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Background

Retrotransposons are class I transposable elements. In a retrotransposition event, an
element is first transcribed into RNA, and then reverse transcribed back into DNA,
which is inserted into a new position in the genome. It has been found that L1
retrotransponsons, the only autonomous mobile elements in human genome, also pick
up cellular mRNAs as templates for reverse transcription and insertion (Esnault C et
al., 2000; Wei Gilbert N et al., 2001; Mandal PK et al., 2013), creating
retroduplications. Although retroduplication forms an exception of the central dogma,
it is far more common than we expected before. Three recent studies (Abyzov, Ewing,

Schrider) have revealed extensive retroduplication polymorphism in human genomes.

Gene retroduplication represents an important mechanism of gene duplication.

It contributes to the genome evolution and new gene generation in large time scale

(Kaessmann H et al., 2009; Ciomborowska et al., 2012; Long M et al., 2013). While
most of the retroduplications suffer from the lack of promoter, 5’ truncation,
mutations, inactive local chromatin environment etc. that hinder the expression of
functional protein products, retroduplications exhibit functional impacts at times.

Some of the retroduplications are franscribed (The ENCODE Project Consortium

2012; Pei et al., 2012; Sisu et al. 2014). In some cases, such as in cancer speci

lines, some pseudogencs Tan-be further translated into #rsand thus be considered
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Jactive” involved in abnormal cellular function (Sisu et al. 2014), In other cases,

Yan Zhang 1/12/2015 9:47 AM

transcription products play a role in expression regulation of their parent genes N\ .
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2011) and retroduplications transcription products serving as competitive miRNAs
binding targets (Betran E et al., 2004; Poliseno et al. 2010). Recent studies showed
such expressed retroduplications result in cancer susceptibility (Breyer et al., 2014).
Sometimes retroduplications can have high impacts if they insert into functional
regions, of which normal functions are disrupted. Studies have confirmed cases in
which germline intragenetic retroduplications result in liver cancer susceptibility
(Shukla et al., 2013) and primary immunodeficiency (de Boer M et al., 2014). Besides

germline events, a number of researchers hay orted massive somatic

retroduplications events and their critical r¢les in tunjor development (Solyom et al.,
2012; Shukla et al., 2013; Cooke et al., 2014 _Tubio et al., 2014; Helman et al., 2014),

as well as in neuron development (Richardson et al;;2014; Evrony et al., 2015).

Retroduplications carry several distinctive features: exon-exon junctions, genome
locations distant to parerllt genes, poly-A tail and L1 transposition markers such as
target-site duplication (TSD) and human L1 endonuclease preferential cleavage site.
In this study, we developed novel methods to exploit these features and performed a
comprehensive discovery and analysis of retroduplications in 2,535 individuals from
26 populations. This largest germline retroduplication polymorphism landscape to

date gives us the power to ... [[STL: maybe we should fill in this later]]
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sequencing (WXS) data for 2,535 normal individuals from 26 populations {/cite
1000Genomes phase3}. We extracted unmapped reads from the data, and mapped
them against exon junction libraries that we built from protein coding exons (see
Calling pipeline in Methods, Figure 1). From our pipeline, a total of 15,694
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On average, each individual has 6 novel retroduplications identified. NA19318 from
LWK (Luhya in Webuye, Kenya) is the only exception that has no novel
retroduplication call at all. The novel retroduplications originated from 529 unique
parent genes. The retroduplication call set is provided in Additional file 1. We further

identified |112 retroduplication insertion sites using extra information from paired end

reads (Additional file 2). The summary of the call set is shown in Supplementary
Table 1 and Supplementary Figure 1.

Novel retroduplications are the retroduplications not annotated in the reference
genome. They are not always shared among individuals from the same population.
The difference reflects within-population genomic variance, which occurred in recent
human evolution history when the population had diverged from the rest. On the other

hand, most novel retroduplication parent genes (XX%) are exclusively identitied in a

single population, and there are also ones commonly identified in multiple
populations (Supplementary Figure 1B). We can hypothesize that the common
retroduplications were inherited from a common ancestry, while the exclusive
retroduplications developed after population divergence. The common and exclusive
retroduplications reflect the relationship between different populations, and can be

used for assigning populations along human phylogenetic trees.

Phylogenetic tree based on novel retroduplications
Before building phylogenetic trees, we diagnosed the number of novel

retroduplications detected in each individual from the same populations. We detected
two outlier individuals, NA11994 in CEU, and NA19042 in LWK, with abnormally
high number of novel retroduplication calls (Supplementary Figure 2), and they
were ruled out from the phylogenetic analysis. The outliers might be due to
experimental artifacts or data quality issue.

