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Approximately 45% of the human genome is occupied by Mobile genetic Elements 

(MEs). Small subsets of these are still active and belong to three different families: L1, 

Alu, and SVA. These active families can generate new copies known as Mobile Element 

Insertions (MEIs), which can be polymorphic in humans. There remain several open-

ended questions as to which MEs are generating the vast majority of new MEIs, and if 

they are in fact active prior to, and can initiate, tumorigenesis. To investigate active MEs 

in these two scenarios, I designed a computational algorithm to find polymorphic MEIs in 

human whole genome sequencing (WGS) data: the Mobile Element Locator Tool 

(MELT). As part of the 1000 Genomes Project (1KGP), I used MELT to discover over 

22,500 polymorphic MEIs. Using this data in combination with Neanderthal, Denisovan, 

and Chimp WGS, I investigated the population dynamics of ME activity in the great ape 

lineage. To evaluate the possibility of L1 playing a dynamic role in cancer tumorigenesis, 

we screened ten colorectal cancer cases for somatic L1 activity. In one of these cases, we 



 

discovered a somatic L1 insertion into the tumor suppressor gene APC, causing this 

particular cancer case. Follow-up studies revealed that a population-specific L1 element 

was responsible for the generation of this insertion, and was active in the normal soma. 

Overall, through the development of new computational and sequencing tools, my work 

demonstrates that distinct families of MEs are generating the majority of new MEIs in 

human genomes, that a subset of these elements are stratified by population, and that 

somatically active L1s can initiate cancer. 
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 1 

Chapter 1: Active mobile elements in human genomes 

1.1 Introduction - Mobile Elements as genetic variation 

First discovered in 1953 by Barbara McClintock1, mobile genetic elements (MEs) are 

genomic “parasites.” Through a unique mechanism, MEs co-opt the host machinery to 

generate new copies, or mobile element insertions (MEIs), throughout the host genome. 

MEs are found in every branch of the evolutionary tree with a wide range of subtypes, 

activities, and effects on their host genomes2. MEs also have a long history as tools for 

molecular biology and are used for a wide range of purposes such as the generation of 

transgenic organisms3 and as a mutagen in genetic screens4. Furthermore, MEs have been 

implicated in or shown to have caused a wide range of disorders5. Consequently, the 

study of MEs in humans is an important scientific pursuit. 

MEs are classified into two groups based on the type of nucleic acid intermediate 

used for the generation of MEIs. Type I MEs move via a “copy and paste” mechanism 

where an RNA intermediate is transcribed from a “source” ME and subsequently 

integrated into a new locus which leaves two copies in the genome, one old and one new. 

In contrast, Type II MEs jump via a “cut and paste” mechanism whereby the ME is 

completely excised as DNA from a locus and inserted elsewhere in the genome. Both 

type I and II MEs have several further classes and subfamilies, either reflecting the type 

of mechanism used to move, their genetic lineage, or the organisms in which they are 

found6,7. Both types of MEs have been identified across the tree of life and have 

experienced differing rates of success at colonizing their host genomes8.  

In humans, only type I elements are active and capable of replication9. While many 

genetic remnants of early Type II ME activity in the primate lineage have been observed, 
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no known families have retained the ability to generate new insertions10. In fact, only one 

active DNA ME has been identified in mammals: a piggyBac family element in the little 

brown bat Myotis lucifugus11. 

Active type I MEs in humans, long interspersed element 1 (LINE-1, or L1), Alu, and 

SINE-VNTR-Alu (SVA), have played a considerable role in human evolution. Together 

with human endogenous retrovirus-k (HERV-K), a senescent human ME family, type I 

MEs make up 42% of the DNA content of the human genome12. However, only a small 

number of these elements are active and retain the ability to generate new insertions (i.e. 

“hot”)9. Thus a relatively small number of hot MEs may play an increased role in the 

generation of new MEIs13-16. 

MEs have been shown to have a wide range of effects on human disease. Examples 

include the generation of deleterious variants due to de novo insertions in children17-20 or 

through their expression in somatic tissues15,21-30. While a clear link between somatic 

expression and tumorigenesis has yet to be established, several studies have made 

compelling arguments suggesting such a role27,30,31. 

 Considering the function MEs play in both the construction of the human genome and 

as agents of disease, several recent efforts have been conducted to identify MEIs from 

diverse human populations32,33, physiologically normal somatic tissues34, and disease 

states such as cancer15,21-30. These analyses have coincided with the development of 

sequencing28,35,36 and algorithm37-40 based tools using several next-generation sequencing 

technologies. These projects have revealed widespread activity of MEs in the human 

germ-line and soma.  
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 This chapter will discuss the different varieties of type I MEs commonly found in 

nature with a focus on MEs that are polymorphic among human populations. I will also 

discuss the observed phenomenon that some ME families are more capable of generating 

new insertion sites than others. Following this, I will describe past and current methods 

and efforts to characterize MEIs in human populations. In closing, I will discuss the 

current understanding of active ME families on cancer. At the conclusion of sections 1.3, 

1.4, 1.5, and 1.6, I will discuss a current question that pertains to that topic — thus 

providing a basis for my dissertation research. 

1.2 Type I Mobile Elements in Human Genomes 

Type I MEs are divided into two major groups: long terminal repeat (LTR) and non-

LTR. This classification is centered on the presence or absence of a 300-1,200bp LTR 

flanking the ME41. Non-LTR MEs are further divided into autonomous and non-

autonomous classes based on their ability to self-replicate using endogenously encoded 

machinery. In humans, only the non-LTR MEs L1, Alu, and SVA have retained the 

ability to generate new ME copies and are thereby polymorphic in human populations. 

Thus far, no copies of the human specific LTR HERV-K that can generate new offspring 

insertions have been identified. However, a small number of HERV-K sites are still 

polymorphic among human populations and suggest recent activity in the hominid 

lineage42.  

42% of the human genome is made up of type I MEs12 though the vast majority are 

inactive and represent evolutionary skeletons of past insertion events43,44. Among active 

human MEs, only a small number of clades, or “families,” retain the ability to generate 

new insertion sites13,14,44,45. Interestingly, the generation of new families does not appear 
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to be constant over time and seems to strongly coincide with speciation44,46. The host-

parasite relationship is the most likely explanation for these observations, and it has been 

hypothesized that competition for some host factor allows only one family within an ME 

type to remain active at any given time44,47,48. 

1.2.1 Long-Terminal Repeat (LTR) MEs 

LTR MEs are typically 5-10kbp in length and are the remnants of past viral infections 

that integrated into the host genome49. LTR MEs are commonly known as endogenous 

retroviruses (ERVs) and reflects their virtually indistinguishable nature from genomic 

integration events arising from retroviral infections (Figure 1.1A). Like their viral 

cousins, ERVs typically include coding sequence for the Pol, Pro, Gag, and Env proteins; 

however, in many cases some or all are rendered nonfunctional through deleterious 

mutations42. In addition to these four basic proteins, ERVs often carry supplementary 

coding sequences that may confer additional function50. 
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Figure 1.1 Human Type I MEs 
Cartoons showing major characteristics of the four Type I MEs in humans. Thick black 
lines represent the start and stop of each of these features. Cartoons are not to scale to 
enable ME features to fit within the figure. Actual length is listed in parentheses above 
each diagram. All Type I MEs are flanked by TSDs (orange). (A) HERV-K. HERV-K is 
an ERV with four open reading frames (GAG, PRO, POL, ENV – Shown in grey) flanked 
by LTRs (light blue). Dashed lines represent overlapping ORFs between adjacent 
proteins. (B) L1. The majority of L1 sites in the human genome are truncated on their 5’ 
end. Shown is a representative FL-L1 copy. L1 sequence includes two ORFs (grey) and a 
pol (A) tail (dark green) flanked by TSDs (orange). (C) Alu. Alu consists of two 7SL-
derived monomers (grey) joined by an A-rick linker (dark green). (D) SVA. Shown are 
the constitutive parts of SVA: A SINE (light grey), VNTR (grey), Alu-like region 
(yellow), and a CCCTCT repeat variable region (dark grey). The VNTR region is 
variable in copy-number and results in highly variable SVA length. 
 

A total of 31 different human ERV (HERV) families have been identified in the 

human genome and represent ~500,000 different insertion events12. HERV sites are often 

represented as solo-LTRs formed through non-allelic homologous recombination of the 

two flanking LTRs (Figure 1.1A). These remnants of past HERV insertions thus include 

no coding sequence and are therefore unable to generate new offspring51. In fact, any 

HERVs capable of generating new offspring insertions have yet to be identified in the 

human genome52. However, several full-length insertions of HERV-K, the most recently 

acquired HERV family, have been recently discovered in human populations. Among 

these sites is an intact element that includes coding sequences for all four of the proteins 

necessary for ERV replication (Figure 1.1A). This copy represents the first identification 
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of a putatively active HERV-K element42. Nonetheless, a de novo insertion that would 

directly prove this activity has yet to be observed in humans. 

1.2.2 Autonomous MEs 

In contrast to ERVs, non-LTR MEs have a more complicated evolutionary history 

and are thought to descend from self-splicing introns6. Non-LTR MEs are found in all 

clades of life and have a wide range of sequence composition and ability to self-

replicate6,7,44,53. In many species, Non-LTR MEs come in two different varieties: 

autonomous MEs that contain the machinery necessary for self-replication and non-

autonomous MEs that co-opt this machinery to generate new insertions. All known 

autonomous MEs contain at least one open reading frame (ORF)7 that encodes for a 

protein with joint reverse transcriptase (RT) and endonuclease (EN) activity. Another 

ORF is also present in many autonomous MEs where it encodes for a single-stranded 

RNA (ssRNA) binding protein which associates in cis with the RNA intermediate during 

the replication process54,55. Autonomous MEs are spread across approximately 28 

different clades that represent differences in the total number of ORFs, type of EN 

domain, the homology of their RT, and their species of origin6,7. 

All known non-LTR autonomous MEs are thought to replicate via a similar process6 

which proceeds in roughly the following steps: first, RNA polymerase II transcribes an 

RNA intermediate using an endogenous promoter in the 5’-terminal region of the ME. 

This RNA is exported to the cytoplasm where the ORF(s) are translated into protein(s). 

The protein(s) then bind their source RNA in cis to form a ribonucleoprotein complex54. 

This intermediate is then imported into the nucleus where the intermediate is inserted into 

the host genome through target primed reverse transcription (TPRT)56. TPRT is a 
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complex process wherein the EN domain nicks the DNA of the host nuclear genome and 

the RT domain, using this free DNA as a primer, generates a complementary DNA 

(cDNA) of the RNA intermediate. Through an unknown mechanism, this cDNA is then 

inserted into the genome. Importantly, TPRT leaves several sequence “hallmarks” at the 

new insertion site; traits include a pol (A) repeat and a target site duplication (TSD)56. 

Only MEIs with these hallmarks of TPRT can be considered true events and therefore 

signatures of non-LTR ME activity57. 

The only active autonomous ME in humans is long interspersed element 1 (LINE-1 or 

L1; Figure 1.1A). There are ~500,000 copies of L1 in the human genome12 which 

represents a lineage of activity dating to before the mammalian radiation58. The vast 

majority of these copies belong to inactive families59 and only a small number of sites 

have retained their ability to generate new offspring insertions13,14. The currently active 

family of L1 in humans, L1-Transcribed, subset a (L1Ta)60, is present in approximately 

1,500 copies per genome. The vast majority of these sites are 5’ truncated due to 

incomplete replication during TPRT12. The non-truncated subset, known as full-length L1 

(FL-L1), is 6Kbp in length and alone has retained the ability to generate new insertions 

(Figure 1.1B)13,14. Like most autonomous MEs, FL-L1s contain a 5’ untranslated region 

(UTR) with an endogenous promoter, a coding sequence in the form of ORF1 and ORF2, 

and a short 3’ UTR followed by a consensus poly (A) signal (Figure 1.1B). ORF1 and 

ORF2 encode for the proteins ORF1p and ORF2p, an ssRNA binding protein and joint 

EN/RT respectively. 
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1.2.3 Non-autonomous MEs 

Unlike autonomous MEs, non-autonomous MEs are typically short (between 100-

600bp61) and do not encode for any proteins. They instead utilize the autonomous ME 

machinery in order to replicate. All known non-autonomous MEs share at least a portion 

of their homology with ncRNAs that either bind directly to the ribosome or are involved 

with the translation machinery (e.g. tRNAs62, 7SL63, and 5S rRNA64). The sequence 

homology of non-autonomous MEs suggests close proximity to the autonomous ME 

replication machinery during translation has aided in parasitism65. In addition to these 

simple ME repeats, non-autonomous parasitism has also generated so-called “composite” 

non-autonomous MEs that include several different sequence domains45,66. 

With greater than 1 million copies in the human genome, Alu elements are the most 

successful human non-autonomous ME12. Originally identified as a component of DNA 

renaturation curves in the 1970s, Alu elements are named for the AluI restriction 

endonuclease site internal to their consensus sequence67. Alu elements are an ~280bp 

primate-lineage specific ME that resulted from the fusion of two copies of 7SL joined by 

an A-rich linker (Figure 1.1C)63. Similar to L1, Alu has undergone several periods of 

increased and decreased activity in the primate lineage44,46. The currently active human 

Alu family, AluY, has experienced a recent expansion and likely represents the rise of yet 

another new active lineage43,44. 

Human genomes also contain an active composite non-autonomous ME known as 

SINE-VNTR-Alu (SVA). As its name suggests, SVA is composed of three separate 

sequence homology domains: a HERV-K LTR derived short interspersed element 

(SINE), a variable nucleotide tandem repeat (VNTR), and an Alu-like sequence (Figure 
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1.1D). At ~2,700 copies in the human genome, SVA is the youngest primate-lineage ME 

and is only found among great apes45. 

Though not technically classified as MEs, a wide range of pol II transcribed protein-

coding genes have utilized a mechanism similar to non-autonomous MEs to generate 

copies throughout the genome68,69. These events, known as retroduplications or processed 

pseudogenes, are represented in the human reference genome by ~8,000 independent 

insertion events generated by ~2,500 different protein coding genes12,69. Recent studies 

have identified a further 174 polymorphic events among human populations. This 

research suggests the generation of new pseudogenes is still an active process in 

humans70. Processed pseudogenes are readily identifiable due to their sequence homology 

to known protein coding genes, though are typically missing any intronic sequence. The 

absence of introns is a product of their generation, as the spliced mRNA of a protein-

coding gene is used as the template for the TPRT process. Interestingly, some processed 

psuedogenes have also been co-opted by the host to perform specific functions, including 

the ability to regulate gene expression through an RNAi-like mechanism71,72. 

1.3 Active ME Families in Human Genomes 

L1, Alu, and SVA have undergone millions of years of co-evolution with their human 

host and have generated hundreds of thousands of copies in the human genome12. The 

ability to generate new copies is not constant over time and distinct subsets of these 

copies harbor differential activity to generate new MEIs. Active subsets are represented 

in the genome as “families” that share identical or highly similar sequence structure and 

typically have similar ability to generate offspring. 
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The mechanism that generates families is a direct result of host-parasite competition. 

Over time, specific source MEs will develop new beneficial mutations or become 

inserted in a ME permissive region of the genome44,47,48. The resulting preferential 

expansion of this source element generates the rise of a new family, represented as new 

ME copies throughout the genome that are identical or nearly identical to the source 

element. For currently active families, these copies are often polymorphic and represent 

genetic variation among human populations or individuals. This phenomenon has been 

observed in all human MEs and has been examined using comparative genomics44, 

phylogenetics47, and tissue culture13 approaches.  

By uncovering L1, Alu, and SVA source elements, we gain insight into the evolution 

of both MEs and their human hosts. Additionally, since several active families have been 

shown to preferentially cause deleterious mutations in a wide-range of disorders5, these 

analyses give insight into disease mechanisms. This section will give a brief overview of 

the discovery of L1, Alu, and SVA activity in human genomes, and discuss particularly 

active lineages within each of these ME types. 

1.3.1 L1 

L1 activity in humans was discovered in 1988 during an investigation of several de 

novo hemophilia A cases17. This study identified two independent cases of hemophilia A 

caused by deleterious L1 insertions into the coding sequence of the F8 gene. A follow-up 

study identified a specific FL-L1 source element that gave rise to one of the causative 

insertions, thereby suggesting a role for active FL-L1 copies in human disease73. Later 

studies into additional de novo disease cases identified additional active FL-L1 copies, all 
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of the L1Ta subfamily, and indicated that particular FL-L1 elements likely play a role in 

the generation of new L1 MEIs in the human germ-line74,75. 

To study this subset of active FL-L1 elements, researchers working with Haig 

Kazazian at Johns Hopkins University developed a tissue culture method to determine L1 

activity in vitro76. The assay functions by engineering a neomycin marker with an intron 

into the 3’ UTR of a FL-L1 element, cloning this cassette into a pCEP4 plasmid vector, 

and transfecting this vector into HeLa cells. The intron internal to the neomycin marker 

renders the transfected cell susceptible to neomycin while still embedded in the original 

FL-L1. When the FL-L1 generates an MEI in the host cell genome, this intron is spliced 

and a functional neomycin resistance gene is included in any new offspring insertion. 

This allows for the identification of neomycin resistant cells with a definitive genomic L1 

integration event. 

Using this assay, Kazazian and colleagues tested the FL-L1 source element 

responsible for hemophilia A identified in Dombroski, et al. 73. Upon examination, they 

observed a new insertion in one out of every 800-1,340 transfected cells, confirming that, 

at least in vivo, L1 could generate new offspring insertions at an appreciable rate76. 

Moran, et al. 76 also confirmed ORF1p and ORF2p’s roles in L1 replication. They 

demonstrated that L1 activity was abolished in the absence of these two proteins and that 

ORF1p and ORF2p have a strong cis preference for their source L1. A follow-up study 

using this same assay identified additional FL-L1 source elements capable of generating 

new insertions in vitro and established that there were likely several additional active FL-

L1s in the human genome77. However, not all of the elements tested were able to generate 

offspring at the same rate; some had little to no activity even with two intact ORFs. 



