.  

 

3' UTR 

• Ta SSVs : determine Ta families, including GAGA (L1PA2-L1PA5), GAGG or GCGA 
(intermediate L1), ACGA or ACGG (preTa L1), and ACAG (Ta Element). 

• Poly A Signal : test for conservation of poly A patterns. The consensus ‘AATAAA’ 
or ‘AATTAAA’ are considered as the two valid patterns.  

 

Note 

• Amino acid residues changes: check for the intactness of amino acid residues on 
the ORF1 and ORF2. For example, REKG235 in ORF1 refer to checking of the 
amino acid residues starting at 235 on the ORF1 start codon whether they match 
the sequence ‘R-E-K-G’, respectively. N14 in ORF2 refer to checking the residue 
‘N’ at the position 14 on the ORF2 start codon. 

 

 

 

 



 

 

54 

Definitions of mouse L1 characteristics 

Mouse L1 sequences were downloaded from L1Base. These elements were 
annotated with important features for L1 activities. Some features in mouse L1 differ 
from that of human, e.g., monomer is only available in mouse. We group them 
according to where these features can be found, namely, 5' UTR, ORF1, ORF2 and 3' 
UTR. We put the overall features, e.g., G-C content and cannot be placed according 
to a specific location on L1 in a group called “Overall”. Detailed information on 
finding of each feature can be found from the cited references. The measurement 
outputs are in two forms, categorical (e.g., conserved/mutated, for chi-square test) 
and non-categorical (e.g., %A, %T for student’s t-test).  

 

Overall 

• ORF StartStop: check the presence of valid methionine start and stop codons in 
both ORF1 and ORF2 in the form of (M*, M*). This feature is reported as 
conserved, ORF1 conserved, ORF2 conserved, or mutated.  

• Monomer Family : classify mouse L1 families to F, A, TF, and GF, using the last 
monomer. 

• CpG Islands: count the number of annotated CpG islands.  

• G-C Content: calculate the percentage of G-C content of the L1 element in a 
50nt-window. 

• Intactness Score: calculate the overall score of categorical (conserved/mutated) 
features. Every intact feature (conserved) awards one point. 

 

5' UTR  

• SA-154 : check the conservation of this splice site (see note below). 

• Number of Monomers : count the number of mouse L1 promoter monomers.  

• Number of Monomer Splice Sites: count the number of monomer splice sites. 

 

ORF1 
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• ORF1 conserved: check for the conservation of ORF1. 

• 66/42 Monomers repeat : check the pattern of the monomers in ORF1, such as 
66-42-42 monomers.  

• REKG235, ARR260, YPAKLS282 : check for the intactness of amino acid residues at 
these particular loci (235, 260 and 282 positions, respectively, on the mouse L1 
ORF1, see note below). 

• SA+106, SA+120, SD+29, SD+52, SD+106, SD+288, SD+350 : check for the 
conservation of these splice-sites at the respective positions (see note below). 

• ORF1 gaps, ORF1 frameshifts, ORF1 stops: count the number of gaps, frameshifts 
and stop codons (TAA, TAG, TGA) in ORF1, respectively. 

 

ORF2 

• ORF2 conserved: check for the conservation of ORF2. 

• N14, E43, Y115, D145, N147, T192, D205, SDH288, R363, FADD700, HLKK1091, 
STS1096, I1220, T1259 : check for the intactness of amino acid residues at these 
particular loci (see note below).  

• SA+1930, SA+4117, SD+1881, SD+2036, S_SA+1237, BG_SA+4578, BG_SD+4694, 
BG_SD+4903 : check for the conservation of these splice-sites (see note below). 

• ORF2 gaps, ORF2 frameshifts, ORF2 stops: count the number of gaps, frameshifts 
and stop codons (TAA, TAG, TGA) in ORF2. 

 

3' UTR 

• Poly A Signal [7]: check for the conservation of two poly-A patterns, namely 
‘AATAAA’ or ‘AATTAAA’. 

• SD+5094, SA+5260, SA+5614 : check for the conservation of these splice-sites 
(see note below). 
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Note  

• Splice site loci: check for the conservation of mouse L1 splice-site (SD: splice 
donor, SA: splice acceptor, BG_: sites found in L1 inserted within an intron of the 
beige gene, S_: splice-site on the sense strand of L1 (without this, denotes the 
splice site on the antisense strand of L1), ‘-’: represents nucleotide position 
backward from ORF1 start site, ‘+’ : represents nucleotide position from ORF1 
start site. The number followed the ‘+’ or ‘-’ represents the nucleotide position. 

• Amino acid residues changes: check for the intactness of amino acid residues on 
the ORF1 and ORF2. For example, REKG235 in ORF1 refer to checking of the 
amino acid residues starting at 235 on the ORF1 start codon whether they match 
the sequence ‘R-E-K-G’, respectively. N14 in ORF2 refer to checking the residue 
‘N’ at the position 14 on the ORF2 start codon. 
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