Taking both within-population genomic variance, in terms of various
retroduplication frequencies, and between-population distance into account, we
constructed two phylogenetic trees through bootstrap resampling (see Methods, and
Figure 2). One for all 26 populations enrolled in the 1000 Genomes Project [2], and
the other for the 17 non-mixed populations (ACB, ASW, CDX, CEU, CHB, CHS,
ESN, FIN, GBR, GWD, IBS, JPT, KHV, LWK, MSL, TSI, and YRI). From both
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phylogenetic trees, we see that the superpopulation groups - Africans, Asians, and

Europeans - are clustered with high confidence.

e all population tree (Figure 2A), African superpopulation substructure
gpproximately unbiased) probability value [3, 4] 0.99. East Asian
wtations are tightly clustered (AU = 0.78), where all populations in China (CHB,
CHS, and CDX) are even tighter clustered (AU = 0.91). Chinese Dai (CDX) is
stered next to Vietnamese (KHV), which might be explained by their geographical
@\ closeness. Peruvians (PEL), a mixed population, is clustered with East Asian
populations (AU = 0.77). All European populations are clustered in a superpopulation
(AU = 0.83), mingled with mixed populations from South Asia and South America. In
the non-mixed population tree (Figure 2B), African superpoplation (AU = 1), East
Asian superpopulation (AU = 0.97), and European superpopulation (AU = 0.94) are

more clearly tightly clustered, respectively.

Association between novel retroduplication and gene expression
In each population enrolled in the Geuvadis RNA-sequencing project [5], we

investigated the association between novel retroduplication and gene expression on
two different time scales (see Analyze association between retroduplication and
gene expression in Methods). The short time scale events (retroduplication variance)
happened more recently in human history than long time scale events (change in gene
expression level).

In the short time scale analysis, we wanted to answer: given the parent genes
having differential retroduplication occurrence in a population, is having such novel
retroduplications or not associated with parent gene expression? The answer is no,

since in none of the populations is the association significant: Utah residents with
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highly expressed compared to the background of all the genes? The answer is yes, and

the association is significant in all tested populations: Utah residents with Northern



and Western European ancestry (p-value 3.23x107'?), Finnish (p-value 1.34x10°),
British (p-value 8.82x10°®), Toscani (p-value 3.78x10™'%), and Yoruba (p-value

1.09x 10'7) (Additional file 3 sheet 2). It means the novel retroduplications came
from highly expressed genes. It is consistent with our knowledge that genes with high
expression level tend to have more copies (including retrogenes and processed

pseudogenes) in the genome {\cite publication?}.

Tissue-specific expression analysis
As we have shown genes highly expressed in general are prone to retroduplication, we

are interested in the whether such expression patterns bias towards certain tissues.
Indeed, germline retroduplications should occur only in germline cells and early
embryonic development. Several previous studies have shown some known
retroduplicated genes are expressed in early embryonic cells (Booth and Holland,
2004 [[PMID: 15233988]]; Elliman et al., 2006 [[PMID: 16291741]]; Pain et al., 2005)
[[PMID: 15640145]]) and germline linkage cells (Pain et al., 2005 [[PMID:
15640145]]; Malki et al., 2014 [[PMID: 24882376]]).

Using tissue specific expression dataset obtained from TiGER (Liu et al., 2008) and
Expression Atlas (Kapushesky, M. et al. 2012; Petryszak, R. et al. 2013). ;
[[STL: work in progress; simple aggregation/heat map does not show anything. Will
do more rigorous stat tests and maybe use the GTex dataset]]

[[STL: some working ideas below]]

Explore association between retroduplications and methylation patterns in
germline cells and early embryonic cells

Explore association of insertion points and open chromatin markers

Overlap retroduplications with somatic events

Function inpact of novel retrodplications

Functional enrichment analysis
We performed functional enrichment analysis for the 529 unique parent genes. The

enriched terms and significance scores are listed in Table 1. Terms related to
ribosome/structural molecule activity, intracellular organelle lumen/nucleoplasm, and

protein complex assembly are among the most enriched. This observation is in

-6-



accordance with previous study [6] indicating retrotransposition is coupled with cell
devision. Intracellular lumen is related to tubular structures inside cells, and is
involved in membrane formation which are crucial steps in cell formation/division.
Ribosome activity and protein complex assembly are also contributing to new protein
production for a new cell. [[Yan: might update.]]

Overlap between genomic elements and retroduplication insertion sites
[[Yan: This sub-section might be removed.]]

Conclusions

Text for this section.

Methods

Data resources
Whole exome sequencing (WXS) and whole genome sequencing (TWG/Sb data of

2,535 individuals from 26 populations are provided by the 1000 Genomes Project
Phase 3 {\cite 1000G phase 3}. Population description can be found at

http://www.1000genomes.org/category/frequently-asked-questions/population.