 12 

While all of the elements tested thus far were members of the human-specific L1Ta 

family60,76,77, and therefore had a high degree of sequence homology, it was unknown 

why some elements within this family were differentially capable of generating new 

offspring in vivo. 

The most likely explanation for this phenomenon are the differences in sequence from 

element to element as non-synonymous mutations within the L1 ORFs could potentially 

affect activity76. Conversely, some FL-L1s may harbor advantageous mutations that are 

then carried on from source L1 to offspring. These offspring may then themselves be 

active and could thus generate new active copies with identical or highly similar 

sequence throughout the genome. These copies would then be part of a family of related 

L1s and may have similar ability to generate new offspring. These sequence differences 

can thus be exploited to identify L1 families that are more capable of generating new 

insertions. 

As Sassaman, et al. 77 strongly suggested, L1Ta was likely the only L1 family still 

capable of generating new insertions in humans. Together with a closely related but 

relatively inactive ancestral clade, pre-Ta58, this family encompasses ~300 FL-L1 copies 

in the human genome of diverse sequence composition12. It was unknown if particular 

L1Ta copies had an increased ability to generate new offspring and if these active 

elements could then be grouped into more discreet clades. Through the phylogenetic 

analysis of 91 L1Ta elements, three distinct “subfamilies” were identified: Ta-0, Ta-1nd, 

and Ta-1d. These subfamilies are closely related, with only four nucleotides defining 

each subclass, but show differing levels of polymorphism in human populations. 90% of 

Ta-1d copies are polymorphic in humans while only 69% of Ta-1 and 29% of Ta-0 sites 
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are polymorphic59. This suggests that Ta-1d is the youngest L1 lineage and has 

experienced a large amount of recent activity in humans. Re-examination of the FL-L1s 

tested in Sassaman, et al. 77 supports this conclusion as the elements with the greatest 

activity all belonged to the Ta-1d subfamily59.  

In the subsequent decade, researchers have identified a number of additional FL-L1 

elements capable of generating offspring13-15,78. These studies have likewise observed a 

strong enrichment for Ta-1d family activity. While two of these papers used tissue culture 

techniques to determine activity of source elements in vitro13,14, others used 3’ 

transductions to link source FL-L1 elements to their offspring15,78. As with most genes 

transcribed by RNA polymerase II, an endogenous pol (A) signal at the 3’ end of the L1 

signals for the addition of a pol (A) tail during post-transcriptional RNA processing 

(Figure1.1A)79,80. In L1, the occasionally leaky endogenous pol (A) signal results in the 

transcription of additional genomic sequence beyond the 3’ end. Known as a “3’ 

transduction”, this sequence is then included in all offspring generated by that particular 

element. A 3’ transduction thus functions as a unique tag of the parent FL-L1 and permits 

the tracking of absolute relationships between source and offspring (Figure 1.2)81. Using 

3’ transductions, researchers were able to identify specific FL-L1 elements that were 

active in the human germ-line in recent evolutionary history78 and in cancer genomes15. 

The use of 3’ transduction tracking to assess such FL-L1 activity in cancer genomes is 

further discussed in section 1.6 of this dissertation. 
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Figure 1.2 Cartoon of 3’ Transduction 
3’ Transductions can be used for the direct observation of L1 source-offspring 
relationships in the human germ-line. When a source element (left) is transcribed, it will 
sometimes include additional sequence (purple) 3’ of its pol (A) tail (dark green). This 
sequence is then included in any offspring insertion (right). Note that the interior 
sequence of the source and offspring is identical (red, green, brown, blue lines) and can 
likewise serve as a marker of a source-offspring relationship.  
 

1.3.2 Alu 

Evidence of Alu activity in human genomes existed prior to its explicit discovery. 

Through the analysis of Alu sites adjacent to the α-globin gene of multiple great ape 

species, researchers were able to identify integration events that occurred at different 

periods in great ape evolution82. By comparing these with other Alu sites identified in the 

human genome, two discreet Alu lineages (J and S) of varying age were identified83. 

Providing further indirect evidence of recent Alu activity in humans, a polymorphic Alu 

site present in only 1/52 humans was identified in the Mlvi-2 locus84. To place this 

polymorphic site in context with the already defined J and S lineages83, Deininger and 

Slagel 85 examined the sequence of this site and determined that it was closest to a subset 

of the AluS lineage, AluSb. These combined findings suggested recent activity of the 

AluSb subfamily in human genomes. 

Alu activity in the human germ-line was first directly observed when a disease 

causing de novo Alu insertion, identified in the NF1 gene of a child, lead to a clinical case 

of neurofibromatosis type 118. The Alu insertion responsible for this disease was 

sequenced as part of this study and had a high degree of homology to the already 
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identified AluSb family. Studies using a polymerase chain reaction (PCR) approach in 

diverse human populations identified additional polymorphic Alu loci, all of the Sb 

subfamily86,87. Considering the differences in polymorphism and activity between Sb and 

the other S and J lineages, Sb was subsequently reclassified as an entirely different family 

– AluY88. 

Further studies solidified the relationship of the three Alu families. J represents 

ancient insertion events that took place early in the primate lineage ~55 million years 

ago83. S is younger, and, while likely no longer currently active in humans, several 

studies have found integration events that clearly occurred after the divergence of human 

and chimpanzee33,43. Y is the active family of Alu in great apes and has many additional 

lineages still expanding in humans89. 

Several of these AluY lineages, or “subfamilies,” have arisen during great ape 

evolution. Some subfamilies are present in varying copy-number in the human genome 

and are named based on internal sequence changes in relation to the AluY consensus 12,88. 

Several have either arisen or become particularly active since the divergence of 

chimpanzee and human. For example, AluYa5 and AluYb8, two of the major human Alu 

families, are rarely found in chimps. The converse is also true with AluYc1 acting as the 

dominant subfamily in chimpanzees. These subfamilies thus represent evidence of 

continued Alu activity in human genomes and the role speciation plays in ME activity43. 

While researchers now know that Alu is still active in humans, the molecular 

mechanism that generated these sites proved illusive. Considering that Alu insertions 

show many of the same sequence hallmarks of L1 events (see section 1.2.2; Figure 

1.1B,C), it was likely that Alu somehow co-opted the L1 machinery to generate new 
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copies. This hypothesis was tested using a tissue culture assay similar to that used in 

Moran, et al. 76 and clearly showed that Alu elements were only able to generate new 

MEIs in the presence of an active, exogenous L1 element90. While this study confirmed 

the role L1 plays in Alu activity, it ignored the impact of individual Alu subfamilies on 

this activity. 

To determine the role that family and subfamily play in activity, Bennett, et al. 44 

tested 89 Alu elements across the J, S, and Y lineages. Considering that very few AluS 

and no AluJ are differentially present between chimpanzees and humans43, they suspected 

they would find little activity when testing these lineages. While their findings confirmed 

that AluJ is no longer active in humans, they found significant activity when testing 

several AluS elements. Furthermore, activity varied considerably among the AluY 

elements tested, with the human-specific lineages AluYa5 and AluYb8 the most active in 

tissue-culture44. These findings clearly suggested ongoing host-parasite and parasite-

parasite competition and that certain AluY lineages harbor some unknown advantage over 

the other subfamilies. 

1.3.3 SVA 

Like L1 and Alu, SVA activity in the human germ-line was first discovered through 

the analysis of a disease case. In this particular instance, a deleterious SVA insertion was 

identified as the cause of hereditary elliptocytosis in an extended pedigree20. While 

researchers identified further deleterious SVA insertions following this initial 

discovery91, distinct families were not identified until after the human genome was 

sequenced45. Like with L1 and Alu, these subfamilies were active at different points in 

great ape evolutionary history with SVA_E and SVA_F specific to the human lineage. 
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The role L1 plays in the generation of new Alu copies was proven in 2003 and 

strongly suggested a similar mechanism for SVA mobilization90,91. However, direct 

evidence was not demonstrated until 2011 when, using a tissue culture assay similar to 

that in Dewannieux, et al. 90, researchers proved that SVA was able to generate new 

copies only in the presence of an active L1 source element92. This study also supplied a 

likely reason for the low SVA copy number in the human genome, as the most active 

SVA element tested was only 1/30th as active as Alu.  

1.3.4 Are Alu Lineages Differentially Present in Human Populations? 

The above section examined the presence of different lineages, or families, within L1, 

Alu, and SVA. While the identification of different lineages is relatively straightforward, 

the mechanism that generated different families is up for debate. Considering the low 

amount of observed sequence diversity in early analyses of active ME families 83,93,94, it 

was considered likely that a subset of ME “Master Genes” generated the large number of 

observable offspring in the human genome16. By this model, source MEs generate 

offspring and subsequent mutation via other processes then generates the observed 

variety in subfamilies. 

Recent genomics analysis on Alu has challenged this hypothesis. Several pieces of 

evidence have pointed to there being a relatively large number of source MEs segregating 

within human populations. For instance, a phylogenetic analysis of Alu elements from the 

reference human genome identified 213 new, distinct subfamilies95. This large number of 

sites with identical sequence could not be explained by a few source elements combined 

with random mutation. Cordaux, et al. 96 was able to corroborate this finding and likewise 

found that many Alu source elements remain in humans. 
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Further studies have suggested differential levels of source element activity among 

the great ape lineage46. This may likewise be true within the human species. Considering 

that a large number of Alu lineages have already been described95,97,98, it is possible that 

some lineages have preferentially expanded within single human populations. By using 

computational approaches outlined below, I will perform Alu analysis on large genomics 

datasets to determine the extent of human population-specific Alu source elements. 

1.4 Polymorphic MEs in the Human Genome 

L1, Alu, and SVA are present in varying copy number in an individual human 

genome. Many of these copies are “fixed,” or present in all humans, while some are not 

and represent genetic variation from person to person. Furthermore, within an individual, 

different tissues or individual cells may harbor variation in the MEs present. It is these 

variable MEs that are of the most interest to researchers as they likely represent recent 

activity and could potentially lead to phenotypes and/or diseases. This section will 

discuss early projects and technologies designed to identify such polymorphic MEIs 

(Figure 1.3A-C). This information will then be used as the basis for a discussion on the 

number of active FL-L1 source elements in the human genome. 
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Figure 1.3 Methods for ME Discovery. 
Flowchart of the five common methods for the analysis of MEIs in humans. See 
appropriate section in main text for more thorough descriptions. All methods analyze 
genomic DNA (gDNA). gDNA is either directly assessed with PCR (left) or subjected to 
fragmentation/digestion following purification (right). (A) Direct PCR approaches use 
primers (red arrows) in the adjacent gDNA (grey) to determine presence or absence of an 
MEI (orange). Shown below is an example gel of a positive and negative test for an Alu 
MEI. (B) Direct capillary sequencing (Capp. Seq.) of sheared DNA can be used to 
generate traces that, when aligned to the reference (Align to Ref.) genome, reveal 
“bubbles” representing an MEI not located in the reference. (C) Fosmid-based 
approaches sequence two fragments (red arrows) from either side of a circularized 
fragment of gDNA. These fragments are subsequently aligned to the reference, and when 
further apart than expected, reveal the presence of a MEI. (D) Targeted approaches attach 
a linker to gDNA digested with restriction endonucleases. Fragments are then subjected 
to PCR using primers (red arrows) specific for the MEI and linker (dark green) to enrich 
for fragments with an MEI. Fragments are sequenced using a high-throughout approach 
and subsequently aligned to the reference. Clusters of reads that align both to the 
reference and MEI (discordant read pairs; DRPs) are then identified computationally. (E) 
Fragmented gDNA is directly subjected to Illumina short-read sequencing and reads are 
aligned to the reference genome. Using computational approaches, DRPs and split reads 
(SRs) are used to identify MEIs. 
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Figure 1.3. See previous page for caption. 
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1.4.1 Identification of Polymorphic MEs from the Human Reference Genome 

As noted in section 1.3, several early PCR analyses had begun to elucidate the nature 

of polymorphic ME loci in humans84,86,87,94,99. Yet these approaches were limited by the 

difficulty of identifying sites to assess. This problem was solved with the release of the 

draft reference human genome in 2001. Scientists were able to identify hundreds of 

thousands of MEs in the human reference and were provided with a resource to study 

MEs on an unprecedented scale12. Through the combination of comparative genomics 

and phylogenetic analyses, members of active ME families were identified among these 

sites (i.e. L1Ta, AluY) and, using PCR, assessed for presence or absence in human 

populations (Figure 1.3A)13,100,101. Using this approach, it was discovered that ME 

polymorphisms recapitulated the evolution of the human species, demonstrated by the 

presence of Alu loci only in distinct sub-populations of humanity100,101. 

PCR-based approaches also helped to elucidate the total number of active FL-L1 

copies in the reference human genome. Brouha, et al. 13 identified ~300 FL-L1 elements 

of the Ta subset from the reference genome of which 82 contained intact ORFs. When 

tested in tissue culture, 40 (48.8%) were able to generate offspring; however, only six 

(7.3%) were able to generate offspring at an appreciable level (>40% of the activity of an 

already known, active FL-L175). These findings suggested that each individual human has 

between 80-100 active elements per diploid genome, though only small subsets of those 

are able to generate offspring at an exceptional rate. 

1.4.2 Discovery of Non-Reference MEIs using Sequencing Traces 

The construction of the reference human genome was based on a majority sequence 

consensus of eight cloned DNA libraries from several individuals. Thus, by design, rare 
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variation found in only a few individuals would not be present in the reference genome 

sequence (i.e. non-reference)12. Likewise, since most rare polymorphic MEs are 

represented in sequencing studies as an insertion in relation to the reference (hence the 

name MEI), it would be impossible to find rare ME variation within the human reference. 

Thus, the development of new methodologies and technologies was required to study the 

non-reference ME compartment. 

Several questions were raised as to the nature of human genetic diversity following 

the completion of the human genome in 2001. Early work on MEIs utilized data 

generated by single nucleotide polymorphism (SNP) focused studies on human genetic 

variation such as HapMap102 and SNPMap103. These projects utilized capillary-

sequencing approaches similar to those developed for the human genome project but on 

additional humans from global populations. The resulting traces were aligned to the 

human reference genome and cataloged for differences between the trace and the human 

sequenced – a SNP. 

In some cases, these traces aligned to the reference with large gaps (Figure 1.3B). 

With a computational approach Bennett, et al. 98 analyzed these gaps and found that many 

were MEIs not present in the reference genome. In total, they identified 605 polymorphic, 

non-reference MEIs in 32 diverse human individuals. Using their data, they were able to 

estimate the total number of polymorphic MEIs in an average human individual. By their 

calculation, every human harbors approximately 1,519 (1,283 Alu, 180 L1, and 56 SVA) 

polymorphic MEIs. This established the relative abundances among polymorphic ME 

copies in the genome and confirmed that Alu was much more active in the human germ-

line than L1 or SVA. Considering the technology in use at the time, these numbers are 
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quite prescient. More recent efforts have largely confirmed that Bennett, et al. 98’s data 

accurately characterized the total number of polymorphic MEIs in an individual human 

genome32,33.  

1.4.3 Fosmid and Circularization Approaches to Find FL-L1s 

Independent of these capillary-sequencing based approaches, additional studies 

utilized fosmid or DNA-circularization methods to identify large (>3Kbp long) non-

reference structural variation (SV). These methods work by fragmenting genomic DNA 

to a specific size from individual or pooled humans and cloning104,105 or circularizing106 

the resulting fragments. The resulting circular DNA is then subjected to capillary 

sequencing from both ends and the ensuing “pairs” are aligned to the reference genome. 

Fragments that align further or closer together than expected likely represent SVs in the 

target individual not present in the reference (Figure 1.3C). 

Considering that a FL-L1 is ~6Kbp and fosmid approaches are designed to identify 

SVs greater than 3Kbp in size, these methods are excellent for the identification of non-

reference FL-L1s. To this end, Kidd, et al. 107 utilized a fosmid assay to identify SVs in 

seventeen diverse human individuals. This study identified 973 non-reference SVs of 

which 152 (15.6%) were FL-L1s. A subset of these FL-L1 sites was subsequently 

sequenced, and 68 putatively active FL-L1s were tested for activity using the L1 tissue 

culture assay14. The results of this study both complemented and challenged the earlier 

findings of Brouha, et al. 13 and changed how researchers viewed the active FL-L1 

content of an individual human. 
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1.4.4 How many active FL-L1 elements are in an individual human genome? 

While Brouha, et al. 13 was an important first step in estimating the number of active 

FL-L1 elements in an individual human, the study left several open-ended questions. 

First, each FL-L1 tested was cloned from only one person and consequently ignored the 

possibility that FL-L1 activity is heterogeneous and may vary from person to person. 

Second, this study overlooks FL-L1s that were not found in the reference and thus does 

not adequately characterize the true FL-L1 content of an individual. Finally, many of the 

other Ta-1d elements tested showed little or no activity and thereby suggested subfamily 

classification is not a perfect predictor of a FL-L1’s activity. 

When the FL-L1 responsible for one of the insertions into the F8 gene17 was cloned 

from multiple individuals in 1991, four alleles with different sequences were isolated 

from the insertion site73. Two of these alleles were later tested in tissue culture and, even 

though they differed by a total of only three nucleotides, showed vastly different 

activities108. This discovery led to the theory of allelic heterogeneity: a single FL-L1 

locus could harbor multiple alleles with differing activity to generate new offspring. To 

follow up on this observation, researchers analyzed three of the six FL-L1s identified to 

be “hot” in Brouha, et al. 13 from four diverse human populations109. This study found a 

total of 52 (8, 18, and 26, respectively) different alleles among these three sites and tested 

each in tissue culture. Like in the research described above108, Seleme, et al. 109 found 

varying activity levels among alleles from the same locus. 

