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Chinese Abstract
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English Abstract

Alu elements and microRNAs are two different types of genomic sequences. Each of
them has been extensively studied in recent years. Alu is one of the most abundant SINEs
(short interspersed nuclear element) discovered specifically in primates and it does not
encode a functional protein. In recent studies, Alu was reported to be related to cancer.
Some other studies further suggested that Alu may influence gene functions. Based on
these findings, it is reasonable to speculate that Alu might play some important roles
during primate evolution. An unusual cluster of positional proximity of Alu and
microRNA was found in human chromosome 19 microRNA cluster (C19MC). This
unusual fragment seems to be derived from a serious of duplication events. In this study,
we analyzed the sequences of the possible duplication unit either in paralogs within a
species or ortholog pairs between species to identify the selection pressures on each
nucleotide site. We found that the sequences of rhesus C19MC are more diverged than
their paralogs in human. Meanwhile, our global and local analyses revealed that in both
human and rhesus C19MC(, different regions are under different selection forces. The
exons are more diverged, while the internal flanking regions, which are adjacent to
microRNAs, are more conserved. In addition, previous studies suggested that Alu
elements in human might be repressed by microRNAs, because Alu expansion might
damage human genome. In the second part of our study, we hypothesized that reducing
the expression level of Alu might have selectively advantage for human genome. We
suggested that this C19MC cluster might be a major defender against Alu expansion
during primate evolution. Our preliminary results indicate that microRNAs in C19MC
tend to target AluS rather than AluJ and AluY in human and macaque genomes. This
finding supports the hypothesis that the appearance of C19MC might follow Alu

expansion as a response of defense.
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1.1

Chapter 1
General Introduction

Transposable Elements is not Just Junks

Transposable Elements is a Kind of Genome Parasites

The genome composition was well understood after the genome project
had completed. Our genome seems be occupied not only by the protein coding
genes but also by other genomic elements. One element which is found
ubiquitously and cosmically in most eukaryotic genomes is the transposable
elements (TEs) due to their extent of genome contribution approximately to
45% or even more. (Lander, Linton et al. 2001) These TEs are often separated
into two main categories; the DNA transposons and the retrotransposons, by
their different biogenesis. mechanisms. (Figure 1a) TEs from both categories
could duplicate and move, so called “jumping”, within the genome by either
genomic recombination or insertion of new- copies into new positions. This
special event could cause “either positive ‘results via triggering useful gene
expansion or negative results via disrupting normal gene function and inducing
diseases. Besides the DNA transposons occupied 3% of human genome but
stopped activating currently, the retrotransposons function as well. One type of
retrotransposons, the LTR retrotransposon, is slightly inaction within human
genomes. By contrast, another type of retrotransposons, the non-LTR
retrotransposon, including LINE (long interspersed element), SINE (short
interspersed element) and SVA (An element made by SINE, variable number of
tandem repeats or Alu-like region) are expressed detectably and found
uniformly among primates so that they might be considered as “alive” along
with primate evolution. That might be a reason that non-LTR retrotransposons
are found approximately one-third of human genome and responsible for many

genetic disorders. (Mills, Bennett et al. 2007; Cordaux and Batzer 2009)



LINE1 (usually abbreviated to L1) is one of the abundant non-LTR
retrotransposons found in primateswhich contains a RNA polymerase Il (RNA
Pol II) promoter at its 5’ UTR to drive transcription and encodes RNA-binding
protein from its ORF1 (open reading frame 1) and other two proteins, the
endonuclease and reverse-transcriptase from ORF2.. (Swergold 1990) (Figure
1b) Although many L1 in human genome are truncated (Ostertag and Kazazian
2001), the proteins encoded by other active L1 elements continuously help the
primary transposition and duplication mechanism for both LINEs themselves

and even Alu elements. (Dewannieux, Esnault et al. 2003)

Alu element is another well-investigated retrotransposon in addition to
L1 elements. In contrastto L1 elements which are transcribed by RNA Pol II and
encode proteins, Alu elements are transcribed by RNA polymerase III (RNA Pol
[1I) and do not encod proteins.-They compose by two similar but not identical
monomers with an internal A-rich linker and rely on L1 mechanism for
transposition. Interestingly,” Alu elements do not follow the RNA Pol III
terminator for stopping transcription but extend their transcript into the
downstream flanking sequence until a terminator is found or the activity of RNA
Pol III is reduced. (Figure 1b) (Batzer and Deininger 2002) In the opinion of
selfish theory which assumes genetic components or genes devoted to keep
themselves alive without nature selection. According to this theory, Alu elements
are probably the most successful TEs not only because of their large territory in
primate genomes but also their economical transposition mechanism by hijack
the L1 machinery. (Weiner 2002; Mills, Bennett et al. 2007; Comeaux, Roy-Engel

etal. 2009)



Evolution of Alu Subfamilies

The oldest Alu-like elements might be the 7SL RNA genederived
monomer such as FAM, FRAM and FLAM, and then evolved into recent Alu
elements which is a dimeric element made by two very similar but not identical
monomers. The evolution of Alu elements expansion can be separated to 3
stages by evolutionary history. The first expansion of Alu elements started from
Alu] which is the ancient Alu subfamily appeared about ~60 to 65 million years
(Myrs) ago. They might accumulate many mutations and become truncation
through the evolutionary time. After Alu] appearance, the AluS burst out its
expansion after 15 Myrs later that caused itself rise to the major amount of Alu
subfamily recently. (Figure 2) In our study, we assumed the AluS burst is the
primary crisis of genome damage due to its huge amount of expansion and must
be repressed by microRNAs. Finally, the youngest subfamily so far is AluY which
continues in transposition and be polymorphic in population but inferior in

amount. (Price, Eskin et al. 2004) (Figure 3)

Impact of Alu Elements on Gene Regulation

More and more studies found evidences that transposable elements have
an important role and impact on gene regulatory networks. For example, L1
could facilitate the emersion of new regulatory proteins and transcription
factors as well as move the regulated sequences (Belancio, Roy-Engel et al.
2008); Alu elements might donate itself as the target sites of small RNA
regulation (microRNAs, piwiRNAs or other kinds of RNAIi). (Shankar, Grover et al.
2004) Those investigations suggest extensive functions of transposable
elements which involved in gene regulatory network, epigenetics and even the
popular topics, the small RNA regulation. (Polak and Domany 2006; Faulkner,
Kimura et al. 2009) Most of the non-coding RNAs, such as piwiRNA, are not well

described, not to mention their interact function with transposable elements.



1.2

Studies indicated that not only well-known microRNAs but also the novel
piwiRNAs are probably as the defender against selfish transposons. (Brennecke,
Malone et al. 2008; Halic and Moazed 2009) Here, we hypothesized that the
phenomenon of Alu inserting into genes and changing the original regulatory
mechanism might be dangerous without control. A defense mechanism of
preventing Alu from over-expansion and a monitoring mechanism must exist,

and probably guarded by microRNAs inhibition. (Detail in chapter 3)

Alu Elements are Probably a Source of Microsatellites

Non-LTR retrotransposons, especially Alu elements could generate
microsatellites by their capacity of homopolymeric tract, which means a DNA
sequence made of tandem:repeats with.same nucleotides. Each new copy of Alu
could offer microsatellite source from its middle A-rich linker region or 3’ A-rich
tail. (Arcot, Wang et al: 1995; Jurka and Pethiyagoda 1995) This concept was
stronger while ~20% of all microsatellites shared by human and chimpanzee lie
within Alu elements were found. (Kelkar, Tyekucheva et al. 2008) We expected
to demonstrate an analysis of microsatellite generated by Alu elements within
C19MC duplication units to be an approach to reconstruct C19MC microRNAs

duplication in the future. (Not in this study)

Primate Specific microRNA Clusters

Biogenesis and Function of microRNAs

Typically, microRNA genes are derived from a precursor microRNAs
transcribed by RNA polymerase Il as same as normal protein coding genes.
These precursors then are processed into 60-70 nt long pre-microRNA by an
enzyme called Drosha. After the pre-microRNA had transported into the

cytoplasm, another enzyme called Dicer cleaves the pre-microRNAs by cutting



its stem loop structure and generates a hybridized RNAs with two strands.
These trimmed hybridized RNAs without stem loop are mature form of
microRNAs. Either one strand or both strands could function as mature
microRNAs to complementary hybridize with their mRNA target sites. This
hybridization (perfect match of full-length mature sequence is not necessary)
recruits an enzyme complex called RISC (RNA-induced silencing complex) to
bind and induce the degradation of mRNA or inhibition of translation. (Neilson
and Sharp 2008; Ghildiyal and Zamore 2009) (Figure 4) The mRNA degradation
and translation inhibition process typically depend on the match of seed region
(The nucleotides from second to eighth sites at 5’ end of mature microRNAs.
(Kertesz, lovino et al. 2007; Bartel 2009) This characteristic of microRNA is
widely used in target site predication by bioinformatics approch. We also used
this fundamental principle in our study to determine whether an Alu element is

targeted by C19MC in chapter 3.

C19MC is a Primate Specific microRNA Cluster

Vast surveys of novel microRNA discovery indicated that many microRNA
genes prefer to form clusters in a related shorter genomic distance to the
normal genes rather than being random distributed throughout the genomes.
(Lagos-Quintana, Rauhut et al. 2003) A famous one microRNA cluster located in
chromosome 19 is called C19MC which means chromosome 19 microRNAs
cluster. This concentration of microRNA genes as a cluster was especially found
in placental mammals (Glazov, McWilliam et al. 2008) that implies the
importance and uniqueness of C19MC (the main research object in our study) in
primates. Furthermore, the rapid evolution and functional diversification of two
primate clusters in chromosome 19 and chromosome X were studied as a view
of primate evolution. (Zhang, Peng et al. 2007; Zhang, Wang et al. 2008; Li, Liu et

al. 2010) Another major character of the C19MC is that a huge amount of Alu



elements insertion into the flanking region of microRNAs. It’s totally different
while compared with C14MC (Another rare investigated cluster in somatic
chromosome) which has plentiful microRNAs but rare transposon insertions.
(Figure 5) Here, we focused on the C19MC and studied in-depth by more local

concepts with comparative sequences analysis in nucleotides level.