Protein-coding gene expression data (Peer-factor normalized RPKM) is obtained from
the Geuvadis RNA-sequencing project [5], which generated RNA sequencing data
from Jymphoblastic cell lines of 462 individuals from 5 populations (CEU, FIN, GJBR,
TSI and YRI) enrolled in the 1000 Genomes Project. We use human reference

genome build 37 [7], and GENCODE v19 human genome annotation [8] in the study.

Calling, pipeline
The calling, pipeline is customized for generating retroduplication calls from high-

coverage exome sequencing data. It is adapted and adjusted from our previous
pipeline developed for low-coverage whole genome sequencing data [6]. A simplified
flowchart of the current pipeline is shown in Figure 1.

Build and index true and decoy exon junction libraries
For calling retroduplications from whole exome sequencing data, we need to build

exon junction libraries from annotated protein coding exons. The true exon junction

library is built by joining pairs of protein coding exon segments within the same
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genes, while maintaining exons’ order on the strand. Exon segments of length 100
bases adjacent to the joining splice sites are combined (Supplementary Figure 3).
We also build five decoy exon junction libraries for the purpose of controlling false
call rate (FCR). The decoy exon junction libraries contain fake exon junctions, in
which exon annotations are shifted by e base(s) on both sides (i.e. start location + e,

end location - e). e is taken as 1, 2, 3, 6, and 12 for each decoy exon library,

respectively. Subsequently, all the junction libraries are indexed using BWA-0.7.7 [9]

for the purpose of speeding up following read alignment,

Generate unmapped read alignments
Unmapped reads can be utilized for calling novel retroduplications that are not

annotated in the reference genome. We use SAMtools [10] to extract unmapped reads |
from exome bam files, then use BWA-0.7.7 to align the unmapped reads to all of true
and decoy exon junction libraries (Supplementary Figure 3). BWA default
parameters of allowed mismatches are used in the alignment. d; and d> are the number
of bases that the read maps to either exon segment. min(d,, d») > d is required for a
newly mapped read to be reported from our pipeline. d is a parameter automatically
tuned in the range [0.005, 0.05], ensuring the most number of calls from the true exon
junction library while satisfying the false call rate (FCR) < 0.05. FCR is an empirical
measure of false discovery rate, and it is calculated as the maximum number of
mapped reads among all decoy exon junction libraries divided by the number of
mapped reads in the true exon junction library.

Generate novel retroduplication calls
Multiple “previously unmapped” reads might be mapped to the same exon junction,

supporting the existence of the exon junction. Also, multiple exon junctions with
supporting evidence might come from the same gene. We report the gene having
novel retroduplications, when it has at least 2 supporting exon junctions fwith newly
mapped reads. The genes (also called parent genes) with novel retroduplications are
called for each person.

Detect retroduplication insertion sites
We search for discordant sequencing pairs (with a minimum quality score of 15) with

one read correctly mapped to parent gene and the other read mapped to a different
chromosome or at least 1kb far away from the gene. To avoid mismapping problem,
we also exclude the case when the other read mapped within 1kb to Gencode level 2
pseudogene that is originated from the gene (and has a sequence identity of at least
97%).
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Pairs with proper orientations are clustered using average linkage clustering. It can be
showed that this linkage criterion is not affected by the local coverage. Assuming
uniform distribution of reads, it can be shown mathematically that the expected
distance is {2(IS - RL) + 1} / 3, where the IS is the insertion size and RL is the read
length [[STL: Supplemental?]]. As the insertion size in most cases is 200-400bp, we
choose 500bp as the cut-off for average linkage distance to stop clustering. This cut-
off not only takes the deviations of insertion size into consideration, but also allows
sufficient space for TSD. A valid insertion point must have at least two reads on one
side (i.e. stand). [[STL: Some schemes and updates for rescuing one-side cases]]

Genotype novel retroduplications

Explore association between retroduplications and methylation patterns in
germline cells and early embryonic cells

Explore association of insertion points and open chromatin markers

Build population phylogenetic trees based on novel retroduplication calls

Rule out outlier individuals
In each population, we sort the individuals based on the number of unique parent

genes having novel retroduplications (Supplementary Figure 2). The individuals
with exceptionally high number of parent gene identifications are ruled out from the
phylogenetic analysis.

Generate retroduplication frequency matrix
There are parent genes called in common among multiple populations, or called

exclusively in one population. On the other hand, within a population, the parent gene
calls are not appearing at the same frequency. This information can be used for
measuring distance between populations, while taking into account different
retroduplication frequencies. We define a retroduplication frequency matrix, from
which distance measures can be calculated.