Beck, et al. 14 worked to synthesize these ideas for non-reference FL-L1s. Using a 

fosmid-based approach, they identified 68 FL-L1s with intact ORFs from eight diverse 

human individuals107. Like previous studies, these FL-L1s were then cloned and tested 



 25 

using the L1 tissue culture assay. In direct contrast to Brouha, et al. 13, the majority tested 

(37/68, 54.4%) were “hot” L1s. Some FL-L1s were also isolated from multiple 

individuals, and, similar to previous studies on allelic heterogeneity108,109, showed diverse 

activity levels. These combined findings suggested three important conclusions: that the 

number of “hot” L1 elements found in the human species is likely much higher than 

previously thought, that sites not found in the human reference are much more likely to 

be active, and that allelic heterogeneity may play a major role in assessing an individual 

human’s active FL-L1 content. 

So how do we best determine the cumulative L1 activity of an individual human 

genome? The answer is complicated, and the above findings suggest that there are many 

additional copies in humans with the potential to generate new offspring14,108-110. Since 

Beck, et al. 14, additional studies using high-throughput technologies have discovered 

extensive FL-L1 variation in the human genome32,33. Of the 526 L1 elements detected in 

Stewart, et al. 33, 24% were FL-L1s. This finding suggests that the total number of 

common and putatively active FL-L1 elements segregating among the human population 

likely numbers in the thousands. Additionally, considering that the majority of MEIs in 

this study were found in just one individual, there are also likely many rare, active FL-

L1s specific to individual humans as well. 

Current research puts the total number of FL-L1Ta alleles in the human genome at 

between 600-650 alleles per diploid genome32,33,98. While many of these copies are 

present in the reference and have already been shown to be inactive13, many are non-

reference and have never been tested in tissue culture to determine their putative activity 

33. Further obfuscating any assessment of activity, each one of these sites may have 
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multiple alleles108,109. So while we likely know the total number of FL-L1 elements per 

human genome, an important question remains: “how many of these are active?” 

Researchers have yet to fully answer this question, and a resolution is an active pursuit of 

the research presented in this dissertation. 

1.5 Population-Scale Discovery of MEIs Using High-Throughput Sequencing 

The release of high-throughput short-read DNA sequencers enabled the first whole 

genome sequencing (WGS) experiments. For a fraction of the cost of the human 

reference genome, researchers could now sequence the whole genome of hundreds or 

thousands of individuals to ascertain both common and rare genetic variation. While 

several different approaches to identify MEIs using this technology have been developed, 

they typically take one of two forms: targeted or computational. Both approaches utilize 

the same sequencing technology; however, they differ on the method used to identify 

MEIs. Targeted approaches generate a library prior to sequencing that specifically 

enriches for traces that contain MEIs while computational approaches identify MEIs in 

silico from WGS data generated for more general variant discovery (Figure 1.3D,E).  

This section will discuss these two different approaches and then propose the 

development of a new tool to perform non-reference MEI discovery on large next-

generation sequencing cohorts. 

1.5.1 Targeted Approaches 

Since active ME copies in the genome have a high degree of sequence homology9, it 

is possible to enrich sequencing libraries for DNA fragments that include active MEs and 

adjacent reference DNA. Several labs have developed such targeted assays28,35,111,112, and 

they generally function in a similar manner. First, individual or pooled human genomic 
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DNA is digested with a restriction endonuclease. These fragments are ligated to a 

barcode adaptor, and fragments containing both the barcode and an MEI are PCR-

amplified. The resulting PCR amplicons are pooled and sequenced using a paired-end 

short-read based approach. The sequenced traces are subsequently aligned to the 

reference human genome: one pair to an MEI and the other to the reference. The 

reference DNA is thus used as an anchor and allows for the definitive placement of MEIs 

onto the reference genome. Using a computational approach, reads are then used to 

identify locations in the genome where an MEI is present (Figure 1.3D). Since only a 

small fraction of the genome contains young, active ME families, characterization of a 

large number of MEI sites in a single human with relatively little sequencing is possible. 

This technology thus allows for the cost-effective analysis of MEI variation in individual 

human genomes.  

Using targeted approaches, researchers were able to simultaneously characterize 

thousands of polymorphic MEIs in hundreds of individuals for the first time. While the 

cataloging of polymorphic insertions among distinct human populations was an important 

effort, they also supplied key information about ME biology. First, these studies 

confirmed that the vast majority of insertions are rare, found in only a few individuals, 

and are acted upon by evolutionary forces similar to those for SNPs and InDels28,35,36. 

Second, Ewing and Kazazian 35 were able to use their data to calculate a rate of de novo 

L1 insertion in humans at one new insertion in every 95 to 270 births. Finally, Iskow, et 

al. 28 demonstrated unequivocally that L1 is also active in cancer genomes and may play 

an active role in tumorigenesis. Activity of L1 in cancer is of particular importance to my 

dissertation and will be discussed at length in section 1.6. 
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1.5.2 Computational Approaches. 

WGS is a generalized sequencing approach and therefore does not enrich for MEIs in 

the same way as targeted methods. To identify MEIs from this data, computational 

methods that utilize sequenced short-read pairs are employed to discover MEIs in silico. 

Several computational algorithms have already been developed37-40 to perform this 

analysis. All of these tools utilize the same basic method that exploits paired-end WGS 

data (Figure 1.3E). Most modern WGS approaches analyze DNA fragments that are 

sequenced from both ends, which are represented by separate “reads”. These reads are 

then aligned to the reference genome, typically within a preset distance of one another. In 

some cases, they do not align next to each other with the pairs being too far apart or on 

different chromosomes. Computational approaches are designed to find such “discordant 

pairs” since this aberrant alignment is often the sign of an SV113-115.  

Several large-scale sequencing projects have already utilized such algorithms for MEI 

discovery in diverse human populations32,33,116-118. One of the larger such efforts, the 

1000 Genomes Project (1KGP), is an international collaboration formed to generate a 

comprehensive map of genetic variation in diverse human populations116. In its pilot 

phase, the 1KGP generated low-coverage (~4x) short-read WGS of ~400 individuals 

from four diverse populations. MEI discovery was performed as part of the 1KGP pilot 

project and identified thousands of polymorphic MEIs. Using this discovery, researchers 

generated a comprehensive population-scale map of human ME variation and provided 

an extensive MEI resource to the community32,33. 
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1.5.3 A Tool for MEI Discovery in Diverse Scenarios 

The final phase of the 1KGP generated low-coverage (~7x) Illumina-based short read 

WGS of 2,500 individuals from 26 diverse populations across five continents116. To 

perform MEI discovery on this large amount of next-generation sequencing data, a need 

was identified for a robust tool. Algorithms used for the 1KGP pilot could not handle a 

large number of genomes effectively, were difficult to install, or had poor specificity 

and/or sensitivity. Additionally, these tools ignore hallmarks of ME activity such as 3’ 

transductions (Figure 1.2) and the assembly of interior sequence. It is therefore crucial to 

develop a high-quality algorithm that excels at MEI discovery on a large number of 

genomes in a time-efficient manner. This discovery also has to be accurate with high 

sensitivity and specificity. To this end, we proposed the development of a new tool with 

the following design paradigms in mind:  

- Portability – Easy installation on a range of systems and platforms with minimal 

external dependencies.  

- Accessibility – Clear, accurate and complete documentation 

- Accuracy – Highly tested and validated for both sensitivity and specificity for all 

aspects of the tool. 

- Biology – Accurate characterization of MEIs for features such as internal 

mutations and target site duplications. 

The development of such a computational tool was crucial to the other goals of this 

dissertation and allowed me to perform MEI discovery as a member of the final phase of 

the 1KGP. This tool will also be presented as a resource to the community; easy to install 

and utilize software is crucial to the analysis of the large amount of WGS data being 
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generated by a wide range of projects. Finally, this tool also aided in the analysis of L1 

activity in cancer genomes, a topic I discuss at length in the following section.  

1.6 Active MEs in Cancer 

It has been hypothesized that MEs have shaped beyond the 42% of the genome 

directly attributable to their activity and have consequently played a significant role in 

human evolution119. This ME-mediated “genome remodeling” is accomplished through a 

wide range of mechanisms and helps to create, destroy, and add new functionality to 

coding and regulatory sequence120. While these processes are often benign, some have 

also caused germ-line and somatic disease. I have already discussed several instances of 

the former and its role in the early analysis of active ME families17,121,122. This section 

will discuss the role active MEs play in the soma with a focus on active L1s in cancer. 

1.6.1 Discovery of ME Activity in Cancer 

 Following the initial discovery of L1 activity in the human germ-line17, an analysis of 

the myc gene in a breast cancer patient revealed a 6-7 kbp L1 insertion not present in the 

adjacent normal tissue123. After further scrutiny of this insertion, it could not be 

determined if the event had occurred through the process of TPRT. While this finding 

meant the insertion could not be definitively linked to L1 activity, it was the first hint that 

L1 may play some as yet undefined role in somatic tissues. 

Another somatic L1 insertion was identified in 1992 during a screen of the APC gene 

of 150 colorectal cancer (CRC) patients30. This discovery was merely incidental. Since 

APC is often the first gene mutated during tumorigenesis and plays a significant role in 

the cancer syndrome familial polyposis coli, researchers thought an examination of APC 

in multiple patients might shed light on CRC tumorigenesis124. In one patient, a 750 bp 
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L1 insertion was discovered in the last exon of the APC gene. Like the insertion in 

Morse, et al. 123, this event was found only in the tumor tissue and not in the adjacent 

normal colon. Unlike in Morse, et al. 123, Miki, et al. 30 was able to prove that this 

insertion was definitively caused by a TPRT event and not by some other cellular 

process. Unfortunately, Miki, et al. 30 was ultimately unable to prove a definitive role for 

L1 mutagenesis in the development of this particular cancer. However, this study was the 

first confirmed case of L1 activity in a somatic human tissue and provided at least 

circumstantial evidence for a potential role of L1 in cancer. 

While several additional studies suggested somatic L1 activity in humans, particularly 

in the brain29 and the early stages of embryonic development110,125, it took nearly twenty 

years to identify any further somatic L1 MEIs. This discovery occurred when Iskow, et 

al. 28 utilized a targeted high-throughput sequencing approach (Figure 1.3D) to screen 

twenty lung tumors for somatic L1 activity. With the screen, they identified a total of 

nine somatic L1 insertions in six non-small cell lung tumors analyzed. Considering 30% 

of the tumors screened had a definitive somatic insertion event, these findings suggested 

that somatic L1 activity was quite common. Additionally, since the assay used in this 

study only analyzed a relatively small portion of the genome for L1 activity, Iskow, et al. 

28 suggested that the true number of events per cancer genome was likely much higher.  

 Iskow, et al. 28 also examined the same tissues for somatic Alu MEIs but found no 

evidence for their activity. This conclusion is surprising considering polymorphic Alu 

elements are almost ten times more abundant than L1 in the germ-line33,98 and suggests 

that some as yet unknown defense against ME activity in the soma is effective in 

defending against Alu, yet not L1. 
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1.6.2 High-throughput characterization of Somatic L1 Activity 

Following the confirmation of L1 activity in cancer, several studies using both 

targeted and computational approaches discovered hundreds of somatic insertions in a 

wide range of cancers15,21-27. While these studies often differ on the sequencing method 

used to identify somatic MEIs, as well as the total number and types of cancer(s) 

analyzed, they typically proceed in a similar fashion. For each particular cancer case, the 

cancerous tissue (tumor) and either the adjacent non-cancerous tissue or blood (normal) 

from each patient are subjected to WGS. The normal functions as a proxy for the germ-

line, and thus MEIs found in both the tumor and normal are likely germ-line events 

present in all cells of the patient’s body. Conversely, MEIs found only in the tumor tissue 

are thus likely to be definitive somatic events. 

Using this technique, researchers leveraged the WGS data generated by The Cancer 

Genome Atlas (TCGA)126 to perform MEI discovery in 43 separate cancer cases from 

five different tissue types21. This study found a total of 194 high-confidence somatic 

insertions between the colorectal, prostate, and ovarian cancer samples analyzed but 

found no such activity in multiple myeloma or glioblastoma cases. This analysis 

suggested a tissue specificity (more precisely, epithelial specificity) to L1 activity in 

cancer genomes. An updated analysis on TCGA data performed in 2014 largely 

confirmed this finding and identified a further 695 somatic L1 insertions among twelve 

epithelial cancer types31.  

This discovery is somewhat surprising considering there is a significant body of 

literature that insinuates L1 is active in the normal brain29,34,127-129. Single-cell sequencing 

has revealed additional complexity, represented by mosaicism among individual 
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neurons34,129. This finding is not without its controversy and studies have found vastly 

(0.2 to 16 events per cell) different rates of L1 activity in individual cells130. If L1 is 

indeed active to the degree that Upton, et al. 34 proposes, then it is odd that some of these 

events do not cause tumorigenesis. Additional studies are needed to elucidate the true 

activity of L1 in the normal brain and why these events do not lead to cancer. 

1.6.3 Active Source FL-L1s in Cancer 

Despite understanding that epithelial cancers had somatic L1 activity, the community 

was still unclear on which FL-L1 source elements generated the observed somatic 

offspring. While a previous study determined that a FL-L1 located on chromosome 22 

had given rise to 82 offspring in several CRC cases26, an extensive analysis on FL-L1 

source elements in cancer genomes had yet to be performed. To evaluate such activity, 

researchers performed MEI discovery on 244 normal/tumor pairs sequenced by the 

International Cancer Genome Consortium15,131. Following initial MEI discovery, they 

used 3’ transductions (Figure 1.2) to definitively link 655 offspring MEIs to source 

elements. Of these offspring, 36.6% were generated by just two FL-L1 source elements 

and demonstrated the oversized role specific FL-L1s likely play in somatic activity. 

Interestingly, the most active source element identified in this study was previously tested 

for activity in Brouha, et al. 13. Here, the element had a fairly low level of activity (14% 

of a hot L175) which suggests that something beyond simply having two intact ORFs 

influences the activity of any particular FL-L1. 

1.6.4 Can MEs Cause Cancer? 

Prior to my dissertation work, a single cancer case definitively initiated by a somatic 

MEI had yet to be identified. Several MEIs have likely played a key role in, and may 
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even have initiated, a specific cancer case. Nevertheless, all putatively causative 

insertions lack key pieces of evidence that unequivocally prove involvement in 

tumorigenesis27,30,31. This is due to three primary issues: 1.) The difficulty in linking a 

disrupted gene with cancer initiation, 2.) The challenge in determining that a non-coding 

(i.e. intronic) MEI has a deleterious effect, and 3.) The status of L1 expression in the 

normal soma.  

Illustrating this first point, Helman, et al. 31 discovered a 112 bp L1 insertion into the 

PTEN gene, a known tumor-suppressor. However, this study was unable to identify 

another mutation on the alternate allele and therefore could not prove that PTEN function 

was abrogated as required by the two-hit hypothesis132. Additionally, the insertion was 

likely not generated by a true TPRT event but by microhomology-mediated end-joining, 

further complicating the role L1 played in tumorigenesis. Tang, et al. 27 illustrates the 

issue with intronic MEIs well: they identified an intronic insertion into BRCA, a gene that 

plays a key role in many cancers, in an ovarian cancer case. However, they were unable 

to link any physiological effect with the insertion. 

The extent of L1 expression in the normal soma has yet to be definitively determined. 

If L1 is not expressed, then any observed somatic L1 insertions may simply be passenger 

mutations that occurred after a driver event that led to initial tumorigenesis. Shukla, et al. 

23 was able to insinuate that L1 may be expressed in the normal liver and thus may be 

able to function as an initial event leading to cases of hepatocellular carcinoma. However, 

issues with the approach taken made it difficult to verify any of the observed insertions in 

normal liver cells. In another example, Doucet-O'Hare, et al. 133 was able to track new 

somatic L1 MEIs generated during the progression of Barrett’s esophagus to esophageal 
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carcinoma but likewise were unable to confirm any of the observed insertions in the 

studied cases. 

Miki, et al. 30, the most likely case for L1-mediated initiation of cancer, also suffers 

from these issues. While they clearly showed a TPRT-mediated event into the last exon 

of APC, the major gatekeeper in CRC134,135, they failed to investigate several important 

details. First, the microsatellite status of this tumor was uncharacterized. Since CRC with 

microsatellite instability is initiated in an APC-independent manner136, the MEI may not 

have initiated tumorigenesis in this particular case. Furthermore, without the status of the 

alternate APC allele, it cannot be definitively determined what role APC played in 

tumorigenesis132. 

These cases do not prove that L1 is uninvolved in tumorigenesis. Fewer than 2,000 

cancer cases have ever been evaluated for somatic L1 activity, and only a subset of these 

cases are of the “L1 active” epithelial-derived cancers. Bearing in mind that many forms 

of tumor initiation are vanishingly rare, yet play accepted roles in tumorigenesis137, it is 

likely that with further scrutiny a definitive case of L1-mediated cancer will be identified. 

A thorough screen of CRC cases is likely to yield an MEI involved in tumorigenesis. 