Consideration of Transposable Elements in Epigenetics

The transposons activity and small RNA expression were studied and
believed to be connected with epigenetics. (Costa 2008) As we mentioned that
human C19MC are primary expressed in the placenta and embryonic stem cell
and switched off in somatic cells, thus it makes sense to connect the C19MC into
regulatory network in development. We believed that C19MC must play an
importance role in primates’ development. A further study provided more
evidence and confidence since they found C19MC are expressed in human
cancer cell by an unusual control via epigenetic mechanism. (Tsai, Kao et al.
2009) According to our speculation, some important nucleotide sites with highly
substitution we identified in this study could be the dominant regulatory sites.
Although these sites were not reported in transcriptional level in previous
C19MC studies, they might have some role in epigenetic level so that they
encounter the selection force. In short, we believed these highly substituted sites
may be involved in the epigenetic control rather than the mRNA level (such as
RNA structure or transcription factor binding sites), so that the selection force

on these sites was preserved.
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Chapter 2
Substitution Analysis of C19MC

Background Introduction and Hypothesis

Controversial Transcription Mechanism of C19MC

In recent years, more and more studies discovered the remarkable
microRNA clusters arrangement in genome from bacteria to primates.
(Lagos-Quintana, Rauhut et al. 2003) Within the primate-specific microRNA
clusters called C19MC, microRNA genes are averagely located within the cluster
and separated by the proximal Alu elements by approximately 100 bp spacing.
(Bentwich, Avniel et al. 2005) This special rearrangement of microRNAs and Alu
elements forms a distinctive duplication unit or a kind of tandem repeat.
(Figure 6) We thought they are probably a duplication unit, but the mechanism
of this unit both explained by molecular evolution or by cellular biology were
still unknown even'microRNA is a popular research topic. The transcriptional
mechanism of mammalian microRNAs by RNA polymerase II is well known. (Cai,
Hagedorn et al. 2004; Lee, 'Kim et al. 2004) However, Borchert reported these
proximal Alu inside the duplication unit in C19MC could donate its own
promoter for its neighbor microRNA for RNA polymerase III transcription.
(Borchert, Lanier et al. 2006) (Figure 7B) This amazing finding not only
suggests the new transcription model of microRNAs but also indicates the novel
contribution of Alu elements: the upstream Alu elements could express
downstream microRNAs. They finally showed and proved the miR-515-1,
miR-517a, miR-517c and miR-519a-1 in C19MC are truly expressed using Pol III

via Alu promoter in vitro.
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2.2.1

Interestingly, an extremely opposite finding of C19MC transcription was
reported after three years of Borchert’s discovery. (Bortolin-Cavaille, Dance et al.
2009) They found a unique exon sequence which is located in the flanking of
most C19MC microRNAs and is processed by RNA polymerase II via alternative
splicing mechanism in vivo. They proved that C19MC microRNAs are the
intron-encoded genes of a novel RNA Pol II transcript and their expressions
depend on the alternative splicing of the novel RNA Pol II transcript. (Figure

7A)

Materials and Methods

Sequence Collection and-Annotations
C19MC

C19MC sequences (or so called genomic context) including microRNA
genes and flanking regions were fetched from UCSC with version hg19 of human
genome and version rheMac2 of rhesus (monkey) genome. (Rhead, Karolchik et
al. 2010) Sequence lengths of human and rhesus C19MCs were 102301-nt
between position 54168188 and 54270488 in human chromosome 19,
105001-nt between position 59771000 and 59876000 in rhesus chromosome
19 respectively. All selected range of C19MC sequences were confirmed by our
Rainbow Dotplot program roughly to make sure the full-length of C19MC had

been selected.

Alu Elements

The annotation of Alu elements within C19MC were followed by the
Repeat Masker. (Smit 1996-2010) Only the SINE/Alu element category of
records was kept in our study and the other categories such as simple repeat,

FAM and etc. were removed. The possible ancestor of Alu elements, the FAM



families, was eliminated because they are too distant to affirm what their
function and activation is in primate lineage. In the section of determining the
ability of seed candidates targeting Alu elements, we included all Alu elements
scanned and recorded by Repeat Masker. The primary role we analyzed in this
section is the seed candidates so that we did not filter Alu element, since all of
them could have possibility of targeted by C19MC either currently or in the
evolutionary history. Although some of them are partial fragments as relics, they

still might be targeted in long time ago.

However, in the section involving the Alu elements insertion within genes,
we filtered those Alu elements with length shorter than 200-nt. This criterion
implies that only the Alu elements with at least one monomer were Kkept,
because the normal full length of Alu elements is about 300-nt. Although those
shorter Alu elements were under the selection force as same as the others, they
are incomplete and probably inactive currently. This incompleteness implies
that they might be not involved in the gene regulation and not reserved by
natural selection. Annotated standard sequences of Alu subfamilies and the
standard consensus ancient sequences of Alu and other TEs were fetched from

Repbase, GIRI. (Jurka, Kapitonov et al. 2005)

Exons

The consensus exon sequence of C19MC in primates is defined by
previous study (Bortolin-Cavaille, Dance et al. 2009), which indicated a ~123-nt
long, spliced exon with strong sequence similarity among primates. All exons
defined in our study were searched and found using a local alignment against
the consensus exon sequence by our own program and set similarity larger than
80%, i.e. a fragment with more than 99-nt are identical to the 123-nt consensus

exon was defined as another exon.



2.2.2

Define C19MC Homologs between Human and Rhesus
Rainbow Dotplot

For determining the homology of C19MC among primates, we performed
an analysis with our homemade visualization program called “Rainbow Plot”".
The new idea of multiple-color indicators was integrated to this program for
intuitively observing the sequence similarity. This dotplot not only represents
the relationship among paralogs or orthologs on a diagonal straight line but also

the similarity on different color of each line.

As the normal dotplot program, sequences of C19MC from human and
rhesus were put on two axes and scanned by 20-nt sliding window. We also
tested different sliding. window sizes to find the optimal criterion. The
resolution of dotplot will decrease if size is larger than 20-nt. Meanwhile,
because the multi-color gradient depends-on similarity scores, the number of
colors will too few to present if sliding window size is smaller than 20-nt. The
sliding windows moved along with two axes by one nucleotide shift at each time,
the score was counted as one while match pair and zero as mismatch pair. Thus,
the possible scores were calculated from zero to twenty in each movement. After
counting of full length square (~100K x ~100K), a reduction scoring process
was done for reduce picture size. The maximum score of each 10 x 10 square
area was selected as the final drawing score for representing the similarity of

this square area. (Figure 8)

Homologs Definition

We used Rainbow Dotplot to rebuild the C19MC annotation in rhesus
genome. The fragments of rhesus microRNA homolog genes were selected from
dotplot by visualization and then processed pairwise sequence alignment with

corresponding human microRNA for confirmation. We also included mature
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2.2.3

microRNA sustained by Deep Sequencing data as a reference alignment
sequence (see section 3.2.1 for detail) and combined MFold program. The MFold
could predict RNA structure to double check the possible mature region and to
confirm the nucleotides where the rhesus microRNA gene start and end. (Figure

9)

Nucleotides Substitution Analysis of C19MC
Multiple Sequence Alignment and Aligned Sequences Trimming

Interested sequences region between each exon and microRNA were
fetched from C19MC genomic context of human and rhesus. Each selected
sequences were started from the first nucleotide of our defined exon and ended
at the last nucleotide of microRNA gene annotated by miRBase in human and
defined by our homologs definition process in rhesus (see section 2.2.2). Due to
some sequences are lacks of internal transposable elements, all internal TEs
were completely excised ‘from the selected sequences before alignment.
However, the internalflanking sequences except transposons were kept to gain
information and improve analysis. Multiple sequence alignment was done by
MEGA4 (Tamura, Dudley et al. 2007) and followed by manual check to improve
gap reliability. One human sequence with downstream LTR13 flanking the exon
rather than microRNA was excised, 4 rhesus sequences without downstream
microRNA were also removed. Unreliable aligned regions of each sequence were
also eliminated. Finally, a 456-nt length (with gap) alignment of 49 interested
paired ortholog sequences were chosen for further analysis. We kept sequences
appear only in one species and set a blank sequence to its pair because these
sequences still contain information within paralogs even though they do not

have paired one.
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Site Substitution Calculation

After multiple sequence alignment and trimming, each nucleotide site of
ortholog pairs between two species was calculated by a proportion. The
proportion of substitution was formulated by the number of pairs with
substitution divided by the total number of pairs. If one sequence of a pair
contains a gap in the site, it was deducted from the total number of pairs. For
example, we have 49 ortholog pairs, synonymous with 98 sequences, for
calculating. A site was found where are 30 pairs be identical, 7 pairs with
substitution and 12 pairs have a gap or a blank sequence on one sequence, it
was scored as 7 substitution divided by 37. Every sequence within a species, i.e.
paralog, was calculated by determining whether the site differ to the nucleotide

of majority between species. (Figure 10)

MicroRNA Similarity Distance within C19MC

In order to observe the similarity among microRNAs, we calculated the
similarity distance of microRNA with .its 6 neighbor micrRNAs, three from
upstream and three from downstream. Used fragments of each microRNA were
those described above in this section, exon and internal flanking region were
included for distance calculation to improve reliability. Pairwise distance
calculation was done by MEGA4 with Kimura 2-parameter model and complete
deletion, and then plotted the scores along with the length of C19MC. Six dots on
a certain x-axis position represent the distance between the local microRNAs
and its six adjacent microRNAs; smaller the radius, more distant the neighbor.
The least three similar microRNAs, mir-512-1, mir-512-2 and mir-498 of two
species were not included in this analysis, because they are too different to

compare with the others. (Figure 11)
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2.3

2.3.1

2.3.2

Results and Discussion

MicroRNAs within C19MC Appear a Characteristic Duplication Unit

The annotation of rhesus C19MC in miRBase is insufficient, so that we
re-annotated this region in our study. Only the transposon annotations were
followed by Repeat Masker without any change. Both microRNA genes and
exons in either human or rhesus genomes were re-defined and manual
confirmed in this study. By our visualized annotation (Appendix 1), we found a
special unit with a regular patter including exon, Alu elements and microRNAs.
Although we did not find evidence and mechanism of gene duplication, we
believe this unusual pattern is must as a duplication unit which relates to the
expansion of microRNA within C19MC: Moreover, because the transposition of
Alu needs proteins offered by L1 element, we speculated the L1MB7 within

C19MC also might have'a key role in the start of duplication.