Suppose there are N populations, and M unique parent genes are identified in
these populations. The retroduplication frequency matrix 4 is defined as an MxN
matrix, with each element 4,,, (m=1,2,...,M; n=1,2,...,N) being a value in [0, 1],
representing the percentage of individuals in population » having this unique parent

gene m called.
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Bootstrap phylogenetic trees
We use Manhattan distance as the distance measure between each pair of populations

(i.e. Manhattan distance between two columns in 4). Agglomerative method
“average” is used in hierarchical clustering for generating each tree. 1000 bootstrap
replications are performed and the uncertainty is assessed using Pvclust [3]. The
reported AU (approximately unbiased) probability values [3, 4] are used to indicate
the certainty of sub-tree structures generated from multi-scale bootstrap resampling

[11-13]. The higher the AU probability value, the more confident the substructure is.

Analyze association between retroduplication and gene expression
We utilize our retroduplication call set and the Geuvadis gene expression data (Peer-

factor normalized RPKM) [5] to analyze the association between retroduplication
occurrence and gene expression. Matching data of the individuals enrolled in both the
1000 Genomes Project and the Geuvadis project are used. The association can be
investigated on two different time scales. (1) The “short” time scale analysis focuses
on the variance of novel retroduplications within the parent gene set for each
population. A parent gene has novel retroduplication(s) in at least one individual in
the population. (2) The “long” time scale analysis inspects all the genes, and tests
whether retroduplication parent genes tend to be highly expressed. The short time
scale events (retroduplication variance) happened more recently in human history than
long time scale events (change in gene expression level). The association tests are
performed for each population, respectively, in order to rule out the confounding by
population stratification.

Analyze association in short time scale
For a certain population, we perform the association test within the set of

retroduplication parent genes: test whether having novel retroduplication(s) or not is
associated with the parent gene’s expression level.

First, differential expression of each parent gene is tested between the group of
individuals that have novel retroduplications of this gene and the group of individuals
that do not. Two-sided Wilcoxon rank sum test is used. p-values are adjusted by
Benjamini-Hochberg procedure [14]. A gene is reported to be differentially expressed
in the parent gene set if its adjusted p-value is less than 0.05. Furthermore, the global
differential expression of all the parent gene set is tested using Fisher’s combined

probability test [15] on unadjusted p-values. It can test the combined effect of
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multiple parent genes, whose individual effect js not necessarily strong. If the
combined p-value is less than 0.05, we can conclude that the association between
retroduplication variance and parent gene expression is significant.

To re-confirm the result, we also perform two-sided Wilcoxon signed rank
test. For each gene, medium gxpressions of both groups (having the novel
retroduplication or not) are paired. The test result is consistent with that of the
Fisher’s method.

Analyze association in long time scale
For a certain population, we test whether the retroduplication parent genes are highly

expressed among all the genes measured in the Geuvadis data set. We take medium
expression value over all individuals for each gene as the representative expression
value. One-tailed empirical p-value is calculated indicating the significance of each
retroduplication parent gene has high expression value among all genes. Fisher’s
combined probability test is performed on the empirical p-values. If the combined p-
value is less than 0.05, that means in general the parent genes are significantly highly
expressed among all genes.

Tissue-specific expression analysis
[[Shantao, insert your text here]]

Investigate functional impact of novel retroduplications

Functional enrichment analysis
We use DAVID [16] to annotate functional terms (including GO terms [17]) for

retroduplication parent genes, and survey functional term enrichment.

Overlap genomic elements and retroduplication insertion sites
[[Yan: Probably I will not put significance test in. Numbers of insertion sites will be

put in Results.]]

Abreviations
WXS: whole exome sequencing; WGS: whole genome sequencing; FCR: false call

rate; AU: approximately unbiased.
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Figures

Figure 1 - Simplified flowchart of the retroduplication calling, pipeline.
| Deleted: er )

Figure 2 - Phylogenetic trees built based on novel retroduplications
A — The phylogenetic tree of all 26 populations enrolled in the 1000 Genome Project.

B — The phylogenetic tree of 17 non-mixed population. Red number: AU
(approximately unbiased) probability value. Green number: BP value, i.e. the
frequency of the cluster appearing in bootstrap replicates. In the rectangulars, we
highlight clusters with AU > 0.95. Bootstrap resampling was performed 1000 times

for generating the trees shown in A and B.

Tables

Table 1 — Functional enrichment analysis results.
[[Yan: Will be tidied and updated.]]
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Additional files

Additional file 1 — Novel retroduplication call set.
[[File available, not attached yet. Additional file descriptions text will be provided.]]

|Additional file 2 - Detected retroduplication insertion sites.

Yan Zhang 1/10/2015 8:28 PM

Comment [23]: Shantao, please prepare
Additional file 3 — Test results of association between retroduplication and gene this file.

expression.
[[File available, not attached yet. Sheet 1: short time scale; Sheet 2: long time scale.]]
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