CRC has by far the greatest somatic L1 activity15,31, the role of APC is clearly defined in 

most cases136, and a previous study identified a putatively causative MEI30. Furthermore, 

advances in tracking active FL-L1s15 combined with population data from the 1KGP32,33 

will hopefully allow for the identification of population-specific source elements 

responsible for tumor initiation.  
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Chapter 2: An integrated map of structural variation in 2,504 human genomes1 

2.1 Abstract 

Structural variants are implicated in numerous diseases and make up the majority of 

varying nucleotides among human genomes. Here we describe an integrated set of eight 

structural variant classes comprising both balanced and unbalanced variants, which we 

constructed using short-read DNA sequencing data and statistically phased onto 

haplotype blocks in 26 human populations. Analyzing this set, we identify numerous 

gene-intersecting structural variants exhibiting population stratification and describe 

naturally occurring homozygous gene knockouts that suggest the dispensability of a 

variety of human genes. We demonstrate that structural variants are enriched on 

haplotypes identified by genome-wide association studies and exhibit enrichment for 

expression quantitative trait loci. Additionally, we uncover appreciable levels of 

structural variant complexity at different scales, including genic loci subject to clusters of 

repeated rearrangement and complex structural variants with multiple breakpoints likely 

to have formed through individual mutational events. Our catalogue will enhance future 

studies into structural variant demography, functional impact and disease association.  
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K.*, Jun, G., Hsi-Yang Fritz, M., Konkel, M. K., Malhotra, A., Stutz, A. M., Shi, X., Paolo Casale, F., Chen, J., Hormozdiari, F., 
Dayama, G., Chen, K., Malig, M., Chaisson, M. J., Walter, K., Meiers, S., Kashin, S., Garrison, E., Auton, A., Lam, H. Y., Jasmine 
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and helped to write the final manuscript. Any location in the manuscript that includes analysis on mobile elements or mobile element 
insertions was generated by EJG, or generated using data that we provided to the other authors. EJG generated a significant amount of 
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participated in the discussion and design of experiments that generated figures 2.4 and 2.5. EJG developed the initial version of the 
“MELT” algorithm that is presented in full in chapter 3 of this dissertation. Note on methods: Some sections were published as an 
online-only supplement of the manuscript. 
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2.2 Introduction  

Structural variants (SVs), including deletions, insertions, duplications and inversions, 

account for most varying base pairs (bp) among individual human genomes138. Numerous 

studies have implicated SVs in human health with associated phenotypes ranging from 

cognitive disabilities to predispositions to obesity, cancer and other maladies138,139. 

Discovery and genotyping of these variants remains challenging, however, since SVs are 

prone to arise in repetitive regions and internal SV structures can be complex140. This has  

created challenges for genome-wide association studies (GWAS)141,142. Despite recent 

methodological and technological advances32,116,143,144, efforts to perform discovery, 

genotyping, and statistical haplotype-block integration of all major SV classes have so far 

been lacking. Earlier SV surveys depended on microarrays145 as well as genomic and 

clone-based approaches limited to a small number of samples106,107,146-148. More recently, 

short-read DNA sequencing data from the initial phases of the 1000 Genomes 

Project116,143 enabled us to construct sets of SVs, genotyped across populations, with 

enhanced size and breakpoint resolution32,144. Previous 1000 Genomes Project SV set 

releases, however, encompassed fewer individuals and were largely32 or entirely143 

limited to deletions, in spite of the relevance of other SV classes to human 

genetics138,139,142.  

The objective of the Structural Variation Analysis Group has been to discover and 

genotype major classes of SVs (defined as DNA variants ≥50 bp) in diverse populations 

and to generate a statistically phased reference panel with these SVs. Here we report an 

integrated map of 68,818 SVs in unrelated individuals with ancestry from 26 populations. 

We constructed this resource by analyzing 1000 Genomes Project phase 3 whole-genome 
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sequencing (WGS) data149 along with data from orthogonal techniques, including long-

read single-molecule sequencing, to characterize hitherto unresolved SV classes. Our 

study emphasizes the population diversity of SVs, quantifies their functional impact, and 

highlights previously understudied SV classes, including inversions exhibiting marked 

sequence complexity.  

2.3 Results 

2.3.1 Construction of our phase 3 SV release  

We mapped Illumina WGS data (~100bp reads, mean 7.4-fold coverage) from 2,504 

individuals onto an amended version143 of the GRCh37 reference assembly using two 

independent mapping algorithms—BWA150 and mrsFAST151—and performed SV 

discovery and genotyping using an ensemble of nine different algorithms. We applied 

several orthogonal experimental platforms for SV set assessment, refinement and 

characterization and to calculate the false discovery rate (FDR) for each SV class (Table 

2.1). Callset refinements facilitated through long-read sequencing enabled us to 

incorporate a number of additional SVs into our callset, including an additional 698 

inversions and 9,132 small (~1 kbp) deletions, compared to the SV set released with the 

1000 Genomes Project marker paper149. As a result, our callset differs slightly relative to 

the marker paper’s SV set149. We merged individual callsets to construct our unified 

release (Table 2.1), comprising 42,279 biallelic deletions, 6,025 biallelic duplications, 

2,929 mCNVs (multi allelic copy-number variants), 786 inversions, 168 nuclear 

mitochondrial insertions (NUMTs), and 16,631 mobile element insertions (MEIs, 

including 12,748, 3,048 and 835 insertions of Alu, L1 and SVA (SINE-R, VNTR and 

Alu) elements, respectively).  
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SV class No. 

sites 

Median 

size of 

SV sites 

Median kbp 

per 

individual 

Median 

alleles per 

individual 

Site 

FDR 

Biallelic site 

breakpoint 

precision (bp) 

Genotype 

concordance 

(non-ref.) 

Sensitivity 

estimates 

Deletion 

(biallelic) 

42,279 2,455 5,615 2,788 2%*-

4%† 

15 (±50)** 0.7 

(±9.5)†† 

98%¶ 88%¶ 

Duplication 

(biallelic) 

6,025 35,890 518 17 1%*-

4%† 

683(±1,350)‡‡ 94%¶ 65%¶ 

mCNV 2,929 19,466 11,346 340 1%*-

4%† 

- NA NA 

Inversion 786 1,697 78 37 17%§ 

(9%)‡|||| 

32 (±47)|||| 96%§ 32% 

MEI 16,631 297 691 1,218 4%‡ 0.95(±5.93) 98%|| 83#-96%ª 

NUMT 168 157 3 5.3 10%‡ 0.25(±0.43) 86.1%‡ NA 

 
Table 2.1 Phase 3 extended SV release. 
FDR estimates are based on intensity rank-sum testing143 using *Affymetrix SNP6 and 
†Omni 2.5 arrays, ‡PCR, as well as §long-read, ||PCR-free (250 bp-read) and ¶CG 
sequencing (CG-based estimates used reciprocal overlaps of 50% and 20% for deletions 
and duplications, respectively). Estimate by comparing MEIs to all #calls or all ªPCR-
validated calls from33. NA, no previous data available. Differences in deletion and 
duplication counts are driven by size-cutoffs and classification of common duplications 
as mCNVs114. **Ascertained using read-pairs or read-depth. ††Ascertained with split-
reads23152. ‡‡Estimated for tandem duplications. ||||Estimated for inversions with paired-
end support from both breakpoints. 

 

SV genotype concordance estimates ranged from ~98% for biallelic deletions and 

MEI classes to ~94% for biallelic duplications. 60% of SVs were novel with respect to 

the Database of Genomic Variants (DGV)153 (50% reciprocal overlap criterion, Figure 

2.1a), whereby 71% of SVs (50% reciprocal overlap) and 60% of collapsed copy-number 

variable regions (CNVRs, 1 bp overlap) were novel compared to previous 1000 Genomes 

Project releases32,143, reflecting methodological improvements and inclusion of additional 

populations. Novel SVs showed enrichment for rare sites, which we detected down to an 

autosomal allele count of ‘1’. And while variations in FDR estimates were evident with 
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SV size and VAF (variant allele frequency), we consistently estimated the FDR at ≤5.4% 

when stratifying deletions and duplications by size and frequency, including for rare SVs 

with VAF < 0.1%. A comparison with deep-coverage Complete Genomics (CG) 

sequencing data indicated an overall sensitivity of 88% for deletions and 65% for 

duplications, with the false negatives driven largely by the relatively lowered sensitivity 

for ascertaining small SVs in Illumina sequencing data (Figure 2.1b). The average per-

individual sensitivity was similar for deletions (89%) and slightly lower for duplications 

(50%). For MEI classes, estimated sensitivities ranged from 83–96% (Table 2.1) 

compared to the 1000 Genomes Project pilot phase where a different MEI detection tool 

was used33. For inversions, we estimated an overall sensitivity of 32% based on variants 

with a positive validation status recorded in the InvFEST database154, with an increased 

sensitivity of 67% for inversions < 5 kbp in size.  

We performed breakpoint assembly using pooled Illumina WGS and Pacific 

Biosciences (PacBio) sequencing data155, and additionally performed split-read 

analysis152 of short reads, to resolve the fine-resolution breakpoint structure of 37,250 

SVs (29,954 deletions, 357 tandem duplications, 6,919 MEIs, and 20 inversions). 

Breakpoint assemblies showed a mean boundary precision of 0–15bp for all SV types, 

with the exception of inversions and duplications for which we achieved mean precision 

estimates of 32 bp and 683 bp, respectively (Table 2.1, Figure 2.1c). 
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Figure 2.1 Phase 3 integrated SV callset.  
(a) Novelty based on overlap of our SV set with DGV19 (upper panel, broken down by 
SV class), of collapsed CNVRs with earlier 1000 Genomes Project releases32,143 (middle 
panel) and of our SV set with refs32,143 (bottom panel). (b) Size distribution of ascertained 
SVs (bin width is uniform in log-scale). DEL, biallelic deletion, DUP, biallelic 
duplication, INV, inversion, INS, non-reference insertion (including MEIs and NUMTs). 
(c) Breakpoint precision of assembled deletions stratified by VAF (split-read caller 
Pindel23 shown separately). (d) SV allele sharing across continental groups. (e) LD 
properties of biallelic SV classes.  
 

2.3.2 Population genetic properties of SVs  

We explored the population genetic properties of SVs among five continental 

groups—Africa (AFR), the Americas (AMR), East Asia (EAS), Europe (EUR) and South 

Asia (SAS). The bulk of SVs occur at low frequency (65% exhibit VAF , 0.2%) 

consistent amongst individual SV classes. While rare SVs are typically specific to 

individual continental groups, at VAF ≥ 2% nearly all SVs are shared across continents 

(Figure 2.1d). Notably, we identified 1,075 SVs with VAF > 50% (889 biallelic 
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deletions, 2 biallelic duplications, 90 mCNVs, 88 MEIs and 6 inversions) encompassing 

5 Mbp, sites of interest for future updates to the human reference genome. We estimated 

the mutation rate for each SV class using Waterson’s estimator of h, for example, 

ascertaining a mutation rate of 0.113 deletions per haploid genome generation, a threefold 

higher estimate compared with previous reports145,156, probably owing to our increased 

power for detecting variants < 5 kbp.  

We found that 73% of SVs with > 1% VAF and 68% of rarer SVs (VAF > 0.1%) are 

in linkage disequilibrium (LD) with nearby single nucleotide polymorphisms (SNPs) (r2 

> 0.6); however, the proportion of variants in LD highly depends on the SV class (Figure 

2.1e). For example, only 44% of all biallelic duplications with VAF > 0.1% were in LD 

with a nearby SNP (r2 > 0.6), in agreement with previous findings145,157,158. Notably, we 

observed a striking depletion of biallelic duplications amongst common SVs (P < 2 X 10-

16, Kolmogorov–Smirnov test) with most common duplications classified as multi-allelic 

SVs (that is, mCNVs). This behavior suggests extensive recurrence of SVs at duplication 

sites consistent with what was recently observed in a smaller cohort of 849 individuals114. 

These LD characteristics suggest duplications are currently under-ascertained for disease 

associations using tag-SNP-based approaches.  

Based on our haplotype-resolved SV catalog, we observed that individuals of African 

ancestry exhibit, on average, 27% more heterozygous deletions than individuals from 

other populations (mean of 1,705 versus 1,342), consistent with SNPs159. The relative 

proportion of deletion versus SNP-affected sequence, however, showed a 13% excess in 

non-African compared to African populations (ratio 1.64 versus 1.45). Principal 

component analyses with different SV classes generally recapitulated continental 
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population structure and admixture (Figure 2.3). Our analysis further allowed us to 

identify a catalogue of 6,495 ancestry-informative MEI markers of potential value to 

population genetics history and forensics research (Figure 2.2).  

 

Figure 2.2 Population genetic properties of MEIs 
(a) Neighbor-joining tree of populations constructed from MEIs (homoplasy-free 
markers) to provide a (simplified) view of population ancestry. The tree is labeled with 
the number of lineage-specific MEIs (Alu:L1:SVA). (b) Classification of ancestry in 
AFR/AMR and AMR admixed populations using homoplasy-free ancestry informative 
MEI markers. Color usage follows the same scheme as in Figure 2.1d, except in the case 
of AFR individuals, which use both the color in Figure 2.1d and another color that is 
unrelated to any other figure to indicate additional substructure within  this group. 
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Figure 2.3 Principal component analysis and population stratification of MEIs 
(a) Principal component analysis (PCA) plot of principal components 1 and 2 for 
deletions. (b) PCA plot of principal components 3 and 4 for deletions. (c) PCA plot of 
principal components 1 and 2 for MEIs. (d) PCA plot of principal components 3 and 4 
for MEIs. (e) The five most highly population-stratified deletions intersecting protein- 
coding genes based on VST. (f) The five most highly population-stratified duplications 
and multi-allelic copy number variants (mCNVs) intersecting protein-coding genes based 
on VST. 
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Since population stratification can be used as a signature to detect adaptive selection, 

we additionally identified SVs varying in VAF amongst different populations. For each 

SV site we calculated a VST statistic, a measure highly correlated with FST (the fixation 

index)160 that can be applied to assess population stratification of biallelic and multi-

allelic SVs160. We observed 1,434 highly stratified SVs (>0.2 VST, corresponding to 2.9 

standard deviations (s.d.) from the mean), among which 578 intersected gene coding 

sequences (CDSs). Among these were several SVs associated with regions previously 

reported to be under positive selection, such as KANSL1 mCNVs (Figure 2.3) that tag a 

European-enriched inversion polymorphism associated with increased fecundity161. Most 

of the population-stratified sites, however, have not been previously described and are, 

thus, potential targets for future investigation of SVs undergoing adaptive selection or 

genetic drift. These include, for example, a 14.5kbp intronic duplication of HERC2 

enriched in East Asians (VST = 0.62 EAS-EUR).  

2.3.3 Functional impact of SVs  

We analyzed the intersection of deletions binned by VAF with various classes of 

genic and intergenic functional elements (Figure 2.4a). The CDSs, untranslated regions 

(UTRs) and introns of genes, in addition to ENCODE162 transcription factor binding sites 

and ultrasensitive noncoding regions, showed a significant depletion (P < 0.001; 

permutation testing in each VAF bin) compared to a random background model. In 

general, these elements are more depleted (in terms of fold change) in common VAF bins 

compared to rarer deletion alleles, in keeping with purifying145 (or in some cases 

background163) selection. Genes more intolerant to mutation (as measured from SNP 

diversity, residual variation intolerance score (RVIS)164 < 20) exhibited the most 
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pronounced depletion (P < 0.001; permutation testing between pairs of RVIS-score 

categories). All other SV classes exhibited similar signatures of selection; when 

compared to deletions these depletions were, however, more attenuated (Figure 2.4b). 

Additional assessment of the site frequency spectrum showed that, as deletion sizes 

increase, these SVs become rarer (P < 2.2 X 10-16; linear model, F-test), evidence of 

purifying selection against events more likely intersecting functional elements. 

Duplications, by comparison, did not exhibit such trend, consistent with reduced selective 

constraints.  
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Figure 2.4 SV functional impact 
(a) Relative enrichment or depletion of genomic elements within breakpoint-resolved 
deletions binned by VAF. TF, transcription factor binding site; nc, noncoding. RVIS 
range from 0–100 (low < 20, medium 20–50, high > 50). *no element intersected. (b) 
Enrichment/depletion of genomic elements within different SV classes, compared with 
breakpoint-resolved deletions. (c) Manhattan plot of DUSP22-eQTL. Inset, boxplots of 
association between copy-number genotype and expression. (d) Manhattan plot of 
ZNF43-eQTL. (e) Enrichment of SV-containing haplotypes at previously reported 
GWAS hits (error bars show s.e.m.). 
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We additionally analyzed 5,819 homozygous deletions to search for gene knockouts 

occurring naturally in human populations. Among these we identified 240 genes 

(corresponding to 204 individual deletion sites) that, on the basis of the observation of 

homozygous losses in normal individuals, seem to be ‘dispensable’. Most of the 

underlying deletions were found in more than one human population, and for only one 

(0.5%) we observed evidence for the putative involvement of uniparental disomy in the 

homozygosity. The majority (>80%) of these homozygous gene losses were novel 

compared to a previous analysis based on DGV variants153, or recent clinical genomics 

studies. As expected, genes affected by homozygous loss were not highly conserved and 

were relatively tolerant to other forms of genetic variation (RVIS = 0.74 compared to 

OMIM disease genes showing RVIS = 0.43; P = 9.4 X 10-25; Mann–Whitney test). 

Moreover, the set was functionally enriched for glycoproteins (Benjamini–Hochberg 

corrected P-value = 1.6 X 10-3, EASE (Expression Analysis Systematic Explorer) score) 

and genes harboring immunoglobulin domains (Benjamini– Hochberg corrected P-value 

= 1.0 X 10-5, EASE score).  

We next quantified the functional impact of SVs using expression quantitative trait 

loci (eQTL) associations as a surrogate165,166. Based on transcriptome data from 

lymphoblastoid cell lines derived from 462 individuals167 (the gEUVADIS consortium), 

we tested 18,969 expressed protein-coding genes for cis-eQTL associations, considering 

1 Mbp candidate regions upstream and downstream of CDSs. A joint eQTL analysis 

using SNPs and SVs with VAF > 1% identified 54 eQTLs with a lead SV association 

(denoted SV-eQTL) and 10,100 eQTLs with a lead SNP association (10% FDR). For an 

additional 166 eQTLs with lead associations to SNPs, we observed SVs in LD (r2 > 0.5), 
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seven times more than when using random variants matched for LD structure, distance to 

the transcription start site, and VAF, suggesting that a larger number of eQTLs are 

probably affected by SVs. In proportion to the number of variants tested, SV classes were 

up to ~50-fold enriched for SV-eQTLs (P = 2.84 X 10-39, one-sided Fisher’s exact test). 