Homology Definition'and Genetic Compeosition of C19MC

Dotplot is used for determining homologs extensively; we also performed
this approach to find the homologs between human and rhesus and further to
detect the evolutionary events such as insertion, deletion or recombination.
Unlike normal dotplot program defined only one color for presentation, our new
program shows straightforward information intuitively, friendly and visually by
adding rainbow colors. Each color represents the degree of conservation within
a sliding window size: red is the most conserved and followed by orange, yellow,
green, and dark blue or purple is the least conserved, black represents no

similarity found. (Figure 8c)
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L1MBY7 are Located nearby Two Rearrangement Hot Spots

We found two regions with multiple duplication events, usually called a
hotspot, where display as many similar symmetrical diagonal lines within a
narrow square region on the dotplot picture. (Figure 12) It is noteworthy that
L1MB7, a kind of LINE 1 truncated form, are located at the proximal region of
the hotspot. We speculated that the locations of L1MB7 correspond to the
facilitation of C19MC duplication since L1 offers the primary mechanism of gene
duplication, of cause including Alu elements, in most mammalian genomes.
(Esnault, Maestre et al. 2000; Dewannieux, Esnault et al. 2003; Han and Boeke
2005) The special LIMB7 pattern was found at 3 regions on rhesus C19MC at 7K,
75K and 103K (related positions start within fetched C19MC sequence);
meanwhile, we identified their 4 -homologs in human C19MC. Two of them (at
12K and 17.5K) are. probably caused by duplication because the Rainbow

Dotplot shows a beautiful red line as high similarity. (Figure 13)

MicroRNA HomologsDefinition and Annotation

Because the annotation of C19MC on rhesus genome is insufficient, we
need to reconstruct the annotation of rhesus C19MC for further analysis.
Forty-seven human C19MC microRNAs were confirmed including one which is
not annotated by miRBase (we denoted it by a prefix “hsa-pd-“). On the rhesus
genome, 46 orgholog pairs were defined in our study, most of which are not
annotated by miRBase, even though they did, many of their annotations are
probably wrong. (Table 1) For example, some rhesus microRNA position are
annotated at the homolog site to human, but their name is inconsistent to
human, such as hsa-mir-520b is connected to mml-mir-519a. We kept all the
names as is annotated in miRBase but re-annotated them to the right genomic
position. The rhesus microRNAs not exist in miRBase but predicted and used in

our study is named with prefix “mml-pd-“ (means prediction). An undoubted
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2.3.3

duplication event of human miR-512 from rhesus one was observed. A copy lost
of miR-526a on human related to rhesus which has two copies was also

indicated.

Substitution Analysis

We paid more attention to the consistent unit sequence which positions
from exon to microRNA in C19MC for studying which nucleotide is important
and significant to a certain extent of evolution. In the meantime, we expected to
observe the fragment detergence of the sequence among different species.
Sequence comparison using nucleotide substitution analysis was done by
comparing within paralogs within one organism and comparing orgholog pairs
between two species. Both line chart for macroscopic tendency of substitution
(global view in full length of C19MC) and scatter plot for microscopic variation
(local view in a certain region within C19MC) were used for visual presentation

in our analysis.

The overall substitution of rhesus is more frequent than human among
three different sequence regions. According to the scatter plots, the pattern of
three regions in paralogs substitution related to ortholog pairs is the same
inside species between human and rhesus: exon is the most divergent, followed
by internal flanking region and the microRNA is more conserved. However,
when this pattern was compared between two species instead inside species, we
found rhesus has less conservation than human. These facts exclude the possible
sampling bias caused by pseudogene; meanwhile, the result suggests that
stronger selection force occurred in rhesus and caused more divergent in its

paralogs. (Figure 14)
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The Consistent Fluctuation of Global Tendency

The fluctuated peak along the line chart shows the difference among
three proportions, human almost has lower substitution proportion related to
the ortholog pairs’ one than rhesus in each site. The overall tendency indicates
that human reached more adaptation and reduce its variety. The exon region
expresses the unstable fluctuated related to the internal flanking and microRNA
region. The internal flanking region, especially the part near to microRNA,
shows the least fluctuant difference within paralogs in both human and rhesus.
However, few nucleotids of microRNA have high proportion of substitution
related to average low proportion of other nucleotides; this phenomenon is in
line with the known microRNA conservation rules correspond to its structures.

In addition, the substitution pattern, including the difference and trend,
of internal flanking region closed to exon is similar to exon region. It seems as a
transitional progress of substitution gradient from varied exon region to the
conserved flanking of microRNA but rose again in microRNA sequence. (Figure

15)

Substitution Variety in a Global View

These three proportions of each site were next drawn on an X-Y scatter
plot per 20-nt length to investigate the local trend of substitution. The
substitution proportion of ortholog pairs was plotted on X-axis as a reference
value corresponds to the two paralog proportion on Y-axis. Therefore, this plot
could reflect the different degree of substitution in a site within paralogs in one

species to which between ortholog pairs in two species.

Most spots centralized at bottom-left area and presented the similar

intercept of Y display the site consistency between human and rhesus. However,

few sites are biased and located at top-right area suggest the higher substitution
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occurred both within paralogs and between orthologs. The sites we had
interested are those located at top-right and existed higher intercept distance
between two paralogs, since these sites have more variation between species.

(Figure 16)

The results were separated according to different components again. It is
consistent with macroscopic analysis that most interest sites belong to exon
region and only few are located in internal flanking. Even though many top-right
spots observed in microRNA region, but they are much closed between two
species instead of the phenomena found in exon. It implied even the sites within
microRNA have high divergence between species, it is conserved within paralogs.
In other words, the microRNAs in C19MC may not only evolve specifically and
separately after speciation but also be conserved to maintain some important

gene regulation within a species.
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Chapter 3

C19MC probably as a defender against Alu Elements

3.1

Backgrounds and Hypothesis

The duplication of microRNA is related to repeat elements
Mammalian microRNAs derived from two inverted repeat elements via

transposition were reported. (Smalheiser and Torvik 2005)

The Impact of Gene Expression by Alu Elements

It is found in recent research that Alu elements contain transcription
factor binding sites might modulate gene expression (Shankar, Grover et al.
2004; Polak and Domany. 2006) even function as promoters in C19MC.
(Borchert, Lanier et.al. 2006) Moreover, the major rules of Alu or other
transposable element involved in the evolution of eukaryotic gene regulatory
network were reviewed. (Feschotter 2008) However, this convenient and
efficient mechanism of regulatory network evolution could be lethal due to
unexpected, uncontrolled” and’ rapid expansion of Alu. We believed a
counteracting mechanism must be present to control the expansion of

transposable element.

MicroRNA as a Guard of Genome against to Transposons

In the two cases we described in 2.1, some novel microRNAs governed by
upstream Alu elements and transcribed by RNA polymerase III were indentified.
(Gu, Yi et al. 2009) It suggests Alu elements involved in small RNA regulation.
However, more and more studies suggested that transcription suppression by
small RNAs is probably the means of killing transposons. (Malone and Hannon

2009)
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3.2

3.2.1

The Co-Evolution Model of C19MC Expansion

We also followed this hypothesis that one role of C19MC might be the guard of
genome and maintain its completeness. The selfish transposons are devoted in
their expansion; at the same time, microRNAs strive to repress their expansion.
The microRNA duplication could be caused while transposons expand
themselves; TEs facilitate the growth of their enemy while extending
unintentionally. More microRNAs were duplicated as the defenders, more
transposons were occurred as the occupiers, meanwhile induced more
microRNA duplicated again. We expected to discover some evidences
supporting this infinitive loop. (Figure 17) If this circle existed, maybe some
Alu elements escaped from microRNA repression could be existed and
discovered. The youngest-AluY was found as this situation that the percentage
of targeting AluY is reduced than AluS. It implies that the AluY probably find out

the salvation.

Materials and Methods

Determine Mature microRNA Expression Profile from Next-Generation
Sequencing

It's difficult to determine the expression of C19MC since many studies
found the C19MC is only expressed in few cell lines including placenta cell, germ
line cell and embryonic stem cell. Fortunately, we found a study might imply the
data we want because they used the next-generation sequencing (also called
deep sequence) to discover novel microRNAs in human embryonic stem cell.
The microRNA expression profiles of human embryonic stem cell were fetched
from the Solexa sequencing data published by Morin (Morin, O'Connor et al.
2008), who collected the appropriate length of mRNA by electrophoresis and

then processed for sequencing. We collected all the sequences with longer than
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10-nt length and counting their number of reads as the expression level.
Because the next-generation sequencing technique is powerful enough to detect
mRNA even it has only one sequence, we could use this data to overcome the
erratic mature sequence of microRNAs, which may occur nucleotide shift and
not be identical in each time of expression. The residues of microRNA
generation such as the loop cut by Dicer could be found in our alignment

indicate the high-resolution of this sequencing technique. (Figure 18)

Human Seed Candidates Selection

After redundant reads were removed, we aligned each selected reads, the
possible mature microRNA, with annotated C19MC genes. We next confirmed
the reads aligned with <high possibility rather than random match. The
sequencing reads which match to the mature region of microRNA (the arm
structure of a microRNA) were kept, but the sequencing reads match to the loop
region or other flanking region of microRNA rather than mature form were
eliminated. In addition, the low number of sequenced reads still remained in our
selection because we are not sure whether it functions or not. (Figure 19)
Generally, it is believed that microRNA seeds are located on 2-8 nucleotides
counted from the 5’ end of mature sequence. Although it is not the golden rule,
the seed are still the most important sites for determining target site interaction.
(Bartel and Chen 2004; Kertesz, lovino et al. 2007; Bartel 2009) Moreover, many
studies involved in microRNA target sites prediction suggested the match of
seed region is the major parameter while scanning. (Brennecke, Stark et al. 2005;
Krek, Grun et al. 2005; Nakamoto, Jin et al. 2005; Xie, Lu et al. 2005) We also
followed this consensus pattern by selecting seed from 2-8 nucleotides of 5’ end
mature sequence as our query candidates against genomes. Finally, 64 seed

candidates were selected and subjected to further analysis.
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3.2.2

Rhesus Seed Candidates Selection

Unfortunately, there was no C19MC expression data of rhesus reported
so far so that we cannot use the same approach to determine real mature
sequence of rhesus C19MC. To solve this problem, we combined the defined
homologs described in 2.3.2 and the human mature sequences from real
expression data to select rhesus seed candidates. Because the mature regions of
each microRNA are not conserved among human C19MC and the mature
sequence could be varied even within a microRNA, we relaxed our standards
while choosing rhesus seeds. The standard mature sequences of rhesus were
followed as the position aligned to human and considered 3-nt shift of mature
region. (Figure 20) Due to the relation of standards, 231 seed candidates were

selected more than the human.

Whole Genome Scanning (From Seed Candidates’ Point of View)

The genome position  perfectly matched with seed candidates were
recorded after genomic .scanning. Next, these positions were cross-matched
with the collated annotation of Alu elements described in the section 2.2.1.

(Figure 21)

Ability of Hitting Alu Elements of each Seed

Because the number of Alu targeted by microRNAs could be varied
depend their specific seeds, the different amount of hit number may also reflect
the repression ability of the seeds. To determine whether the numbers of Alu
targeted by each seed of C19MC have a bias against normal distribution of
random event, we generated a random dataset of seven-nucleotide-length seed
candidates to simulate the 7-nt length seed candidates we selected from the real
datasets of human C19MC and rhesus C19MC. This generated random dataset

contains 5000 seeds which are not included those seeds selected from real
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3.2.3

C19MC in two species. All Alu elements annotated by Repeat Masker were used
as target pool against by three seed datasets, seeds of human C19MC(, seeds of
rhesus C19MC and 5000 random generated seeds. Whole genome scan was

done by our own program.

Interchange of Seed Candidates

To determine whether the seeds have specialization between two
species and as a reference dataset, we next interchanged the seed candidates of
one species to against the genome of another species. In other words, we used

human seeds as queries to scan rhesus genome and vice versa.

Whole Genome Scanning (From Alu elements’ Point of View)
Targeted Proportion ameng Different Alu Subfamilies

Alu elements are raised in different-evolutionary stages from the ancient
Alu] to the most abundant AluS then the youngest AluY. Presumably, the Alu] is
inactive now due to its long evolution age, but recent studies suggest the AluS
could still maintain its activity. (Bennett, Keller et al. 2008) According to our
original hypothesis, the C19MC we observe now probably have ability to repress
AluS and AluY expansion which might damage the genomes, but lost function to
inhibit the inactive Alu] which has no harm to the genome. Meanwhile, because
AluS appear early and more amount than AluY, C19MC could evolve to against
AluS primarily. Even if we cannot observe the expectation, the proportion of Alu
targeted by C19MC might be different among 3 Alu subfamilies. Here, all Alu
elements were considered in the analysis because all of them probably had been
targeted in the evolutionary history no matter which positions or strands they

are located recently.
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3.3

3.3.1

3.3.2

Classification of Alu Elements by Inserted Position

Alu elements annotated by Repeat Masker were scaned and separated
into 4 categories including insertion of 5’UTR, ORF, 3’'UTR and non-coding genes,
by the reference gene annotation fetched from UCSC. We assumed this gene
regulation involving by Alu element might depend on microRNA mechanism.
Therefore, only the Alu elements inserted into genes in the same direction of
mRNA transcription were selected. Only the Alu elements transcribed with

genes into mRNA have opportunity to be targeted by microRNAs.

Results and Discussion

C19MC has Extremely Different Expression Levels

The expression or microRNAs in C19MC ranges from extremely low level
with less than 10 reads to high level with-hundreds reads. We expected to find
out the relationship between expression level and Alu elements, but achieved
nothing. It may because ‘the regulatory mechanism of C19MC could via
epigenetics instead of mRNA level." The expression profiles of each mature

microRNAs were summarized on the Table (Table 2).

The Biased Distribution of C19MC Target Ability against Alu Elements
Basically, although the nucleotides variation of a local genomic region
could be different, the stochastically generated seeds with short length in the
extreme should hit genomes in random and show a normal distribution. We
used the 5000 random seeds to against genomes as a control to determine
whether seeds of C19MC have different targeting ability to Alu elements.
(Figure 22, 23) The number of Alu targeted by each seed were plotted on a
logarithmic scale to reduce their extreme variation and shown on X-axis; the

Y-axis represents how many seeds against Alu elements in the same amount. As
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we expected, the trend of random seed dataset displayed a smooth normal
distribution which indicates the seeds of microRNA, if they generated randomly
and not encountered selection force, might target genomes fortuitously. Both
human and rhesus seeds have biased distribution located on the high Alu
element hits region (right side of x-axis). We found that seeds belong to this
distribution are complementary to the potential microRNA targeting sequence
of Alu elements reported by previous study. This coincident complement
between our biased seeds with the core target site of Alu reported by them
indicates that the defense mechanism probably exists and selection force might

ocCcur.

Biased Seed Candidates have Conserved Sequences

These biased seeds of human and rhesus are the same mostly. It suggests
that the defense mechanism against Alu elements maybe conserved in primate
lineage. Based on our hypothesis, the . C19MC are primary to defense the AluS
expansion, thus they also.duplicated themselves to achieve the enough ability of
repression. If this hypothesis is real, we could find the conservation of seeds

between human and rhesus due to their functional preservation.

Specialization of Human C19MC Seeds

While we interchanged C19 seed candidates of each species to against
with the genome of another species, we found that some seed candidates
present a biased pattern. (Figure 24) Almost seeds of two resources were lined
up with a diagonal as equal Alu hits between two species. However, the human
seeds seem be specialized against to human genome because they deviated from
the diagonal line. This pattern indicates that the specialization occurred and
selection force existed in human C19MC seed during primate evolution, thus the

human C19MC provides specific seeds against most human Alu elements but
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useless while against rhesus Ale elements. Also, it indicates the seeds might be
functional in the past although they are not highly expressed now. Only they
functioned during the primate evolution, the selection force could be existent.
Interestingly, both human and rhesus seeds targeting AluY are deviated from
the patterns of targeting AluJ or AluS and tend toward targeting more rhesus
Alu elements than human ones. Rhesus also has two specific biased seeds not

found in human and they deviated only in targeting AluY.

Analysis of Alu Elements Targeted by C19MC

Preference of Alu Targeted by C19MC: Different Alu Subfamilies

The slight different. microRNA abilities of targeting Alu against three Alu
subfamilies could be.observed if the variation occurred in conserved target
regions of AluY. In addition, because AluY was born after AluS, if C19MC
originally recognizes the. conserved sequence of AluS elements, the biased
targeting number of AluY is still detectable. We demonstrate extended analysis
that separated the number of targeted Alu elements into three different
subfamilies in order to detect the biased target preference of C19MC among Alu
subfamilies. (Figure 25) As our expectation, the Alu] shows the least hit by
human C19MC. This result supported our two reasons: one is that many Alu] are
truncated in sequences and accumulated mutations during evolution so that
cannot be targeted by C19MC recently; another is that C1I9MC might appear
while AluS expansion and originally evolve to against AluS. Although the results
seems not be significant in rhesus, the trend among three subfamilies is similar.
This is probably because of the overestimation in rhesus seeds selection which

mixed many pseudo-seeds and caused false positive.
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Interestingly, AluY shows slightly reduction of targeting as we expected
even we did not know the mechanism of its escapes. The few amount of AluY
escaped from C19MC targeting could be induced by the target site mutation as
same as Alu]. These mutated AluY might have more opportunities to survive and
to duplicate under the C19MC defense force so that we observed this slightly
decrease of targeting. The related low difference between AluS and AluY may
because the evolution time is not enough for AluY to accumulate mutation and

to encounter selection.

Preference of Alu Targeted by C19MC: Different Alu Inserted Position
Many genes are inserted by transposons during evolution process,
especially Alu elements. Depends on the inserted position, we classified Alu
elements into 4 categories; harbored on 5’UTR, ORF (open reading frame) and
3’'UTR of genes and those inserted tothe non-coding genes. In our opinion, if the
inserted Alu elements become the component of gene regulation by microRNA,
the Alu harbored on 3’"UTR of genes are more important and beneficial. While
the inserted Alu provides‘the biological benefits and involved in regulatory
network, the repression and inhibition of them are not necessary anymore. We
examined this concept by analyzing the targeting proportion of Alu inserted into

different position of genes in human and rhesus.
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Figure 1 The Distribution and Structure of Transposons

(a) Percentage of transposable elements in human genome. Alu elements approximately
occupy the one-third of genome content. Adapted from (Cordaux and Batzer 2009). (b)
Genomic structure of L1 and Alu element. The main difference between them is whether

protein encoded or not. Promoters are marked as dark blue.