Large SVs were associated with increased effect size; for example, a twofold increase in 

effect size for genic SVs >10 kbp versus variants ~1 kbp (P = 0.0004; t-test). Taken 

together, although SNPs contribute more eQTLs overall, our results suggest that SVs 

have a disproportionate impact on gene expression relative to their number.  

Among those 220 eQTLs having either an SV-eQTL or an SV in LD with the lead 

SNP, most were due to deletions (55% of associations), followed by mCNVs (19%). 

Although SV-eQTLs with the largest effect sizes tended to overlap with CDSs, such as 

for the dual specificity phosphatase 22 (DUSP22) gene (Figure 2.4c), we also observed 

several expression-associated SVs strictly intersecting upstream noncoding sequences, 

including an mCNV upstream of ZNF43 (Figure 2.4d) possibly mediated through 

variation of a cis-regulatory element. We additionally considered the impact of 

accounting for SVs when constructing personalized reference genomes for transcriptome 

analysis. To illustrate this, we considered RNA read alignments for the sample NA12878, 

comparing the standard reference genome with GRCh37-derived personalized references 

constructed using NA12878 SNPs, or using NA12878 SNPs and SVs. Using such an 

approach, we observed marked changes in expression for 525 exons (±10 reads, ≥onefold 

change relative to the standard reference), 24 of which could be attributed to the inclusion 

of SVs into the personalized reference.  
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The relevance of SVs to eQTLs suggests that a number of disease associations 

previously detected by GWAS may be attributable to SVs, which are difficult to assess 

directly in GWAS. To test this hypothesis we compared 12,892 previously reported SNP-

based GWAS hits to SVs identified in our data set, identifying 136 candidate SVs in 

strong LD (r2 > 0.8) with GWAS variants, which represents a 1.5-fold enrichment when 

compared to a VAF and haplotype size-matched background set and a threefold 

enrichment for deletions >20 kbp (P = 0.004) (Figure 2.4e). Approximately a third of 

these candidate GWAS associations (39) were novel, impacting phenotypes such as 

colorectal cancer and bone mineral density. Interestingly, 64% of these novel associations 

were mediated by deletions <1 kbp, a size range for which our study has improved power 

over previous surveys, which more than doubles (from 18 to 40) the number of SVs <1 

kbp in strong LD with a GWAS lead SNP. Thus, our SV resource could facilitate 

discovery of numerous additional disease-linked SVs.  

2.3.4 SV clustering and complexity 

Advances in Illumina sequencing towards longer read lengths (~100 bp versus 36 

bp)32 in conjunction with the population-level data allowed us to perform an in-depth 

investigation of SV complexity and clustering. We identified 3,163 regions where SVs 

seemed to cluster (>2 SVs mapping within 500 bp). To reduce redundancy caused by 

multiple overlapping calls per sample, we calculated distinct CNVRs per cluster by 

merging calls per sample and haplotype and then counting the distinct CNVRs produced 

across samples (average 6.4 ± 7.2 CNVRs per cluster). We identified 30 genomic regions 

with an excess of CNVRs (>4 s.d. or >36 CNVRs per cluster). This clustering effect was 

not correlated with segmental duplications (r = 0.02) and only partially explained by SNP 
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diversity (r = 0.15; Extended Data Fig. 9). CNVR clusters showed enrichment near late-

replicating origins (P = 0.013, permutation test) and at cytogenically defined ‘fragile’ 

sites (P = 0.0017; permutation test). Although the proportion of gene content in regions 

exhibiting excessive SV clustering was significantly reduced when compared to a null 

distribution (P < 0.000001, permutation test), 1,881 of 3,163 such regions (59%) 

intersected one or more genes. This includes a region comprised of 47 SVs (ranking 2nd 

out of the 30 genomic regions with >4 s.d.) encompassing the pregnancy-specific 

glycoprotein gene family (Figure 2.5a), a set of genes thought to be critically important 

for maintenance of pregnancy168. Other SV clusters associated with genes (for example, 

IMMP2L, CHL1, and GRID2) have been implicated as potential risk factors for disease, 

including neurodevelopmental disorders169.  

 

 



 52 

 

Figure 2.5 SV complexity at different scales 
(a) PSG locus with clustered SVs. Population copy-number state histograms are shown 
for two example SVs. (b) Schemes depicting assembled complex deletions. (c) Smaller-
scale complex deletions identified with Pindel152. Flanking sequences are shown for 
reference (REF) and alternate (ALT) alleles, further to insertions at the breakpoints. 
Proximal stretches matching the insertion are labeled in red (forward) and green (reverse 
complement). Blue, insertions lacking nearby matches.  (d) Alignment dot plots 
depicting inversions (inverted sequences are in red within each dot plot). Adjacent 
schemes depict allelic structures for REF and ALT. (e) Inversion complexity 
summarized. 

 

We additionally specifically assessed the complexity of the 29,954 deletions with 

resolved breakpoints and found that 6% (1,822) intersected another deletion with distinct 

breakpoints. A larger fraction (16% or 4,813 of assembled deletion sites) showed the 

presence of additional inserted sequence at deletion breakpoints. We grouped 1,651 

deletions with mean size of 3.1 kbp and at least 10 bp of additional DNA sequence 

between the original SV site boundaries into five broad classes (Figure 2.5b). The most 
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common class (n = 501, 30.3%), termed ‘Ins with Dup and Del’, comprised deletions 

exhibiting a recognizable duplicated sequence interval within the respective inserted 

sequence. Notably, in many cases (n = 191) the inserted sequences comprised two or 

more apparent sequence duplications at the deletion boundaries (a class denoted ‘Ins with 

MultiDup and Del’). Additional classes commonly observed include Inv and Del 

(inversion with adjacent deletion; n 5 9) and ‘MultiDel’—a class where two or more 

adjacent deletions are separated by at least one sequence ‘spacer’ of up to ~204 bp in 

length (n = 370). However, not all complex SVs fit into these classes, with 214 sites 

forming distinct patterns corresponding to multiple classes or exhibiting increased 

complexity. Template-switching mechanisms could explain the notable complexity of 

these SVs140. Indeed, microhomology patterns were typically present between the 

breakpoints of deletions and the respective boundaries of insertion templates at these 

sites, consistent with formation through single mutational events. Across the complex 

sites assessed, 871 (53%) showed evidence for a local template (≥10 bp match, within 10 

kbp), whereas for 41 the insertion was presumably templated from a distal region (≥22 bp 

match, >10 kbp away), including 17 sites where the DNA stretch was likely derived from 

RNA templates.  

To further characterize SV breakpoint complexity, we employed two alternative 

approaches that do not rely on low-coverage Illumina read assembly. We first examined 

7,804 small deletions for breakpoint complexity using split-read analysis152 (Figure 2.5c) 

and identified 664 (median size 67bp) exhibiting complexity, 64 of which contained 

insertions ≥3bp that may be derived from a nearby template. We additionally realigned 

long DNA reads from a single individual (NA12878)155 sequenced by high-coverage 
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PacBio (median read length 3.0kbp) and Moleculo (median 3.2 kbp) single-molecule 

WGS around deletions from our release set (Figure 2.5d). Out of 766 deletions in 

NA12878 investigated with this approach, 62 exhibited complexity showing three to six 

breakpoints. A deletion of exon 3 of the serine protease inhibitor SPINK14, for example, 

was accompanied by an inversion of an internal segment of the SV sequence (Figure 

2.5d, left panel). In contrast to the smaller proportion of deletions showing breakpoint 

complexity, the majority of inversions assessed in NA12878 (19/28) exhibited multiple 

breakpoints.  

To further explore inversion sequence complexity, we performed a battery of targeted 

analyses, leveraging PacBio resequencing of fosmids (targeting 34 loci), sequencing by 

Oxford Nanopore Minion (60 loci) and PacBio (206 loci) of long-range PCR amplicons, 

and data for 13 loci from another sample (CHM1) sequenced by high- coverage PacBio 

WGS147. Altogether we verified and further characterized 229 inversion sites, 208 using 

long-read data and 21 by PCR, increasing the number of known validated inversions154 by 

>2.5-fold. Remarkably, only 20% of all sequenced inversions characterized in this 

manner were ‘simple’ (termed ‘Simple Inv’), exhibiting two breakpoints (Figure 2.5e), 

including a 2 kbp inversion on chromosome 4 intersecting a regulatory exon of the Ras 

homologue family member RHOH (Figure 2.5d, right panel). The majority of inversions 

(54%) corresponded to inverted duplications (‘Inverted Dup’; Figure 2.5d, middle right 

panel). In nearly all cases, these involved duplicated stretches, 1kbp inserted within 5kbp 

of the alternate copy, suggesting a common mechanism of SV formation. The remaining 

inversions comprised ‘Inv and Del’ events (14%), ‘MultiDel’ events exhibiting inverted 

spacers (7%), and more highly complex sites (5%; Figure 2.5d, middle left panel). The 
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appreciable inversion complexity uncovered here is most likely due to a mutational 

process forming complex SVs, potentially involving DNA replication errors140, rather 

than due to recurrent rearrangement, as our analyses failed to detect corresponding 

intermediate events in 1000 Genomes Project samples.  

2.4 Discussion 

We present what is to our knowledge the most comprehensive set of human SVs to 

date as an integrated resource for future disease and population genetics studies. We 

estimate that individuals harbor a median of 18.4 Mbp of SVs per diploid genome, an 

excess contributed to a large extent by mCNVs (11.3Mbp) and biallelic deletions (5.6 

Mbp; Table 2.1). When collapsing mCNV sites carrying multiple copies as well as 

homozygous SVs onto the haploid reference assembly, a median of 8.9Mbp of sequence 

are affected by SVs, compared to 3.6 Mbp for SNPs. Furthermore, 37,250 SVs have 

mapped break- points amounting to >113Mbp of SV sequence resolved at the nucleotide-

level. By mining homozygous deletions we identified over two hundred nonessential 

human genes, a set enriched for immunoglobulin domains that hence may reflect 

variation in the immune repertoire underlying inter-individual differences in disease 

susceptibility.  

We demonstrate that SV classes are disproportionally enriched (by up to ~50-fold) for 

SV-eQTLs, although only 220 SVs were found either as lead eQTL association or in high 

LD with the respective lead SNP. While this corresponds to proportionally fewer 

associations relative to SNPs compared to a prior estimate based on array technology165, 

this may be explained by the reliance of this prior estimate on bacterial artificial 

chromosome arrays, which ascertain large SVs (>50 kbp) that associate with strong effect 
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size, as well as by the relative scarcity of SNPs tested in an earlier study165 (HapMap 

Phase I)102. We further expand the number of candidate SVs in strong LD with GWAS 

hits by ~30% (39/136 novel associations implicating SVs as candidates) and find that 

GWAS haplotypes are enriched up to threefold for common SVs, which emphasizes the 

relevance of ascertaining SVs in disease studies. The large number of novel SVs smaller 

than 1 kbp in length associated with previously reported GWAS hits highlights the 

importance of increasing sensitivity for SV detection and genotyping at this size range. 

Additionally, the large number of rare SVs captured by our resource may be of value for 

disease association studies investigating rare variants.  

Our deep population survey has identified hotspots of SV mutation that cannot be 

accounted for by deep coalescence or segmental duplication content. We describe 

hitherto undescribed patterns of SV complexity, particularly for inversions. These 

patterns indicate that other more complex mutational processes outside of non-allelic 

homologous recombination, retrotransposition, and non-homologous end-joining played 

an important role in shaping our genome. In spite of this, it remains difficult to fully 

disentangle the contributions of SV mutation rates and selective forces to the observed 

variant clustering. The findings presented here leveraged substantial recent technological 

advances, including increases in Illumina read length and developments in long-read 

DNA technologies. SV discovery remains a challenge nonetheless, and the full 

complexity and spectrum of SV is not yet understood. Our analyses, for example, are 

largely based on 7.4-fold Illumina WGS and, thus, are underpowered to capture much of 

the complexity of variation, including SVs in repetitive regions, non-reference insertions, 

and short SVs at the boundaries of the detection limits of read-depth and paired-end- 
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based SV discovery142. Furthermore, while many SVs in our callset are statistically 

phased, the diploid nature of the genome is non-optimally captured by current analysis 

approaches, which mostly rely on mapping to a haploid reference. We envision that in the 

future, the use of technology allowing substantial increases in read lengths over the 

current state-of-the-art will enable genomic analyses of truly diploid sequences to 

facilitate targeting these additional layers of genomic complexity. Until this is realized, 

our SV set represents an invaluable resource for the construction and analysis of 

personalized genomes.  

2.5 Methods 

2.5.1 DNA Samples 

Structural variant (SV) discovery and genotyping was performed using 7.4-fold 

coverage Illumina paired-end population-scale sequencing data available at 

1000genomes.org. Unless indicated otherwise, all SV discovery and genotyping 

algorithms were executed on the set of Ninitial=2,535 individual samples initially 

designated for inclusion in phase3 (1000genomes.org). The final set of Nfinal=2,504 phase 

3 samples, including lymphoblastoid cell line (N=2,400) as well as blood (N=104) DNA 

based samples, was obtained after removal of data from N=31 samples thereby avoiding 

inclusion of individuals exhibiting cryptic relationship patterns (1000genomes.org). 

Somatic SVs common to lymphoblast cell lines (i.e. regions undergoing site-specific 

somatic structural variation in B cells) were removed from the final callset. Within 

individual populations, we noticed only few differences in SV counts between sequenced 

DNA samples prepared from cell-line versus blood-derived DNAs. Cell lines/DNA for all 

samples are available from Coriell. 
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2.5.2 Summary of All Callsets 

The total number of calls made by each method is presented in Table 2.2 along the 

diagonal with the number of common calls by any two methods on the off-diagonals. We 

note that that due to our strict FDR cutoffs many call-sets were heavily pre-filtered (e.g., 

for Pindel only SVs < 1 kbp). So the true overlap among the raw calls is much higher 

than what is shown in this table. Callers pursuing population-based SV discovery are 

indicated with an asterisk (*). All the other five SV detection algorithms made calls 

independently per sample (i.e., did not perform population-based calling). 
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Table 2.2 SV calling algorithms.  
Total number of calls made by each tool, and calls common to pairs of callers. 
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We additionally prepared a release of our SV map lifted over to GRCh38 coordinates. 

All but 98 SVs (0.1%) could be lifted over, with only 13 SVs being lifted to an unplaced 

GRCh38 contig, only 10 SVs differing in size by more than 10%, and the breakpoints of 

99.7% of assembled deletions were identical between GRCh37 and GRCh38. At most 

0.5% of SVs in our GRCh37 release have been fully or partially incorporated into 

GRCh38. 

2.5.3 SV Site Merging, Genotyping, and Phasing 

To generate a haplotype-resolved SV set we used the following procedure. Initially, 

in order to generate a high confidence set of large deletion sites to be used for joint 

haplotype scaffold generation along with SNPs and insertions/deletions (indels), we 

employed Genome STRiP170 to re-genotyping sites called with the five most specific 

deletion discovery algorithms (BreakDancer115, Delly113, CNVnator171, GenomeSTRiP170, 

and VariationHunter172). GenomeSTRiP’s redundancy removal function was used to 

merge these sites into a coherent list of large high confidence deletions.  

A total of 74,751 potentially redundant input sites (autosome + chrX) were merged 

and genotyped Genome STRiP version 1.04.1257 to generate a set of 32,924 mostly 

nonredundant sites with genotype likelihoods in 2,535 samples suitable for building the 

imputation scaffold with Impute2.  

As the input call sets originated from multiple algorithms using the same input data, 

so a large degree of redundancy was expected. In addition, the CNVnator input sites were 

the union of sites called separately in each population and were therefore expected to also 

have a high rate of internal redundancy.  



 61 

To resolve this high rate of redundancy, we used a stringent protocol for duplicate site 

detection and removal: a) Remove all duplicate calls using standard settings in Genome 

STRiP (50% site overlap and most discordant LOD score greater than zero). b) Perform a 

second pass removing duplicate calls using criteria of site overlap greater than 50% and 

no discordant genotypes at a 95% confidence threshold. c) Perform a third pass removing 

duplicate calls using criteria of 80% site overlap only. FDR estimates (using the IRS 

method, Omni 2.5 array) ranged from 1% to 6.7% in the input call sets. The estimated 

FDR in the genotyped call set was 3.1%. 

The merged SV list was used for haplotype scaffold generation, along with SNPs and 

biallelic indels, using ShapeIt2173. Following scaffold generation, all other SV callsets 

were statistically phased into these haplotype scaffolds using MVNcaller24, with the 

confidence in individual variant phases depending on patterns of LD and VAF (e.g. 

singletons are arbitrarily phased in this procedure). 98% of SVs >1% have a reported 

median MVNcall SV carrier (phased genotype) posterior probability173 >0.95, compared 

to 89% for variants 99% of all connected components in the overlap graph were cliques. 

For each connected component, we picked one representative call whereas all merged 

calls were specified in the VCF INFO column. After callset merging and statistical 

haplotype phasing we obtained improved site-based FDR estimates (these are 

summarized in Table 2.1), which likely is due to a reduction of samples with missing 

genotypes and improved SV boundary inference after merging. 

2.5.4 Population Genetic Analysis of MEIs 

The MEI population genetics studies depicted in Figures 2.2 and 2.3 were performed 

with the integrated phase 3 MEI call set. Missing genotypes were imputed using the 
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phase 3 SNP/indel/large deletion haplotype scaffolds. The subset of 13,678 MEIs that 

were in HWE (p = 0.05)) was used in all MEI population genetics studies. MEIs were 

required to be in HWE in all 26 populations to be included in the HWE set used for 

population genetics studies. This set included 10,378 Alu, 2,603 L1, and 697 SVA sites 

(52.0M, 13.0M, and 3.5M genotypes, respectively). Only MEIs on autosomes were used.  