(a)

(b)
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Figure 2 Distributions of Alu Subfamilies in Primate Genomes
The current distributions of Alu subfamilies in primate genomes are shown. Genome
versions are fetched from UCSC by hg19 for human, ponAbeZ2 for orangutan, rheMac?2 for

rhesus and panTroZ2 for chimpanzee. The other category represents the non-Alu SINEs.

Ay mAIUS EAIUY mOther

Human Orangutan
Homo sapiens Pongo abelii
11.08% 4.39% 8.40%
J070 26.13% 11.49% 23.84%
— —
57.50% 56.28%
Rhesus Chimpanzee
Macaca mulatta Pan troglodytes
7.82% 8.05%
0,
22.26% 11.91% 24.00%
19.12%
50.81% 56.04%
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Figure 3 Evolution of Alu Subfamilies
Evolutionary tree of 213 Alu subfamilies throughout the primate evolution were

identified in previous study. Adapted from (Price, Eskin et al. 2004).
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Figure 4 Biogenesis and Structure of microRNA

(a) Biogenesis of microRNA. Adapt from (Abeloff 2008).

(b) Structure of microRNA stem-loop. Mature microRNAs could be produced from both
arms of pre-microRNA. If the amount of mature sequences formed from two arms are
relatively equal, they are denoted by -5p and -3p to indicate their origins. However, if one

of them is expressed as extremely low level, it is denoted by *.

n n Nomenclature of mature microRNAs

Identified mature products from two arms are equal:

@ - mir-xxx-5p and mir-xxx-3p

Mir-xxx-Sp Identified mature product from one arm is much lower:

—> mir-xxx (higher one) and mir-xxx* (lower one)
Only one type of mature product is identified:

Mmir-xxx-3p - mir-xxx (both 5" or 3’ is possible)
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Figure 5 The microRNA Clusters of Human

The C19MC composition was shown in a real scale of length ~100Kb. Transposable
elements located on the same direction with microRNA were marked as green, on the
opposite direction were marked as blue. MicroRNAs and exons were represented as red

and gray. Chromosome positions and two nearest flanking genes were also indicated.

Green Bar: TEs, the same direction with microRNA genes; Blue Bar: TEs, the opposite direction
with microRNA genes; Red Bar: microRNA genes. All elements within clusters were drawn in
actual scale. Positions of flanking genes were shown as relative locations, not in scale.
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Figure 6 Remarkable Duplication Unit of C19MC

(a) Flanking genomic components of microRNA. Some cases are shown here as example
in real scale and position. (b) General composition within a unit. Most microRNAs of
C19MC could be found as this rearrangement with one exon, one or two L1M relics and

few flanking Alu elements.

(a)

(b)
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Figure 7 Two Different Models of C19MC Transcription

Two extremely different mechanisms were shown. Both models were confirmed by
biological experiments. a) C19MC microRNAs are transcribed by RNA Pol II and
processed by alternative splicing. b) C19MC microRNAs are co-transcribed by RNA Pol

[l using promoter of Alu elements located on upstream.
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Figure 8 Procedure of Rainbow Plot

(a) Diagram of the scanning process of “Rainbow Plot”. (b) Resize process of scanned
pictures. (c) An output example of Rainbow Dotplot showed the visualization of indel
and similar regions in a simple way. Colors represent the similarity of nucleotides a
sliding window size, high conservation as red, low conservation as dark blue or purple

and no similarity as black.

N oA

(0)
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Figure 9 Determine C19MC Homologs in Rhesus

The process of determining C19MC Homologs in rhesus was shown. First, the position
and similarity of homolog pairs were found by the Rainbow Dotplot. Second, fetched
rhesus fragments were aligned with annotated human C19MC genes and the mature
sequences confirmed by deep sequencing data. Finally, the structures of homologs were

predicted by MFold as a further verification.
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Figure 10  Process of Substitution Calculation

e -
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Figure 11  Pairwise Similarity Distances of C19MC

Similarity distances between microRNAs and its 6 microRNA neighbors from two sides
were plotted along with length of C19MC. The flanking region of microRNA used in
substitution analysis was included in calculation to enhance scoring reliability. Each dot
with the larger radius means the distance calculated with the nearer neighbor. A similar
trend closed to first LIMB7 was found both in human and rhesus (arrow indicated).
Mir-512-1, mir-512-2 and mir-498 were not included because they are too distant to
calculate the reliable scores. The first and last microRNA have only three microRNA

neighbors located on one side.

Human

05 7

Ji ance

Rhesus
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Figure 12  Duplication Hotspots
An example of duplication hotspot was shown. It is worth to mention that the L1MB7 are

located nearby the hotspots.
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Figure 13  The Special LIMB7 Sequences on C19MC
a) The positions of 4 L1IMB7 defined by human-human Rainbow Dotplot were identified.

b) The relative positions of L1IMB7 in human and rhesus.

b)

7K 75K 103K

39



Figure 14  Overall Scatter Plot of Psubstitution in TWo Species
The proportion of ortholog pairs are plotted as X-axis against to Y-axis with paralog
proportion, dot were classified to 3 categories by genomic components. Overall plots of

another species were drawn on the same figure as a control.
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Figure 15  Proportion of Substitution in Macroscopic View

A macroscopic view of Psupstitution Was presented by a line chart along the full length of
analyzed sequence with red line as rhesus, blue line as human and black line as orgholog
pairs. Three different genomic regions, exon, internal flanking and microRNA are labeled.
The difference of paralogs substitution between two species was highlighted by a

gradient color.
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Figure 16 Substitution Analysis and Multiple Sequence Alignment (Continuous)
The P qiion are drawn on the line chart along the sequence. Scatter plots show the relationship
between two paralogs and orghotlog pairs within a local region of sequence. The alignment of the
site with difference we interested is shown.
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1@ 28 18 28 42 51 48 5
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# hsa-mir-512-1 * mml-mir-512-1
# hsa-mir-512-2 * mml-mir-512-1
# hsa-mir-1323 mml-pd-1323
hsa-mir-498 mml-mir-498
hsa—mJ:.r—BZOe CATTTTGGATCCTCCE TGTACT Blank
hsa-mir-515-1 CATTTTGGATGTTCCC| |CATTTTGAATGCTCCC TGTTTCTGTECT TCCCTGTECT mml-pd-Upl
hsa-mir-519e CATTTTGETTGCTCCC) |CATTTTGEATGCTCCC TGTCCCTETECT TCCCTGTCCT. mml-pd-Up2
hsa-mir-520f CATTTTGEATGCTCCC) [CATTTTGEATGCTCCE TGTCCCTGETECT TCCCTETECT mml-pd-Up3
hsa-mir-515-2 CATTTTGGATGCTTGC| [cATTTTEGARGCTCCE TGTCCCTETACT TCCCTEEGCT mml-pd-Up4
hsa-mir-519¢ CATTTTGGEATGCCCC [CATTTTGEATECCCCC TGTCACTGTACT TCCCTETECT mml-mir-519c
4 ﬁ:;'ﬁi_éggi'l CATTTTGEATGTTTCC| [CATTTTGEACGTTTCC TGTCTCCGCACT TCTCCACACTGC mm%—PC}—légg—l
TmLre CATTTTGEATGCCCCC TGTGCCTATACT oL TmLrosha
hoamir-sisp  [CATTTTeGATGCTCCC Tec TeTacT Anl-pas5ion
hearmir-525 CATTTTGACTGCTCTA| [cATTTTGACTGCTCA TGTCCCTETECT TCCCTGTGCT mml_Pd_525
hea-mir—523 CTTTTAAGGCCTCGC] |- TTTTTATGECCTCGE TGTCCCTETCCT TCCCTGTCCT. mml_ﬁir_523a
hea-mir—518F CATTTTGGATGTTCCT| |CATTTTGGATGCTCCT TGTCCCTETECT TCCCTGTECT. i et
hea-mir-520b CATTTTGEATGCTCCC) [CATTTTGEAGECTCCC TGTCCCTETECT cTCCTETCCT mml-mir—510a
hsa-mir-518b CATTTTGEATGCTTAC) |CATTTTGEATGCCTCC TGTCCCTETACTG! TCCCTGTECT. mmlomir—218D
hsa-mir-526a-1 CATTTTGEATGCTCCC) [CATTTTGEATECTCCC TGTCCCTATETT TCCCTAGECT ] —pd-MAl
hsa-mir-520c nGTTTTGAATGCTCCC] |CATTTTEEATECTCEE TGTCCCTETECT TCCCTGTGCT. Blank
hsa-mir-518c CATTTCGGATGCCCCC CGCTCCTGTACT! mml-mir-518c
hsa-mir-524 CATTTTGEATGCTCCC) |CATTTTGEATGCTCCC TGTCCCTETECTGGAAC) [TATCCCTETECTEEAAC mml-mir—524
# hsa-mir-517a mml-mir-517a
hsa-mir-519d mml-mir-519d
hsa-mir-521-2 CATTTTGEATGCTCCC) |CATTTTGEATGCTCCC TATCCCTGTECT TGTCCCTEEECTGEAAG Blank
hsa-mir-520d ATTTTGEGETGCTCCC TGTACCTGTCCT mml-mir-518a
# hsa-mir-517b CATTTTACATGCTCCC TGTCCCTGTCCTGGAAC Blank
hsa-mir-520g mml-mir-520g
# hsa-mir-516b-2 mml-pd-516b-2
: hsa-mir-526a-2 aTeTTaeATecTecd feaTTTT cTece T mml-pd-Md3
hsa-mir-526a-2 CATTTTGGATGCTCCC| [CATTTT cTece TGTTCCTATATA mm1-pd-Md4
hsa-mir-518e CATTTTGEATGCTCC] [CATTTTGEATECTCCC TGTTCCTATATA mml-mir-523b
ﬁsa'm?r_%ga'l CATTTTGGATGCTCCC| |CATTTTEGATGCTCCC TGTCCCTETECT mml-pd-Downl
n hsa:m}r:glacji_l CATTTTGEATGCTCCC] fcATTTT cTece TGTCTCTETCCT mm1-pd-Down2
T leal;  [aTTTTacacecTeed fcATTTTGGAGCTCCC TGTCCCTGTECT mnL—pd—Down3
hzi_mir_5172 CATTTTGEATGCTCCC) [CATTTTGGAGGCTCCC TG- - CCTATACT mml_pd_Down5
4 hea_mir_520n CACTTTGEATGCTCCT| |CATTTTGEATGCTCCE TGTCCCTGTECT g‘ani own
Blank o ) N CACTTTGGARGCTGCC o E mml-pd-Down7
hsa-mir-521-1 CATTTTGGATGCTTCC . i - TGCCCCTGTECT mml-mir-519b
Blank CATTTTEEATsCTeCe] JCATTTTGEATGCTCCC TGTCCCTGTECT mml-mir-521
hoaomir—522 CAGTTTGEATGCTCCC] |CATTTCGEACACCCCE TGTCCCTETECT mml-mir-518e
hsa-mir-519a-1 CATTTTGGATGCCCTC| [CATTTT crccc TGTCCCTGTACT mml-mir-519a-1
hsa-mir-527 CATTTTGGATGCTCCC) JCATTTT ccccc TCCCTGTACT mml-mir-527
hsa-mir-5l6a-1 CATTTTGATTGCTTCC| JCATTTTGEATGCTTCC TGTCCTTGTECT mml-mir-516a-1
hsa-mir-1283-2 CATTT-GGATGCTCCC| JCATTTTGETTGCTTCC TGCCCCTGTACT! mml-pd-1283-2
hsa-mir-516a-2 ATTTTGEGTGCTCce] [CATTTTGAATCTCCE TGTCCCTETACT Blank
hsa-mir-519a-2 CATTTTGGGTGCCTCC TGTCCCTGTACT mml-pd-519a-2

* Duplication occurred in one of two species
# Highly expressed by count of deep sequencing read larger than 300

43



Figure 16 Substitution Analysis and Multiple Sequence Alignment (Continuous)
The P qiion are drawn on the line chart along the sequence. Scatter plots show the relationship
between two paralogs and orghotlog pairs within a local region of sequence. The alignment of the
site with difference we interested is shown.
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Multiple Sequence Alignment
70-72 101, 104
72 8¢ 2 B 18¢ 118 188 118
. = n. . . (R -t | I S V- I -
# hsa-mir-512-1 mml-mir-512-1
# hsa-mir-512-2 mml-mir-512-1
# hsa-mir-1323 mml-pd-1323
hsa-mir-498 mml-mir-498
hsa—mJ:.r—520e TCTAGC CAGTTCTCTT) Blank
hsa-mir-515-1 T TCCAGCCCAATTCTCTT| [TecAGECCASTTCTCTT|  mml-pd-Upl
hsa-mir-519e T TCCA ATTCTCTT| [TCeaGcCcasTTCTCGT) mml-pd-Up2
hsa-mir-520f T T TCCA AATTCTCAT| TCCAGECCAATTCTCTT| mml-pd-Up3
hsa-mir-515-2  |r T AATCCATT TCCAGCCCAATTCTCAT| [TeeaccccasTTeTerT|  mml-pd-Upd
hsa-mir-519c T . T ATCCAT TcCA t1cTeaT| frecaccicantTercaT|  mml-mir-519c
" Esa:m?r:é§g3'l TTGGCTCAGAATCCATT [TT A TCCAGTCCAATTCTCTT| [TCCAGTUTAATTCTCTT] mml‘P§‘12g3‘1
hsa_m?r_526g TTGECTCAABATCCATT: TTCAGTTCGATTCTCTT| mmi—m;r—gzgi
hii—ﬁii—519b T ATCCATT: TCCTGCCCAATTTTCTC mml:méfglgb
hea-mir—525 T A [TCCAGCCCAATTCTCTT| [TCCAGCCCASTTCTCAT mml_Pd_525
hea-mir—523 T Tcca TTCTCTT| [TCTAGCCCANTTCTTTT, le—ﬁir—523a
hea-mir—o18f T Tcca TTCTATT| [TCCAGCCAAMTTCTATT| o~ 772722
hea-mir—520b T Tcca TTCTCTT| [TecascecasaTeTeTt| oo wT 2060
hea-mir-518b T Tcca TreectT| Jrecascccaatrerert| [T TR0l
hsa-mir-526a-1 [T TCC AATTCTCTT| [TCCAGCCCANTTCTCTT| ] —pd-Mdl
hsa-mir-520c T anTTeTCTT| frecaceccesTTeTeT™  giank
hsa-mir-518c [T mml-mir-518c
hsa-mir-524 TGTGACTCAATCCATT: TCCAGCTCAATTCTCTS|  mml-mir-524
# hsa-mir-517a mml-mir-517a
hsa-mir-519d mml-mir-519d
hsa-mir-521-2 TTGACTCAAACTCCATT TTCAGTSCAATTCTCTT|  Blank
hsa-mir-520d [TCTTACC-AATTCTCCT] mml-mir-518a
# hsa-mir-517b TTGGCTCAAMATCCATT acteeT| frecTeeccTasTTeTeTT|  Blank
hsa-mir-520g mml-mir-520g
f hsa-mir-516b-2 TTGCGTCTGT - GACAATT ITC-AGCCCARTTCTCTT| fTe-AccccaaTTeTcTT| mml-pd-516b-2
¥ hsa-mir-526a-2. ry A TCCAGCCCAATTCTCTT| frecaccrcasTTererT|  mml-pd-Md3
hsa‘m%r‘5§63‘2 T TTTAGCCCAGTTATCTT| [recaccTcasTTeTerT|  Mmml-pd-Mdé
Esa—m}r—glge L TTTACCCCASTTATCTT| [TecaccreanTTererT| Mmml-mir-5230
OGS S TCCAGCCCAATTCTCTT| [TCCAGCTCASTTETCTT, mmi‘Pg‘gowné
3 b it olen-1 [TCCAGCCCAATTCTCTT| [TCCAGCECASTTCTCT-| - P "POmhownS
heamir-a18a-2 |7 TTCAGCCCAATTCTCTT| [TCCAGCCCGETTCTCTT gﬁl—pd—D2¥g4
hoa-mir—5l7e T TCCAGCCCAATTCTCTT| [TCTAGCCTGETTCTCTT mml—gd—DownS
4 hea-mir_520h T rccaccecansTeTerT| frecascteaatrerert|  gio b
Blank ; TCCTGCCCANTTCTCTT] )54 Pown?
hsa-mir-521-1 T rrcTGec mml-mir-519b
Blank T TCCTGCCCTATTCTCTT| [TCCTGCECARTTCTCTT|  mml-mir—521
hea-mir—522 T TCCAGCCCAATTCTCTT| [TCCAGCTCASTTCTCTT|  mml-mir-518e
hsa-mir-519a-1 |IT [TCCA TCCTOCLCOATTCTCTT  mml-mir-519a-1
hsa-mir-527 T Tcca TTCAGCCCAATTCTCET|  mml-mir-527
hsa-mir-516a-1 C TCCA [TCCAGCCCASTTCTCTT] mml-mir-516a-1
hsa-mir-1283-2 |TT TCCA [TCCAGCCCAATTCTCTT] mml-pd-1283-2
hsa-mir-516a-2  [TTGGCTCATAATCCATTG| [TTGECTCAATGTCCATT Tcca TCCAGGCCAATTATCTT|  Blank
hsa-mir-519%a-2 |TTGECTCAGAGTCCATT! TCCA mml-pd-519a-2

* Duplication occurred in one of two species
# Highly expressed by count of deep sequencing read larger than 300
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Figure 16 Substitution Analysis and Multiple Sequence Alignment (Continuous)