The phylogenetic tree depicted in Figure 2.2 was constructed from twenty populations 

belonging to the four non-admixed super-populations EUR (CEU, FIN, GBR, IBS, TSI), 

SAS (GIH, PJL, BEB, STU, ITU), EAS (CHB, JPT, CHS, CSX, KHV), and AFR (YRI, 

LWK, GWD, MSL, ESN) using PHYLIP version 3.9663. Six populations from the AMR 

(CLM, MXL, PEL, PUR) and AFR (ACB, ASW) continental groups were excluded due 

to high levels of intercontinental admixture in these populations.  

The phylogenetic tree depicted in Figure 2.2 was constructed as follows: First, MEI 

allele frequencies were determined in each population. Next, the GENDIST algorithm 

provided with PHYLIP was applied using the Cavalli-Sforza174 genetic distance 

measurement. Finally, NEIGHBOR175 was run with the GENDIST output in UPGMA 

mode to generate the neighbor joining tree depicted in Figure 2.2. To generate bootstraps, 

100 replicates were performed as outlined above with the additional step of collapsing 

replicate trees using CONSENSE (also provided with PHYLIP).  

In a separate experiment, a hypothetical ancestor (ANS) that lacked all of the phase 3 

MEIs (i.e., had homozygous REF genotypes at all phase 3 MEI sites) was incorporated 

into the tree. As expected, the ancestor rooted the tree, and was very distant (with a 

branch length of 0.04109) from modern humans. Admixed individuals also were placed 

on the tree. The ASW and ACB populations clustered with the AFR clade (as expected 
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due to high levels of AFR ancestry). The PEL and MXL populations clustered as 

outgroups of the EUR and SAS super-populations, likely reflecting higher levels of 

native ancestry, particularly in PEL individuals. The PUR and CLM populations 

clustered as outgroups of the EUR super-population, coinciding with a high proportion of 

European ancestry. 

MEIs were assigned to specific branches on the phylogenetic tree as follows. MEIs 

were inspected to determine whether each MEI was present in the twenty non-admixed 

populations described in the phylogenetic tree section above. Any MEI that was unique to 

a single population was assigned to that population. MEIs were assigned to an upper 

branch if they were present in 100% of constituent populations of a given branch.  

The admixture analysis outlined in Figure 2.2 was performed using ADMIXTURE176. 

The cross validation test associated with ADMIXTURE indicated that K = 5 was 

optimal177. Genotypes were prepared for ADMIXTURE using VCFtools ver 0.1.12b68 

and PLINK ver 1.969. ADMIXTURE was run with default parameters in accordance 

with the instruction manual provided at the ADMIXTURE download site 

(http://www.genetics.ucla.edu/software/admixture/). Figure 2.2 was sorted by the 

estimated majority ancestry for each superpopulation. We note that while MEIs are 

homoplasy-free and thus useful as forensic markers, this is not an explicit requirement of 

ADMIXTURE. 

To examine population structure using an orthogonal approach we performed 

Principal Components Analysis (PCA) using the same method as that used for deletions 

outlined above (Figure 2.3). The results largely corroborate population structure seen in 

deletions with PC1 separating AFR individuals from all other super-populations and PC2 
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separating EAS, SAS, and EUR individuals. PUR and CLM individuals largely group 

within the EUR population with PEL and MXL populations intermediate to the EAS and 

EUR super-populations. As expected, African derived populations (ACB, ASW) largely 

clustered within the AFR superpopulation. PC3 and PC4 are similar to the population 

structure observed in deletions with the exception that there was a relative lack of 

separation of AMR individuals along PC4 with MEIs compared to deletions. 
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Chapter 3: The Mobile Element Locator Tool (MELT) – Population-scale mobile 

element discovery and biology1 

3.1 Abstract 

Mobile element insertions (MEIs) represent ~25% of all structural variants in human 

genomes. Moreover, when MEIs disrupt genes, they can influence human traits and 

diseases. Therefore, MEIs should be fully discovered along with other forms of genetic 

variation in whole genome sequencing (WGS) projects involving population genetics, 

human diseases, and clinical genomics. Here, we describe the Mobile Element Locator 

Tool (MELT), which was developed as part of the 1000 Genomes Project to perform 

routine MEI discovery on a population scale. Using both Illumina WGS data and 

simulations, we demonstrate that MELT outperforms existing MEI discovery tools in 

terms of speed, scalability, specificity and sensitivity, while also detecting a broader 

spectrum of MEI-associated features. Several run modes were developed to perform MEI 

discovery on local systems or in the cloud. In addition to using MELT to discover MEIs in 

modern humans as part of the 1000 Genomes Project, we also performed MEI discovery in 

chimpanzees and ancient (Neanderthal and Denisovan) hominids. We detected diverse 

patterns of MEI stratification across these populations that likely were caused by: i) diverse 

rates of MEI production from source elements, ii) diverse patterns of MEI inheritance in 

population lineages, and iii) the introgression of ancient MEIs into modern human 

genomes. Overall, our study provides the most comprehensive map of MEIs to date 

spanning chimpanzees, ancient hominids, and modern humans, and reveals new aspects of  

 

 

 

 

1 Under revision as: Gardner, E. J., Lam, V. K., Harris, D. N., Chuang, N. T., Scott, E. C., Mills, R. E., Pittard, W. S., 1000 
Genomes Project Consortium & Devine, S. E. The Mobile Element Locator Tool (MELT): Population-scale mobile element discovery 
and biology. In Revision, Genome Research (2017).  
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MEI biology. We also demonstrate that MELT is a robust platform for MEI discovery 

and analysis in a variety of experimental settings. 

3.2. Introduction 

 Population-scale, whole genome sequencing projects have rapidly expanded over the 

past several years116,143,149,178,179. As we look to the future, projects are planned or 

underway to sequence many thousands of additional human genomes for studies involving 

population genetics, human diseases, and clinical genomics. Although new technologies 

such as the Illumina HiSeq X platform can produce the massive amounts of WGS data that 

are required for such studies, many of the analysis tools that were developed over the past 

decade cannot be scaled up to meet the informatics demands of these data-intensive 

projects. Tools that detect mobile element insertions (MEIs) are no exception, and as a 

consequence, MEIs are not being routinely detected in most population-scale WGS 

projects178,179. Thus, there is a clear need for innovative MEI discovery approaches that can 

address this important gap in variant detection. 

 MEIs should be fully discovered along with other forms of genetic variation because 

they can alter human traits or cause diseases when they disrupt genes. For example, at least 

five reported cases of hemophilia A have been linked to germline MEIs that disrupted the 

Factor XIII (F8) gene17,180-182, and another six cases of hemophila B have been linked to 

germline MEIs in the Factor IX (F9) gene183-187. 10/11 (90.1%) of these insertions 

disrupted the coding exons of these genes, while the remaining insertion caused exon 

“skipping”182. Germline MEIs also have been implicated in a range of other human 

diseases, including neurofibromatosis18, Duchene’s muscular dystrophy188, cystic 

fibrosis189, retinitis pigmentosis190, beta-thalassemia191-193, various cancers30,194, and other 
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diseases19,195,196. As above, most of these diseases were caused by MEIs that disrupted the 

coding exons of genes or caused exon skipping, although MEIs also have been identified in 

the promoters191 and untranslated regions (UTRs) of protein-coding genes196. Thus, MEIs 

can influence human traits and diseases by disrupting a range of gene features.  

MEIs also are mobilized in somatic tissues in humans, including epithelial cancers, 

suggesting the possibility that somatic MEIs might help to drive 

tumorigenesis15,21,22,24,25,28,30,31,133,197. Likewise, somatic MEIs are produced in at least some 

normal somatic tissues such as the colon and brain29,34,127-129,197, where they have been 

linked to colorectal cancer197, schizophrenia198, Aicardi-Goutieres syndrome34, and 

autism199. Therefore, given the abundance of MEIs in human genomes and their ability to 

influence human traits and diseases, MEIs should be routinely discovered along with other 

forms of genetic variation in WGS projects.  

Three major classes of mobile elements, i.e., Alu, L1, and SVA elements, remain 

actively mobile in human genomes and continue to generate new offspring 

MEIs9,14,28,33,35,111,149,200. All three of these element classes are mobilized by the L1 

retrotransposition machinery, and as a consequence, all of these elements have at least 

some characteristic features of L1 elements. For example, the target site duplications 

(TSDs) that flank new Alu, L1, and SVA insertions are all very similar because they are 

created by the same L1-encoded proteins and target-primed-reverse-transcriptase (TPRT) 

mechanism56,76,90,92,201. Likewise, interior mutations frequently are introduced into Alu, L1, 

and SVA copies by the error-prone L1 reverse transcriptase that replicates all three of these 

element classes202. Interior mutations have been useful for identifying and tracking active 

subfamilies of Alu, L1, and SVA elements59,89,97,203, and for tracking relationships between 
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source elements and their offspring197. Several additional hallmark features of human MEIs 

include: i) 3’-transductions that are caused by alternative, downstream poly (A) signals81, 

ii) 5’ inversions that are caused by twin priming204, and iii) 5’ truncations that are caused 

by incomplete replication205. Ideally, MEI discovery tools would fully detect all of these 

associated genetic features because such features are useful for studying the biological 

impact of MEIs in humans.  

3.3 Results 

3.3.1 Overview of MELT 

As outlined above, there is an unmet need for a robust MEI discovery package that can 

comprehensively detect MEIs and their associated genetic features on a population scale in 

humans. As members of the 1000 Genomes Project, we developed the Mobile Element 

Locator Tool (MELT) to address this need. The 1000 Genomes Project was ideal for this 

purpose because we were faced with the challenge of performing MEI discovery in 2,534 

human genomes. This included 2,504 low coverage Illumina whole genome sequences 

(averaging 7.4X coverage), and 30 high coverage Illumina whole genome sequences 

(averaging 60X coverage). We also sought to leverage the data that were collected across 

populations to construct comprehensive MEI models at each MEI site, which allowed us to 

more accurately discover MEI-associated features and genotypes. Finally, we wished to 

develop an expanded toolkit to track and study the MEIs that were discovered in these 

genomes. The MELT package includes a robust MEI discovery algorithm and a suite of 

MEI analysis tools that collectively achieve these goals.  

MELT detects Alu, L1, and SVA MEIs by searching for signatures of discordant read 

pairs (DRPs) and split reads (SRs) in Illumina WGS data that are enriched at sites containing 
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new, non-reference (non-REF) MEIs (Figure 3.1). MELT was designed to work with BAM 

files that are generated with the Burroughs-Wheeler Alignment tool (BWA aln or 

mem)150,206, since most Illumina WGS data sets are directly available in this format. MELT 

first scans BAM files to identify a specific type of DRP (i.e., DRPs where one of the read-

pairs maps to the reference genome and the other maps to an Alu, L1, or SVA reference 

sequence), thus indicating the presence of a candidate non-REF MEI at the site (Figure 3.1). 

MELT also identifies SRs, which are used to further refine the precise breakpoints and target 

site duplications (TSDs) at each candidate MEI site. When applied on a population scale, 

MELT constructs MEI models using all of the available DRP and SR data from multiple 

samples to accurately discover each MEI site and its features. MELT identifies a 

comprehensive set of MEI-associated features, including: the chromosomal insertion site, 

MEI orientation, TSD, internal mutation profile, subfamily, and other features, if present 

(Table 3.1). MELT performs genotyping across all samples for both novel (non-REF) and 

reference (REF) mobile element copies to provide a comprehensive map of polymorphic 

MEIs in a given genome. MELT also evaluates the potential impact of each MEI on nearby 

genes and lists the gene features that are impacted (e.g., promoter, coding exon, intron, UTR, 

or terminator). Finally, a quality tranche system was developed that leverages the evidence at 

each MEI site to estimate the quality of the MEI breakpoint (Methods). These tools and 

features are all included in the comprehensive MELT ver. 2.0 package (available at 

http://igs.melt.umaryland.edu). MELT ver. 2.0 has several improvements over the original 

MELT ver. 1.0 that was used for the 1000 Genomes Project, and also includes several new 

tools for analyzing MEIs (Table 3.1). 
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Figure 3.1. MELT pipeline overview. 
MELT performs MEI discovery using Illumina WGS paired end reads. (A) MELT uses 
two types of evidence to ascertain the location of MEIs: discordant read pairs (DRPs) and 
split reads (SRs). MELT first uses DRPs that map to both the reference genome (top 
panel) and an ME sequence (bottom) on both the left (red arrows) and right (green 
arrows) side of the insertion site to determine the approximate location of an MEI. MELT 
then uses SRs (blue arrows) that align to both the reference genome (top) and the ME 
(bottom panel) to determine the precise location of the insertion site and the target site 
duplication (TSD; Orange). (B) MELT performs non-reference and reference MEI 
discovery through multiple processing pipelines. Analysis of population scale data (red 
box) can be performed using either the built-in SGE scheduler (MELT-SGE), or adapted 
to other parallel computing environments (MELT-split). MELT also can rapidly analyze 
a single genome (green box) using MELT-single, or genotype reference MEIs (blue box) 
using the MELT-DEL pipeline. An AMI version of MELT ver. 2.0 also is available at 
Amazon Web Services (AWS) to facilitate cloud-based MEI discovery. 

A

B

Figure 1.
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Feature Description 

Insertion site Chromosome position where MEI occurs (bp resolution where possible) 

Insertion site assess score 

Quality score based on the evidence used to call the insertion site (ranging from 

0 to 5) 

Insertion site features 

Annotated genomic features(s) at insertion site (e.g., coding exon of known 

gene) 

Orientation MEI is either in the forward or reverse direction on the chromosome 

Target site duplication (TSD) Duplicated target DNA sequence flanking new MEI insertion 

MEI length Estimate of MEI length using MEI coordinates detected with DRP and SR 

Adjacent deletion Deletion of adjacent genomic sequences at MEI site 

Interior mutations Identified interior mutations in each MEI compared to consensus elements 

Subfamily analysis Uses interior mutations to assign subfamily status to each MEI 

Offspring tracking with interior mutations Uses interior mutations to track source/offspring relationships 

3' transductions/offspring tracking Identifies 3' transductions and uses them to track source/offspring relationships 

5' inversions L1 MEI with 5' sequences inverted due to twin priming 

Genotype analysis Determine whether the site is hom REF, HET, or hom ALT in each sample 

Reference MEIs Determines whether a reference MEI is present in a given genome 

 

Table 3.1. MEI features assessed by MELT.  
During normal MELT analysis or with additional MELT tools, MEI features described in 
this table are ascertained whenever possible for applicable MEI types. 
  

 MELT ver 2.0 was developed to work with diverse computational architectures and 

experimental designs. In this regard, several run modes were developed to provide 

flexibility in implementation, including 1) the single-sample mode, 2) the multiple-

sample “split” mode, where the four major steps of MELT are sequentially launched by 

the user, and 3) the multiple-sample automated mode, where Sun Grid Engine (SGE) is 

used to automate the submission and processing of multiple samples (Figure 3.1). We 

also developed an Amazon Machine Image (AMI) version of MELT to facilitate MEI 

discovery in the cloud (Figure 3.1). The single sample mode is useful for discovering and 
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annotating MEIs in a relatively small number of genomes, whereas the multiple sample 

modes are engineered for population-scale studies involving hundreds or thousands of 

genomes. An additional advantage of the multiple sample modes is that evidence for each 

MEI is drawn from multiple genomes (instead of just one) to identify the MEI site, 

associated features, and genotypes (Table 3.1). To illustrate the increased sensitivity that 

is gained with the multiple sample split mode vs. the single mode, we analyzed 10 low 

coverage (6 to 17X) CEU genomes and five high coverage (60X) genomes with both 

modes and examined the outcomes. These data indicate that the multiple sample split 

mode clearly increases the sensitivity of MEI detection for all three MEI classes (Alu, L1, 

and SVA) compared to running the genomes separately in the single mode. 

3.3.2 Scalability of MELT with Illumina WGS data  

We compared the clock speed and scalability of MELT ver. 2.0 with four existing MEI 

detection tools, i.e., TEMP39, Retroseq37, Mobster38, and Tangram40. MELT ver 2.0 had the 

fastest runtimes among the five MEI detection tools at both 6X and 30X coverages using 

Illumina WGS data from sample NA12878 (Figure 3.2A)149. We also examined the 

scalability of these tools using the low coverage European (CEU) genomes that were 

sequenced by the 1000 Genomes Project (Figures 3.2B,C)149. For this test, we examined 

each tool for its ability to perform MEI discovery in one to ten low coverage CEU whole 

genome sequences (ranging from 6.0x to 17.0x coverage). Again, MELT had the best 

performance in these scalability tests, and showed superior genotyping in head-to-head 

comparisons (Figures 3.2B,C).  
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Figure 3.2. Comparisons of MEI discovery algorithms.  
(A-C) Runtime comparisons between MELT and four other MEI discovery algorithms: 
Retroseq37, Mobster38, Tangram40, and TEMP39. (A) Runtime in minutes on either a 6X 
or 30X coverage genome using a single processor (numbers are mean ± SD), with the 
best time for each coverage indicated in red. (B) Time required for each algorithm to 
collectively analyze between one and 10 genomes using a distributed computing cluster. 
Shown to the right of experimental data is an extrapolated estimate of total run-time for 
2,504 genomes for each algorithm. (C) Identical to (B), but depicting the median runtime 
for only MELT and Tangram. Tangram was run with 23, 46, or 92 threads (numbers to 
the right of lines). (D-G) Comparison of sensitivities for MELT and the MEI detection 
algorithms outlined above. False negative rates (FNRs) are plotted for (D) Aggregate, (E) 
Alu, (F) LINE-1, and (G) SVA. (H-K) Comparision of specificities for MELT and the 
MEI detection algorithms outlined above. False discovery rates (FDRs) are plotted for 
(H) Aggregate, (I) Alu, (J) LINE-1, and (K) SVA. 
 