The P qiion are drawn on the line chart along the sequence. Scatter plots show the relationship
between two paralogs and orghotlog pairs within a local region of sequence. The alignment of the
site with difference we interested is shown.
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# hsa-mir-512-1 * mml-mir-512-1
# hsa-mir-512-2 * mml-mir-512-1
# hsa-mir-1323 mml-pd-1323
hsa-mir-498 mml-mir-498
hsa-mir-520e  [TATCTATACTAGTCOCT CTTTTTCTTTC Ac) Blank
hsa-mir-515-1 [TATGTGTGLTAGGCATT| |CATCCATAGTAGECATT CTTTTTCTCTTTCGGEAC) ECTTTTTCTETTT cAcAc]  mml-pd-Upl
hsa-mir-519e TATGTGTGETAGGCTTT| [TATCTGTAGTGGECTTT] CTTTTTCTCTTTEGAGAC] JEGTTTTTCTGTTTTGAGAC mml-pd-Up2
hsa-mir-520f TATATGTGGTAGGCATT| [TATGTGTAGTEGGCTTT] CTTTTTCTCTTTEGGGAC] JGTTTTTCTGTTTTGAGAC mml-pd-Up3
hsa-mir-515-2  |lra1ereTaeTAGECATT| [TATEACTAGTAGECATT CTTTTTCTCTTTEGGEAC] [CETTTTCTCTTTGGAGAC] — mml-pd-Up4
hsa-mir-519¢  lpareraTas TCOCCATT) [TATATATACCAGECATT CTTTTT CTTTTT mml-mir-519c
gsa‘m%r‘lgg}l TATGTCTAGTAGGCATT| [TATGTATGTCAGECATT CTTTTTCTETTTEAGAAC] [CTTTTTCTCTTTE G| Mml-pd-1283-1
# hiz‘ﬁi‘g%g TATGAGTAGTAGGCATT CTTTTTCTCTTT | mmi—m}r—gggg
- - ) g . mml-mir-
hsa-mir-519b [0 0T O o CTTTTTCTCTTTEGGEAC o mml-pd-519b
e mir_ooe TATGCATAGTAGECATT| fTa AGTAGGCA CTTTTTCTTICTSGACA]| [ECTTTTTCTTTCTAGAGA] T, TPe™ 27
hoa-mir—523 TATGTGTAGTAGGCACT| [TATGCATACTAGGCATT| CTTTTTCTTTCTGGAGGC] fBCTTTETCTTTCT6GAGAT) T "B =25
hoa-mir—518f  [TATGTCTASTAGTCATT| [TATGTGTAGTAGGTATT CTTTTTCTCTTTEGAGAC] ECTTTTTCTCTTIEGAGGY oo " 2702
hsa-mir-520b  [[ACATATCTCAGCCATIL [TATCTCTATTCGECATT] CTTTTGCTCTTTGAGAAC| [ECTTTTTCTCTTISEAGA] oy iy 5194
hsa-mir-518b  |TATGTCTASCAGGTATI| [TACATCTAGCAGETACT CTCTTTCTCTT-ECAGAC] [SCTTTTTCTCTT-SeacAd] o9 v =7
hsa-mir-526a-1 [[ATATGTASCAGGCATT| [TATATGTAGTAGGCATT CTTTTTCTCTTTEGGEAC) [ECTTTTTCTCTTTAGGGAT| 1 -pd-Mdl
hsa-mir-520c  [TATGTGTAGTAGGCAAT| [TATGTGTATTCGGCATT CTTTTT-- - -cTeeAcAC] eeTTTTTeTCTTTS666AC]  Blank
hsa-mir-518c  [TATGTGTAGTAGGCATT CCTTTTCTCTTT ] mml-mir-518c
hsa-mir-524 TATGTGTAGTGGECATT| [TATGTGTAGTEGECATT| crrrTTeTceTTecacac] fseTTTTTeTCeTTeeaca) mml-mir-524
# hsa-mir-517a mml-mir-517a
hsa-mir-519d mml-mir-519d
hsa-mir-521-2 [TATGTGTAGTAGGCATT| [TATGTGTATTGGECATT CTTTTTCTCTTTAGAGGE] [SCTTTTTCTCTTTGEGAAC]  Blank
hsa-mir-520d TACGTGTASTAGGCATT] TTTTTTCTTAGCAGATAC mml-mir-518a
# hsa-mir-517b TATATGTAGTAGGCGTT| [TATATGTAGTAAGCGTT CTTTTTCTCTTT-GAAGA| |ECTTTTTCTCTTTEAAGGC Blank
hsa-mir-520g mml-mir-520g
# hsa-mir-516b-2 |rarcAcTAGTAGGTATT| [TATGAGTAGTAGETATT|  fecTTTTTCTCTTTGGGEAC] feCTTTTTCTCTTTAGGGA|  mml-pd-516b-2
: Esa:m%r:gégaj TGCACGTAGTAGGCATT| [TATGTGTACTEGECATT CTTTTTCTTTCTEGAGAC) [ECTTTTTCTTTCTAGAGAC| — Mml-pd-Md3
pSaTm Y7 32822 ITGTGTCTGETAGGCATT| [TATGTGTACTEGECATT]  BATTTTTCTTTCCGAGMA [iCTTCTTCTTTCTAGAGA]  MmL-Pd-Md4
hzg—ﬁi—smi—l TETGTCTGETAGECATT| [TATETGTACTEGECATT| ATTTTTCTTTCCEGAGAA| [ECTTTTTCTTTCTAGAGAC mml:méf]; 1
heamir—o18d  [TATGTGTASTAGGCATT| [TATGTGTACTEGGCATT CTCTTTCTCTTTAGAGAC) fECTTCTTCTTTCTAGAGAC ﬁl—pd—Dgxﬁz
# hea_mir_516b-1 |TAGETGTAGTAGGCATT| [TATGTGTATTGGETATT] cTTTTTCTCTTTEGGEAC] feeTTTTTCTCTTTEGAGAC mml_gd_Down3
hsa-mir-518a-2 [[ATCTCTACTAGGCATT ?'Tr . ? r« Ehg CTTTTTCTTTCCAGAGAC| ECTTTTTCTCTITEG66AY 1" d poung
hsa-mir-517c  [ATCTCTASTAGECATT| [TATGACTAGTAGGCA CTTTTTCTTTCTAGAGAC| CTTTTTCTCTTTSGGEA] i) —pd-Downs
# hsa-mir-520n  [TATGTCTARTCGGCATT| [TATCTCTATTEGGCATT CTTTTTCTTTTTEGGGAC| CTTTTTCTTTCAAG A g1 3nk
Blank - -2 TATGTCTAGCEGECACT - CTTTTTCTCTIT__ aac mml-pd-Down?7
hsa-mir-521-1 [TATCTCTASTAGECTTT S TT CTTTTTCTCTTTEGGEAC) | eTT---cTTTecAcAeAd]  ml-mir-519b
Blank TATGTCTASTCGGCATT| [TATETCTAGTCGECATT, ATTTTTCTTTCTEGAGAC) [ATTTTTCTTTCTG6AGAC, mml-mir-521
hsa-mir-522 TATGTGTASTAGGCATT| |CATGTGTAGTAGACATT CTTTTTCTTTCTEGAGAC] feceTTTTCTETTTS6CeAC] mml-mir-518e
hsa-mir-519a-1 [TATGAGTASTAAGCATT| [TATGTETAGTCAGCATT CTTTTTCTCTTT connc) LeTTTTTerTTTeTecacac)  mml-mir-519a-1
hsa-mir-527 TATGTGTAGTAGECATT| [TACGTCTAGTAGACATT| CTTTTTCCCTTTAGAGAC) feCTTTTTCTCTTT GGAAC) mml-mir-527
hsa-mir-516a-1 [TATGTGTAGCAGGCATT| [TATCTETAGTAGECATT CTTTTTCTTTCCAGAGAC) fseTTTTTCTCTTTAGAGAC, mml-mir-516a-1
hsa-mir-1283-2 |tateTes cocaec TATGTAT GTAGGCATT] TGETGGCTCATGCC| CTTTTTCTCTTTEGGEAAC] mml-pd-1283-2
hsa-mir-516a-2 [TATCTETANCAGECATT| [TATET c-T CTTTTTCCTTCCAGAGAC] fsTCTAATGTCACTECTTTT|  Blank
hsa-mir-519a-2 |[TATATCTARTAGECATT, T CTTTTTCTTTCTEGAGAC) [SCTTTTTCCTTCTEGAGAC|  mml-pd-519a-2

* Duplication occurred in one of two species
# Highly expressed by count of deep sequencing read larger than 300
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Figure 16 Substitution Analysis and Multiple Sequence Alignment (Continuous)

The P qiion are drawn on the line chart along the sequence. Scatter plots show the relationship
between two paralogs and orghotlog pairs within a local region of sequence. The alignment of the
site with difference we interested is shown.
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# hsa-mir-512-1 * mml-mir-512-1
# hsa-mir-512-2 * mml-mir-512-1
# hsa-mir-1323 mml-pd-1323
hsa-mir-498 mml-mir-498
hsa-mir-520e AGGATTGCTTCTT TTGASATTTTC Blank
hsa-mir-515-1 NGGATTGECCCTTG) AGGATTGCCCCTT CTAAGCCTTT AGCCTTT mml-pd-Upl
hsa-mir-519e NGEGTTGCCCCTTC] JAGGATTGTCCCTT! CTGARCCTTT! AGCCTTT mml-pd-Up2
hsa-mir-520f NGGATTGCCCCTTG| JAGGGTTGTCCCTT! CTGATTCTTT AGCCTTT mml-pd-Up3
Esa—m}r—g%g—Z WGGATTGTCTCTTE| |aGGATTETCCCTT CTGASCCTTT: AGCCTTT. mmi-Pd-U€§9
sa-mir- c mml-mir- c
y poarmir1283-1 heaatteteeetTe) frccaTTeTCcCTT AACCTGCTGAGECTTT mnl-pd-1283-1
—mir- A = mml-mir- a
! NGGATTGCCCCTT !
heamir-sisp  [ecATTeccecTT Rnl-pa515n
hoa—mir—575 NGGATTTCCCCTTG) JAGGATTGACCCTT! CTGATTCTTT gﬁl—pd—SZS
hea-mir-523 NGGATTGCCCCTTE| JAGGATCGTCCCTCA CTGAGCCTTTC mml_ﬁir_523a
Neo-mir-518f NGGATTGCCCCTTG| |RGGATTGECCCTT: ASCCTTT CTGAGCCTTT mmlmir—518%
hsa-mir—520b PGGATTGCTCTTTG| |AGGATTGECCCTT ATCCTTT CTGAGCCTTT mml-mir-519a
hsa-mir-518b NGGATTGECCCTTG| JAGGATTGETCCTC ATTCTTT CTGATTCTTT ol -mir-518b
hsa-mir-526a-1 NGGATTGEGCCTTG| JAGGATTGTCCETT: ASCCTTT CTGAGCCTTT mm1-pd-Md1
hsa-mir-520c hceaTTaTCCCTCs| RGGETTETCCCTT: AGACTTT CTGAGCCTTT Blank
hsa-mir-518c AGGATTGCCCGTT! ATTCTTT mml-mir-518c
hsa-mir-524 NGGATT-CcCCTTe| JAGGATT-CCCCTT: CTGARC CTGAGL mml-mir-524
# hsa-mir-517a ATTA AACCTGCTTATTCTTT CTTATTCTTT mml-mir-517a
hsa-mir-519d mml-mir-519d
hsa-mir-521-2 N\GGETTGECCCTTG| |AGGATCGTCCCTT CAGASCCTTT! CTGAGCCTTT! Blank
hsa-mir-520d nAGATTGTCCTAT: CTGATTGTTT mml-mir-518a
# hsa-mir-517b NCAGTTGTCCCTCG| AAGATTGCCCCTT! CTGAACGTTT! CTGAATGTTC Blank
hsa-mir-520g mml-mir-520g
# hsa-mir-516b-2  hcearcarecerte| fecatTacccetT AGCCTTT CTGAGCCTTT mml-pd-516b-2
. Esa:m}r:gégazg hGeATTGCCCCTTE| |aGeATTEECCCTT ASACTTT CTGATTCTTT mml-pd-Md3
e T elee WGGATTTLCTCTTG| AGGATTETCCCTT TGAGLCTTT CTGATTCTTT mmi'pd'Mgg3b
o ir_218a-1 NGGATTTCCTCTTG| |pGGATTGCCCCETE ASCCTTT CTGATTCTTT e oeon
hea-mir—5l8d ATTGECCCTTG| PGGATTGTCCCTT ATTCTTT CTGATTGTTT ﬂﬁl—gd—ngxﬁz
- AGGATTGLCC AGGATTGCCCCTT ATTCTTT CTGAGCCTTT
# hsa-mir-516b-1 AGGATTGECCCTTG) |AGGA A . 1-pd-D
heamir—o1ga—y  |pecatrecccerte] frseatcaTeceTT ATTCTTT CTGAGCCTTT Qﬁl_gg_Dgxﬁi
hsa-mir-517c hGGATTGECCCTTE| JAGGATCGTCCCTT: ATTCTTT CTGRACCTTT mml-pd-Down5
4 hsa-mir-520h hGGATTGECCCTTE| JAGGATTGLCCCTT: ATTCTTT CTGATTCTTT Blank
Blank NGAATTGTCCCTT CTGAGCCTTT mm1-pd-Down7
hsa-mir-521-1 hGGETTGLCCCTTG| JAGGATTGTCCTGT: ASCCTTT CTGATTCTTT mml-mir-519b
Blank hceeTTaCCCCToe| JAGGATTGETCCTC ASCCTTT CTGATTCTTT mml-mir-521
hsa-mir-522 NGGATTGCCCCTTG| JAGGATTGACCCTT: ATTCTTT CTGAGCGTTT mml-mir-518e
hsa-mir-519a-1 NGGATTGECCCTTG| |RGGATTCCTTCTT: ATTCTTT CTGATTCTTT mml-mir-519a-1
hsa-mir-527 NGGATTGECCCTTG| JAGGATTGCCCCTT: CAGATTCTTT CTGCTTCTTT mml-mir-527
hsa-mir-516a-1 NGGATTGCCCCTTG| RGGATTGCCCCTT ATTCTTT CTGATTCTTT mml-mir-5l6a-1
hsa-mir-1283-2 NGGACTGECTCTT ATTGTCCCTT ASCCTTT CGGAGCCTTT! mml-pd-1283-2
hsa-mir-516a-2 hGGATTGRCCCTTG| |AGGATTGCCCCAT ATTCTTT CTGAGECTTT Blank
hsa-mir-519a-2 hGeaTTeEcceTTel JAGAATTGCCCCTT AFTCTTT! CTGATTGTTT! mml-pd-519a-2

* Duplication occurred in one of two species
# Highly expressed by count of deep sequencing read
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Figure 17  Hypothetical Model of Co-Evolution
We made an assumption which implies the co-evolution of microRNA and Alu elements.

Details of our model are described in the context.

and

v

v v
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Figure 18  The Alignment of Reads from Deep Sequencing to C19MC Annotated
Mature Region

All microRNA genes are lined as black on the top and highlighted their mature region as
light blue. We aligned each sequencing reads (list on the left) with the microRNA genes
to find whether the read is matched to the mature region. Arrow indicates the

sequencing reads which aligned to the non-mature region or stem loop of microRNAs.
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Figure 19  C19MC Seed Selection from Human Sequencing Data

Each sequencing reads were aligned to the microRNA genes to determine the possible
mature sequences. As the figure shown, the mature microRNA sequences could be
shifted and not identical in each time of expression. Due to this reason, we selected

human seed candidates depend on real expression profile instead of mirbase annotation.

count 20
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Figure 20  Rhesus Seed Candidates Selection

a) An example of our alignment of sequencing reads with microRNA gene. The real
expression regions of mature microRNA are not conserved. b) Rhesus seed candidate
selection was referenced with annotated human microRNA genes and sequenced human

mature microRNAs, and selected by £3-nt shift.

a) (hsz-mir-517b)cT TCT T TATCTGTTGTCT TCGT T TTT TaTT
13
TCT T Tar
TCaT TTT T
TCGT T TTT TaT
TCGT T TTT TGT
TCGT T TTT TaTT
TCGT TTT TaTT
TCGT T TTT T
TCGT T TTT T
TCGT T TTT TaT
TCT T TaTCT
T T TTT TaT
TCT T TaT
TCGT T TTT T

b)
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Figure 21  Distribution of Alu Target Ability of each Seed

v
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Figure 22  Targeting Preference of Seed Candidates: Different Alu Subfamilies
The diagram presented the number of Alu subfamilies targeted by seed candidates

within species.
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Figure 23  Interchange Seeds to Target Genomes of Each Other

AGCGCTT
AAAACTG
CGAGGAA
TCGTGCA

CCGTCTC
CGTCTCG
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Figure 24  Percentages of Alu Subfamilies Not Targeted by C19MC
All Alu elements were considered because they might be targeted in the past no matter

what situation they are now.
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Table 1 Ortholog Pairs Defined by Rainbow Dotplot in this Study

The inconsistent rhesus microRNAs of our annotation with miRBase is marked as green.
That means our sequence analysis supports the ortholog pairs but which are annotated
in different name by miRBase. The microRNAs which not annotated by miRBase are
named and marked as red. If a microRNA is annotated by miRBase, we kept the name

originated from miRBase in this study even its name could be doubtful.

Name Position Name Position
Related to Related to

Human microRNA 54168188 Rhesus microRNA 59771000 Note

Start End Start End
hsa-mir-512-1* 1745 1828 ) Two orthologs are

mml-mir-512-1 R
hsa-mir-512-2 1 4223 4320 found in human
hsa-mir-1323 7034 7106 mml-pd-1323
hsa-mir-498 9263 9386 mml-mir-498
hsa-mir-520e 10777 10863 mml-mir-520e 2 Human only
hsa-mir-515-1 14069 14151 mmi=pd-=Up1
hsa-mir-519e 15006 15089 mml-pd-Up2
Duplication hotspot

hsa-mir-520f 17225 17311 mmi-pd=<Up3
hsa-mir-515-2 20075 20157 mml =pd-Up4
hsa-mir-519c 21535 21621 mml-mir-519c

hsa-mir-1283-1 23547 23633 mmi-pd-1283-1

hsa-mir-520a 25947 26031 mml-mir-520a
hsa-mir-526b 29459 29541 mml-mir-526b
hsa-mir-519b 2 30279 30359 | mml-pd-519b
hsa-mir-525 32599 32683 mml-mir-525
hsa-mir-523 33451 33537 mml-mir-523a
hsa-mir-518f 35081 35167 mml-mir-518f
hsa-mir-520b 36293 36353

hsa-mir-518b 37803 37885 mml-mir-518b

hsa-mir-526a-1 41318 41402 mml-pd-Md1l

hsa-mir-520c 42519 42605 mml-pd-Md2 No Sequence
hsa-mir-518c 43801 43901
hsa-mir-524 46068 46154 mml-mir-524

L Duplication of mml-mir-512-1

2 This microRNA appears in miRBase without any position annotation.

3 Do not confuse with mml-mir-519b annotated by miRBase.

4 This rhesus microRNA sequence is similar to the human one and probably is an ortholog, but it is annotated in a doubtable name by
miRBase.
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Table 1 Ortholog Pairs Defined by Rainbow Dotplot in this Study (Continuous)

Name Position Name Position
Related to Related to

Human microRNA 54168188 Rhesus microRNA 59771000 Note

Start End Start End
hsa-mir-517a 47334 47420 mml-mir-517a
hsa-mir-519d 48413 48500 mml-mir-519d
hsa-mir-521-2 51660 51746 mml-pd-521-2 No Sequence
hsa-mir-520d 55162 55248
hsa-mir-517b 56142 56208 mml-mir-517b No Sequence
hsa-mir-520g 57232 57321 mml-mir-520¢g
hsa-mir-516b-2 60508 60592 mml-pd-516b-2
hsa-mir-526a-2 61088 62052 | T Lo o Two orthologs are

mm 1 -pd=Md4 found in rhesus
hsa-mir-518e 64904 64991
hsa-mir-518a-1 66072 66156 mml-pd-Down1l
hsa-mir-518d 69943 70029 mmi=pd-Down2
hsa-mir-516b-1 71911 72000 mml-pd-Down3
hsa-mir-518a-2 74399 74485 mml-=pd=Down4 Duplication hotspot
hsa-mir-517c 76379 76473 mml-pd-Down5
hsa-mir-520h 77578 77665 mml -pd-Down6 No Sequence
hsa-pd-Down7 mmi-pd-Down7 " ®
hsa-mir-521-1 83702 83788
mml-mir-521 Rhesus Only

hsa-mir-522 86277 86363
hsa-mir-519a-1 87463 87547 mml-mir-519a-1
hsa-mir-527 89084 89168 mml-mir-527
hsa-mir-516a-1 91807 91896 mml-mir-516a-1
hsa-mir-1283-2 93298 93384 | mml-pd-1283-2 7
hsa-mir-516a-2 96199 96288 mml-mir-516a-2
hsa-mir-519a-2 97410 97496 mml-pd-519a-2

5 This rhesus microRNA sequence is similar to the human one and probably is an ortholog, but it is annotated in a doubtable name by
miRBase.

6 LTR13 inserted into the upstream of this microRNA in both human and rhesus.

7 MicroRNA harbored on Alu elements with the same genomic direction in rhesus.
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