By extrapolating these scalability curves to all 2,504 low coverage genomes that were 

sequenced by the 1000 Genomes Project, MELT was predicted to require 21.9 days to 

perform MEI discovery on all 2,504 genomes (Figure 3.2B—top; Methods). This estimate 

is in good agreement with the MELT runtimes that we actually observed when we 

processed all 2,504 genomes for the 1000 Genomes Project (approximately 2.5 weeks). In 
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contrast, Tangram was estimated to require 84 days (12 weeks), Mobster 154.8 days (22.1 

weeks), and TEMP 299.7 days (42.8 weeks), to complete MEI discovery in these genomes 

(Figure 3.2B). Therefore, on the basis of these tests, MELT is estimated to perform 

population-scale MEI discovery ~3.8-fold faster than Tangram, ~7.0-fold faster than 

Mobster, and ~13.6-fold faster than TEMP in head-to-head comparisons (Figure 3.2B). 

Since these runtimes involve weeks, these are significant differences. Moreover, because 

Tangram cannot directly use BAM files that are generated by BWA, an additional 

alignment step is required when using this platform. This additional alignment step was not 

included in our speed or scalability calculations. 

3.3.3 Simulation studies to evaluate sensitivity and specificity 

To evaluate the specificity and sensitivity of MELT ver. 2.0, we conducted a series of 

simulation studies (Figures 3.2D-K). Briefly, a test set of Alu, L1, and SVA MEIs was 

inserted randomly into the reference human genome multiple times to generate a series of 

simulated genomes containing new MEIs. We used the same set of non-REF MEIs that 

were discovered in the NA12878 genome (n = 1,114, including 922 Alus, 146 L1’s, 46 

SVAs)149,200 but redistributed them randomly in the reference human genome 50 times 

(Methods). We then generated FASTQ files from these genomes using an Illumina paired 

end read simulator at 7.5X, 15X, 30X and 60X coverage. Finally, we mapped these reads 

to the reference human genome, generated BAM files, and tested MELT’s ability to detect 

these artificially-inserted MEIs. In head-to-head comparisons with TEMP, Retroseq, 

Mobster, and Tangram, these simulations indicated that MELT had the best sensitivity and 

specificity curves for all three classes of MEIs over the range of simulated WGS coverages 

that were tested (Figures 3.2D-K). Extensive PCR-based validations with sites selected 
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from each of the three MEI types from the 1000 Genomes Project data set (64 Alu sites, 54 

L1 sites, and 59 SVA sites—a total of 177 sites that were discovered with MELT ver. 1.0) 

were in agreement with these MELT simulations200. Likewise, an additional 90 PCRs with 

MEI sites that were discovered only with MELT ver. 2.0 also were in agreement with these 

simulation tests (See below). Overall, these benchmarking, simulation, and PCR validation 

tests indicated that MELT ver 2.0 outperforms existing MEI discovery tools in terms of 

speed, scalability, sensitivity, and specificity, while also detecting a broader spectrum of 

MEI-associated features (Figure 3.2; Table 3.1). 

3.3.4 New 1000 Genomes Project and chimpanzee call sets 

 We next used the improved MELT ver. 2.0 package to rediscover Alu, L1, and SVA 

MEIs in the 2,504 low coverage and 30 high coverage human genomes that were 

sequenced for phase III of the 1000 Genomes Project. The resulting MEI call sets are more 

extensive than the original 1000 Genomes Project phase III MEI call sets and include 

additional MEI features200. Our new call set includes 6,089 or 36.6% additional MEI calls, 

the majority of which are rare MEIs (MAF < 0.05) that were not detected in our previous 

1000 Genomes Project call sets200. MELT ver 2.0 employs slightly different rules for using 

DRPs and SRs compared to MELT ver 1.0 (Methods), and these changes led to the 

improved discovery of rare MEIs while retaining similar overall results in benchmarking 

and validation tests (Figure 3.2). The MEIs that were discovered with MELT ver. 2.0 had 

frequency distribution curves that were remarkably similar to the SNP frequency curve that 

was generated for the same samples. In contrast, the MEIs that were called with MELT 

ver. 1.0 did not resemble the SNP curve as closely and lacked sensitivity in the lowest 

allele frequency bin. 
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We also adapted MELT ver 2.0 to perform MEI discovery in chimpanzees. MELT was 

designed to be flexible in this regard, and the requirements for adapting MELT to a new 

species are fairly minimal: 1) a reference genome sequence must be available for the 

species and 2) a set of reference endogenous MEI sequences must be available (or 

generated) for the species. Both of these requirements were met for chimpanzees, and thus, 

we used MELT to perform MEI discovery on 25 chimpanzees whose genomes had been 

sequenced previously207. Our chimpanzee MEI data set includes 7,278 Alu and 4,381 L1 

MEIs. These chimpanzee data, and similar data sets generated with other organisms 

including canines (unpublished), demonstrate that MELT can be readily adapted to other 

organisms. 

3.3.5 Interior mutations and subfamily analysis 

Mutations are encountered frequently within the interior sequences of MEIs due to the 

error-prone L1 reverse transcriptase that replicates Alu, L1, and SVA elements202. These 

mutations (and patterns of mutations) have been useful for determining whether a given 

MEI belongs to a lineage that is known to be active in humans45,59,89,97. Thus, we 

developed new MELT tools to identify interior mutations within MEIs and assign MEIs to 

lineages (or subfamilies). Since Alu and L1 MEIs together represent 95.3% of the MEIs 

that were discovered in the 1000 Genomes Project samples, we initially focused on 

developing tools for these two element classes. Specifically, we developed a tool named 

CAlu to identify interior mutations within Alu elements and assign Alu subfamilies, and a 

similar tool called LINEu that carries out comparable functions for L1 elements. These 

tools were validated in the simulation studies outlined above and then used to identify 

interior mutations in the updated 1000 Genomes Project call set. The resulting subfamily 
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analysis revealed that the distributions of active Alu and L1 MEIs in the 1000 Genomes 

Project data sets were similar to those observed in previous studies in humans, thus 

providing additional validation for our methods. For example, AluYa5, and AluYb8 

elements, which are known to be the most abundant Alu subfamilies in humans44,89, also 

were the most abundant Alu MEIs that were discovered in the updated 1000 Genomes 

Project data set. Likewise, extensive testing of LINEu on fully-sequenced FL-L1 elements 

indicated that LINEu accurately identifies known human-specific L1 subfamilies (i.e., L1-

Ta, L1-Ta0, L1-Ta1, L1-Ta1d and L1-Ta1nd)197.  

3.3.6 Stratification of MEIs in the 1000 Genomes Project populations 

We next examined the population stratification of MEIs in the updated call sets that we 

generated from the 1000 Genomes Project. Varying degrees of Alu, L1, and SVA sharing 

were observed across the four major continental groups of the 1000 Genomes Project. Alu 

subfamilies such as AluYa5, AluYb8, AluYc1, AluY, AluYg6, and AluYk13 included 

copies that were shared by all continental groups, as well as those that were found in a 

subset of groups, or only a single group (Figure 3.3A). None of these copies were found in 

the chimpanzee data set. These data indicate that several major human-specific Alu 

subfamilies have been active for most of modern human history, since these subfamilies 

generated some MEI loci that are sufficiently old to be found in all modern humans, while 

generating other loci that are sufficiently young to be restricted to a single continental 

group or subpopulation.  
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Figure 3.3. Complex patterns of Alu subfamily expansion in diverse human 
populations.  
Six known Alu subfamilies (A) and 79 novel Alu subfamilies (B) that were identified 
using interior sequence changes were analyzed for sharing among the 1000 Genomes 
Project super-populations. Plotted are: Log10 total sites in each subfamily (top); 
proportion of sites shared among all super populations; proportion of sites shared by two 
or three super-populations; proportion of sites that are specific to one super-population 
(bottom). The average proportion for each category is a dotted line in each plot. (C) A 
tree of 79 novel AluY subfamilies is depicted. We required at least five independent 
copies with a new set of interior mutations (excluding CpG sites) to establish new 
subfamilies. This threshold is fairly conservative, and eliminates errors introduced by 
Illumina sequencing. After CAlu classification, novel Alu subfamilies were placed on a 
tree of known AluY families (a, b, and c shown) and subfamilies (small black circles). 
Each pie chart represents the sum of allele counts for all constituent sites of a particular 
novel subfamily with the total number of identical loci represented by the diameter of the 
pie. (D-I) Families identified to have unique population sharing are shown with each pie 
representing the proportion of total alleles from each of the four major non-admixed 
super populations of the 1000 Genomes Project. Each site is placed into one of three 
categories based on population sharing: present in all four super populations (left); in two 
or three super populations (middle); or specific to one super population (right). Pies are 
sized based on the Log10 allele frequency of each site. New Alu subfamilies were named 
as outlined in Batzer, et al. 88. 
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Figure 3.3. See previous page for caption. 
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We also examined the distributions of 79 novel Alu subfamilies that we identified in 

the updated 1000 Genomes Project MEIs through analysis of shared interior mutation 

patterns (Figures 3.3B,C). Although some of these novel Alu subfamilies were found in all 

four of the major continental groups of modern humans, others had very unequal 

distributions. For example, Family F (Figures 3.3B,C) was mostly restricted to the AFR 

continental population, whereas Family G was enriched in the EAS continental population 

(Figures 3.3B,C). Many of these very young Alu subfamilies had unique blends of sharing 

and a sampling of the spectrum of sharing is depicted in Figures 3.3D to I. For example 

Family I includes copies that are shared only by AFR and SAS individuals, suggesting that 

these copies might have been influenced by population bottlenecks during migration Out 

of Africa (OOA) or by admixture. Overall, these data reveal complex patterns of Alu 

subfamily stratification in the 1000 Genomes Project populations, likely reflecting diverse 

patterns of demographic histories and other population forces affecting MEI dynamics. 

3.3.7 Interior mutation rates in MEIs. 

We also leveraged the interior sequences of our Alu MEIs to measure the rate at 

which interior mutations accumulate in Alu copies after they are inserted into the genome. 

To accomplish this goal, we examined 1,068 non-REF Alu MEI loci that were found in 

two or more of five high coverage genomes (HG00419, HG01051, HG03642, NA12878, 

NA19240)149. The measured interior error rate across these AluY copies was 2.0 X 10-7, 

which is slightly higher than the overall mutation rate in the human genome of  

~1.1 X 10-8, 208 but much lower than the error rate that has been measured for the L1-

encoded reverse transcriptase (1.43 X 10-4)202. Therefore, the L1 reverse transcriptase 
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likely plays a prominent role in driving the evolution of human MEIs and their 

subfamilies. 

3.3.8 Active full-length L1 (FL-L1) source elements in human populations 

We also developed two new tools to identify active FL-L1 source elements that 

recently have generated MEI offspring in humans. One of these tools leverages 3’ 

transduction events, and the other leverages interior mutation profiles, to track 

source/offspring relationships (Figure 3.4)197. A 3’ transduction event occurs when a short 

segment of adjacent genomic sequence is incorporated into an offspring MEI during 

retrotransposition81. A 3’-transduction is initiated at the level of transcription: transcripts 

originating from a FL-L1 source element bypass a weak poly(A) signal at the 3’ end of the 

element and instead use an alternative poly(A) signal that is encountered in the adjacent 

downstream genomic region that flanks the FL-L1. When the resulting chimeric FL-L1 

transcript is used as a replication template during retrotransposition, 3’ adjacent genomic 

sequences are replicated and mobilized along with the L1 source element. These 3’ 

transductions can be used to track source/offspring relationships because they serve as 

unique address tags that are associated with a single L1 source element and its 

offspring15,81. Simulations with the 3’ transduction tool indicated good sensitivities for 

detecting 3’ transductions over a range of sequence coverages.  

 By applying the 3’ transduction tool to the 2,504 low coverage human genomes that 

were sequenced by the 1000 Genomes Project, we identified 122 L1 offspring insertions 

that carried 3’ transductions (Figure 3.4). We then used these unique 3’ transduction tags 

to identify 38 FL-L1 source elements that produced these insertions. Three of these 38 FL-

L1 source elements, the Chr2:156527847, Chr6:13191033, and Chr1:119401003 elements, 
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were exceptionally active and generated more than half (69/122 or 56.6%) of the offspring 

MEIs (Figures 3.4A-E). The most active element among these FL-L1 elements, the 

Chr2:156527847 element, is a previously-identified “hot L1” source element known as 

LRE3 and it alone generated 41/121 (33.9%) of the offspring insertions (Figures 3.4A-C). 

The Chr 6:13191033 and Chr 1:119401003 FL-L1 elements generated an additional 14 and 

13 offspring, respectively (Figures 3.4D,E), and the remaining 35 FL-L1 source elements 

each generated between one and four offspring (Figures 3.4A,B). 
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Figure 3.4. Analysis of L1 source-offspring relationships in human populations 
using 3’ transductions.  
(A) Pie chart depicting the proportion of offspring attributable to each of the 38 source 
FL-L1 elements identified in this study. 121/4,118 (2.9%) of the offspring L1s had 3’ 
transductions that could be used to identify the FL-L1 source elements that produced 
these offspring insertions. The LRE3, Chr6:13191033, and Chr1:119401003 FL-L1 
source element data are indicated in red, blue, and green, respectively. (B) Circos plot 
depicting the genomic landscape of source-offspring relationships summarized in (A). 
Each directional (thick to thin) line represents a single source-offspring relationship, and 
is colored based on the chromosome of the source element. Red, blue, and green arrows 
are the loci of the three FL-L1 source elements highlighted in (A). (C-E) Circos plots 
tracking population-specific offspring for the three most active FL-L1 source elements 
from (A). Each source-offspring relationship is colored based on the population of the 
offspring element where applicable. (F) Sequencing of LRE3 offspring reveals the 
accumulation of additional mutations in some elements. LRE3 was sequenced from an 
individual of European descent (top model), along with eight FL-L1 offspring. Sequence 
changes compared to the L1.3 FL-L1 element74 are shown as blue, green, yellow, red, or 
black representing a C, A, G, T, or deletion mutations, respectively. All eight sequenced 
FL-L1 offspring of LRE3 have two open reading frames (dark grey bars). The first 
poly(A) tail is shown in bright green, with transduced sequence shown in light grey. 
Offspring elements that have a 3’ transduction also have a second poly(A) tail, also 
shown in bright green. (G) LRE3 transduction family, displayed in a similar manner to 
Figure 3.3 (America-specific offspring not shown; n=2). Each pie chart represents either 
LRE3 (labeled) or one offspring from (C). Borders of each pie are colored red if a FL-L1 
(19/39, 48.7%), or purple if twin-primed (6/39, 15.4%). (H) Relationship of source 
element population distribution to offspring population distribution. Shown for each 
source element is the total number of offspring (top), population distribution of the source 
element (middle), and aggregate population distribution of all offspring. Highlighted with 
colored arrows are source elements from (A). Red bars indicate where offspring were 
only found in the American super population. Black lines separate source elements into 
one of three classes: found in all populations (left), found predominately in out-of-Africa 
populations (middle), and found predominately in only one population (right). 
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Figure 3.4. See previous page for caption. 
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We found that the three highly active FL-L1 source elements (i.e., LRE3, 

Chr6:13191033, and Chr 1:119401003) had diverse patterns of stratification among the 

1000 Genomes Project populations. LRE3 is clearly enriched in OOA populations (Figures 

3.4G,H), and has very low allelic frequencies in African (AFR) populations (with MAFs 

ranging from 0 to 0.025 in the six AFR subpopulations). Likewise, offspring insertions 

produced by LRE3 followed a similar pattern of enrichment in OOA populations, with the 

majority of offspring localized to one or more OOA populations (Figure 3.4G,H). LRE3 

itself has generated at least 20 FL-L1 offspring insertions that could, in principle, serve as 

new FL-L1 source elements (Figure 3.4F,G). We fully sequenced eight of these 20 FL-

L1’s (Figure 3.4F), and all eight had two intact open reading frames, providing further 

support that they might serve as active source elements. Interestingly, four of these eight 

FL-L1 insertions were found in only one of the OOA populations (Figure 3.4F). The Chr 

6:13191033 FL-L1 source element and its offspring had population distributions that were 

very similar to LRE3, whereas the Chr1:119401003 FL-L1 source element and its offspring 

were more evenly distributed among the four continental groups (Figure 3.4H). These 

correlated patterns of FL-L1 source elements and their offspring suggest that L1 

mutagenesis is influenced by the stratification of these highly active source elements. 

Moreover, the birth of new source elements within these lineages might further enhance L1 

mutagenesis in these lineages over time. 

The remaining 35 FL-L1 elements that produced 3’ transductions fell into three 

categories: i) source elements that were shared almost equally across the four continental 

populations (Figure 3.4H left, middle panel), ii) those that were shared unequally by the 

four continental populations (Figure 3.4H center, middle panel), and iii) those that were 
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shared by less than four (between one and three) continental populations (Figure 3.4H 

right, middle panel). Unlike the three highly active elements described above (LRE3, 

Chr6:13191033, and Chr1:119401003), which had fairly correlated patterns of source and 

offspring distributions, the offspring patterns for these remaining 35 FL-L1 source 

elements were very diverse and often were not correlated with the distributions of their 

respective source elements (Figure 3.4H, lower panel). For example, even though some 

FL-L1 elements were present in all four continental groups (Figure 3.4H center, middle 

panel), the offspring from these elements often were found in only one or two continental 

populations (Figure 3.4H center, lower panel). In some cases, this might be due to an 

ascertainment bias caused by the small number of offspring that were produced by these 

elements. However, it is also possible that some of these FL-L1 source elements are active 

in a subset of the populations in which they are present. Overall, these data reveal diverse 

relationships of FL-L1 source elements and their offspring in modern human populations. 

The complete interior sequences were obtained for 34/38 (89.5%) of the source 

elements that produced 3’ transductions in our study (either from the reference genome or 

by PacBio sequencing; Methods). Of these elements, 25/34 (73.5%) have two intact ORFs 

and belong to one of four active L1Ta subfamilies (Ta0, Ta1, Ta1d, Ta1nd). Many of these 

elements are active in cell culture assays as well, and thus, may remain active in 

humans13,14. The remaining 9/34 (26.5%) elements, i.e. those with only one or zero intact 

ORFs, are likely inactive. These include one PA2 element, four Ta elements (Ta0, Ta1, 

Ta1d, Ta1nd), and one non-canonical element. Our analysis also revealed a range of 

poly(A) signals and associated poly(A) enhancer configurations for these elements. Thus, 
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the underlying reasons for these elements to bypass upstream signals in favor of 

downstream signals are likely complex.  

3.3.9 Comparisons with L1 source elements that are somatically active in cancer 

genomes 

 We next compared the active FL-L1 source elements that we identified through 3’ 

transductions in the 1000 Genomes Project samples (Figure 3.4) with those that had been 

reported previously in the literature. A total of 139 non-redundant FL-L1 source elements 

that were tracked using 3’ transductions were identified in these collective studies 

(including our study; Figure 3.5A). 46/113 (40.7%) of these FL-L1 source elements were 

active exclusively in the germline, whereas 48/113 (40.3%) were active exclusively in 

somatic cancer tissues (Figure 3.5A). Another 19/113 (16.8%) were active in both 

germline and somatic tissues (Figure 3.5A). The three most active FL-L1 source elements 

that we identified in our study also were among the most active elements that were 

identified in a large-scale somatic cancer study (Tubio et al. 2014; Figure 3.5B,C). Thus, 

some FL-L1 source elements are highly active in both germline and somatic tissues, 

whereas others are active in only one of these tissue types. 
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Figure 3.5. Recently active L1 source elements in human populations and diseases.  
(A) Circos plot of the human genome with coordinates of known active L1 source 
elements represented as circles. L1s are further separated into one of three categories 
based on the tissue in which activity was recorded. The three most active L1 source 
elements found as part of this study are represented as circles corresponding to their color 
in Figure 3.4A. (B) Log-Log plot depicting the total numbers of transductions identified 
in an L1 somatic cancer study (Tubio et al. 2014) versus the total number of germ-line 
transductions identified in this study (n = 16). The three most active elements in the 
germline that were discovered in this study are highlighted according to their color in 
Figure 3.4A, and are active in cancer as well. (C) Comparison of tissue culture assessed 
activity (percent of L1.3 activity, light blue)13,14,110 with total number of offspring 
identified in both this study (light green) and the Tubio, et al. 15(light orange). 
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We also compared these germline and somatic FL-L1 source element activities (Figure 

3.5) with those that had been measured previously in a cell-culture based assay for L1 

retrotransposition (Figure 3.5C)13,14,76. The LRE3 FL-L1 source element, which is highly 

active in both the germline and somatic cancer tissues, also has the highest known levels of 

L1 retrotransposition in this cell-culture assay (Figure 3.5C)14. Although several other FL-

L1 source elements had similarly correlated levels of retrotransposition in the germline, 

somatic tissues, and the cell culture assay, other elements behaved quite differently in these 

three cellular environments. For example, the Chr22:29065303 FL-L1 source element is 

highly active in somatic cancer genomes, but is relatively inactive in both the germline and 

the cell culture assay (Figure 3.5C)13,15. Several other discordant patterns of activity also 

were observed among these tissues and assays (Figure 3.5C). Overall, these data indicate 

that a given FL-L1 source element can have remarkably different levels of activity in these 

three cellular environments (See also Discussion). 

3.3.10 5’ inversions 

 L1 elements often produce MEI offspring that have 5’ inversions (i.e, the 5’ portion of 

the MEI is inverted relative to the 3’ portion). These 5’ inversions have been proposed to 

be caused by a mechanism termed “twin priming”, whereby the TPRT process is initiated 

simultaneously from both strands of DNA at the genomic integration site (Ostertag et al. 

2001). Another feature of these 5’ inverted L1 MEIs is that they often have small 

insertions, deletions, or duplications at the inversion junctions. Such insertions otherwise 

appear to have all of the typical features of L1 insertions, including poly (A) tails, TSDs, 

and the other features outlined in Table 3.1.  
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 Because 5’ inversions occur frequently, we developed a new tool to identify 5’ 

inversions in L1 offspring elements and validated it in simulation studies. We then applied 

this tool to the 1000 Genomes Project samples and found that 298/1634 (18.2%) of the L1 

MEIs discovered in the 1000 Genomes Project samples had 5’ inversions. The inversion 

junctions for these non-REF MEIs generally were located throughout the reference L1 

sequence as reported previously for older REF L1 elements (Figures 3.6A,B)209. However, 

we noted a depletion of 5’ inversions near the 5’ end of L1. In fact, we did not identify a 

single 5’ inversion junction in the first 470 bp of L1, despite the fact that 35.1% of the non-

REF L1 MEIs discovered in the 1000 Genomes samples were either full-length or 

otherwise contained sequences that spanned this region (Figures 3.6A,B). We verified that 

MELT had sufficient sensitivity in the first 470 bp to detect 5’ inversions in this region 

(Methods). These data suggest the possibility that the 5’ inversion mechanism requires 

~500 bp of free RNA or DNA at the 5’ end of L1, perhaps to loop back and serve as a 

priming site for DNA replication. 
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Figure 3.6. L1 5’ inversions in germline and somatic tissues.  
(A) L1 length distribution among sites discovered in the 1000 Genomes Project phase III 
samples. (B) Site of 5’ inversion among sites discovered in the 1000 Genomes Project 
Phase III samples. (C) Correlation between the distributions shown in (A) and (B), with 
the linear trend line and r2 correlation shown in red. FL-L1 (red arrow in A) sites were 
excluded from this comparison because no correlation was observed in the first ~500 bp 
of FL-L1 elements. (D) 5’ inversion rates among all L1 sites in the 1000 Genomes 
Project, chimpanzee, and among particularly active 3’-transducers highlighted in Figure 
3.4. (E) Total number of 5’ inverted sites in this study (all 1000 Genomes Project MEIs) 
compared with other germline and somatic studies. The proportion of 5’ inverted sites is 
significantly different (*, P = 0.0207) between germline and somatic insertions. (F) 
Comparison between germline 5’ inversion rates (All 1000 Genomes Project MEIs) and 
several different tumor types analyzed by various studies. 
 

We also examined the rates at which 5’ inversions are produced from diverse FL-L1 

source elements, and whether these rates vary from one FL-L1 source element to the next. 

To explore this question, we examined the 5’ inversion rates for the FL-L1 source elements 

that were associated with 3’ transductions in the 1000 Genomes Project data set (Figure 

3.4). Interestingly, the three most active FL-L1 source elements from this data set (i.e., 
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LRE3, Chr6:13191033, and Chr1:119401003; Figure 3.4) generated 5’ inversions at very 

different rates (i.e., 55.6% of offspring had 5’ inversions for the Chr1:119401003 FL-L1 

source element, 14.3% for the LRE3 FL-L1 element, and 0.0% for the Chr6:13191033 FL-

L1 element; Figure 3.6D). We also examined the 5’ inversion rates in several published 

studies involving germline and somatic MEIs as well as our chimpanzee MEIs, and 

likewise observed a range of 5’ inversion rates in these studies (Figure 3.6D,E). The 

differences between germline and somatic studies were statistically significant (Figure 

3.6E; p=0.05). Similar results were observed across a variety of somatic cancer types 

(Figure 3.6F). These data suggest that the rates at which FL-L1 source elements produce 5’ 

inversions may vary among FL-L1 source elements and across diverse cellular 

environments.  

3.3.11 Ancient MEIs in Neanderthal and Denisovan genomes 

Ancient genomes from Neanderthals and Denisovans have been technically 

challenging to sequence and analyze, and thus far, no MEIs have been successfully 

discovered in these archaic hominids. We next determined whether MELT could detect 

Alu, L1, and SVA MEIs in these genomes. Indeed, MELT successfully detected 41 ancient 

Alu MEIs in Neanderthals and 127 ancient Alu MEIs in Denisovans that were not found in 

chimpanzees or modern humans (Figure 3.7A). We also discovered another ten ancient Alu 

MEIs that were shared by Neanderthals and Denisovans but were absent from chimpanzees 

and modern humans (Figure 3.7A). Similarly, 26 ancient L1 insertions, and five ancient 

SVA insertions, were identified in Neanderthals and Denisovans that were absent from 

chimpanzees and modern humans (Figure 3.7B). Thus Alu, L1, and SVA elements appear 
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to have been active in ancient hominids during the period when they were geographically 

separated from modern humans (~40,000 to 800,000 years ago).  
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Figure 3.7. Mobile element activity in ancient human genomes and introgression of 
ancient MEIs into modern humans.  
(A,B) Sharing of (A) Alu and (B) L1 MEIs between Neanderthal, Denisovan, modern 
humans, and chimpanzees. (C,D) Sharing of Neanderthal and Denisovan Alu MEIs in 
each of the 26 1000 Genomes Project populations. For each population, we determined 
the average percentage per individual of Alu MEIs shared with (C) Neanderthal or (D) 
Denisovan. Heat maps represent multiple comparison p-values between each population 
(see key at right). (E) Analysis of Neanderthal MEI introgression in non-African 
individuals. Each bar represents one MEI site that was shared between Neanderthal and 
only non-African individuals (i.e. the site was found only in SAS, EUR, and/or EAS). 
Bars are colored by MEI overlap with Neanderthal haplotypes (Methods)210, with sites to 
the left of the chart likely contributed to modern humans by Neanderthal introgression, 
and sites to the right likely due to a shared evolutionary ancestry. The black arrow 
indicates a FL-L1 element. (F) Analysis of Neanderthal MEI introgression in all 
individuals. Identical analysis to E, but for sites with an AFR allele frequency greater 
than zero. (G) Cartoon of a FL-L1 element identified in E sequenced from a GBR 
individual, with differences from the L1 reference shown as in Figure 3.4F. The quality 
of ancient MEIs was comparable to those called in modern humans. 
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Figure 3.7. See previous page for caption. 

 

 

 

 

 

 

ORF1 ORF2

ES
N

G
W

D
LW

K
M

SL YR
I

A
C

B
A

SW C
LM M
XL PE

L
PU

R
C

D
X

C
H

B
C

H
S

JP
T

K
H

V
C

EU FI
N

G
B

R
IB

S
TS

I
B

EB G
IH IT
U

PJ
L

ST
U

0

1

2

3

4

Pe
rc

en
t A

lu
 s

ha
re

d 
w

ith
 D

en
is

ov
an

 

AFR AMR EAS EUR SASAFR/
AMR

ES
N

G
W

D
LW

K
M

SL YR
I

A
C

B
A

SW C
LM M
XL PE

L
PU

R
C

D
X

C
H

B
C

H
S

JP
T

K
H

V
C

EU FI
N

G
B

R
IB

S
TS

I
B

EB G
IH IT
U

PJ
L

ST
U

0.0

0.5

1.0

1.5

2.0

Pe
rc

en
t A

lu
 s

ha
re

d 
w

ith
 N

ea
nd

er
th

al

AFR AMR EAS EUR SASAFR/
AMR

A B

C D

E F

0

50

100

150

200

A
sc

er
ta

in
ed

 M
EI

 S
ite

s

0

200

400

600

800

1000

A
sc

er
ta

in
ed

 M
EI

 S
ite

s HAP+ / MEI+

HAP+ / MEI-
HAP- / MEI+

Admix Ancestry Admix Ancestry
G

n.s

<0.05

<0.01

<0.001

<0.0001

Figure 7.



 96 

 

We also identified 272 Alu, 39 L1, and 11 SVA elements that were shared by ancient 

hominids and modern humans but were absent from chimpanzees (Figure 3.7A,B; data not 

shown). In some cases, these shared MEIs likely were generated in a common ancestor 

prior to the migration of ancient hominids and modern humans out of Africa. However, 49 

MEIs (42 Alu and 7 L1 MEIs) were shared exclusively between ancient hominids and 

modern OOA populations (i.e., they were absent from chimpanzee and AFR populations; 

Figure 3.7E). This class of sharing suggested the possibility that at least some of these 

MEIs initially were generated in ancient hominid genomes and then moved into modern 

human genomes through introgression during periods when ancient and modern humans 

cohabitated Europe and Asia. Indeed, archaic SNP haplotype maps210 indicated that these 

MEIs were almost exclusively embedded within Neanderthal and Denisovan haplotypes, 

supporting the idea that these ancient MEIs were inserted in the context ancient genomes 

and then migrated into modern humans through introgression (Figure 3.7E). Among these 

introgressed MEIs, we identified a FL-L1 element that might have been active in both 

ancient and modern humans (Figure 3.7G; See Discussion). These MEI introgression data 

are in agreement with SNP-based models of introgression, whereby Neanderthal 

introgression is observed in all OOA modern populations (Figure 3.7C) and Denisovan 

introgression is found mainly in East Asian populations (Figure 3.7D). Thus, introgression 

of ancient Alu, L1, and SVA MEIs into modern human genomes is yet another mechanism 

of MEI dynamics in humans.  
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3.4 Discussion 

We have developed the MELT package of computational tools to efficiently discover 

and study MEIs in WGS projects. In head-to-head tests, we found that MELT 

outperformed existing MEI discovery tools in terms of speed, scalability, sensitivity, and 

specificity, while also detecting a broader range of MEI-associated features (Figure 3.2; 

Table 3.1). In addition to the basic MELT discovery algorithm, we also developed a set of 

companion tools to study the MEIs that are discovered by MELT (Table 3.1). This 

includes: i) tools to discover internal mutations and subfamilies in MEIs, ii) tools to study 

active FL-L1 source elements and their offspring, iii) tools to discover and study 5’ 

inversions, iv) tools to genotype reference and non-reference MEIs, and iv) tools to study 

the impact of MEIs on human genes (see Table 3.1 for a complete list of MEI features 

called using associated tools). We also developed several run modes to improve the 

portability of MELT and to provide flexibility in experimental design. In addition to using 

MELT with the 1000 Genomes Project samples149,200, we also have used it to discover 

MEIs in chimpanzees, ancient Neanderthal and Denisovan genomes (Figure 3.7), cancer 

genomes197, and canines (unpublished). Thus, in principle, MELT could be used with any 

species or experimental design, provided that a reference genome sequence and a set of 

reference mobile element sequences is available for the organism of interest. 

3.4.1 Population dynamics of MEIs 

Our study revealed extensive MEI stratification across diverse human populations. For 

example, the active FL-L1 source elements that we identified through 3’ transductions 

often were unequally distributed among the major continental groups of modern humans, 

and this appears to have led to differences in the production of L1 offspring in some cases 
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(Figure 3.4). Since FL-L1 source elements also are responsible for generating Alu and 

SVA MEIs, a highly active population-specific source element could have a major impact 

on the stratification of these other two classes of MEIs as well. In some cases, MEIs were 

shared by all continental groups and ancient hominids, but were absent from chimpanzees, 

indicating that the MEI was generated very early in human history and is shared 

throughout the human and hominid lineages as a consequence of common ancestry. In 

other cases, MEIs were found only in ancient Neanderthal or Denisovan genomes, or were 

restricted to AFR or OOA populations, suggesting that such insertions likely were 

generated more recently. However, the complexity of sharing that we observed suggests 

that other forces such as admixture and bottlenecks likely have influenced the stratification 

of these elements as well (e.g., Figure 3.3). Our data provide an extensive map of MEIs 

extending from chimpanzees, ancient hominids, and modern humans, and document these 

diverse MEI sharing patterns on the largest scale that has been examined to date.  

We also noted a novel process that affected the population dynamics of MEIs: the 

introgression of ancient MEIs from Neanderthals and Denisovans into modern humans. 

Our data indicate that the mobilome of modern humans has been shaped at least partly by 

ancient Alu, L1 (and likely SVA) elements that were first generated in archaic genomes 

and then introduced into modern humans through introgression. Ancient Neanderthals and 

Denisovans were exposed to harsh selective pressures in the face of new environmental 

challenges211 and ancient MEIs could, in theory, have provided adaptive advantages to 

these hominids. Such MEIs could, in turn, have been rapidly passed into modern humans 

by introgression, which could have conferred a large selective advantage to the recipients 

of these MEIs as they faced the same challenges. Thus, ancient MEIs that predated modern 



 99 

humans could have helped to influence modern human phenotypes through novel genetic 

mechanisms. As additional Neanderthal and Denisovan genomes are sequenced, it should 

be possible to further explore this possibility. 

We also identified a FL-L1 element among the introgressed MEIs that might have 

served as an active source element in both ancient hominids and modern humans (Figure 

3.7G). This element was fully sequenced from a modern human genome using a PacBio-

based approach that we recently developed (Scott et al. 2016). We found that the element 

is 6,015 bp in length, has two intact open reading frames, and belongs to the L1-Ta1d 

subfamily, which is one of the most active human-specific L1 subfamilies. The same L1-

Ta1d subfamily gave rise to the highly active LRE3 FL-L1 element (Figures 3.4,5) and 

other “hot” L1 source elements that have caused human diseases197. These data indicate 

that the L1-Ta1d subfamily originated sufficiently early to be present in ancient 

Neanderthal and modern human genomes, suggesting that this highly active subfamily was 

generated in a common ancestor at least ~800,000 years ago. Since the L1-Ta1d subfamily 

has generated a number of diseases in modern humans, it likely caused diseases in ancient 

hominids as well. 

3.4.2 Recently-active FL-L1 source elements identified with 3’ transductions 

Our 3’ transduction tracking data provide evidence for many novel FL-L1 source 

elements that have been active recently in modern humans. Although we identified a total 

of 38 active FL-L1 source elements in our studies, three of these elements were highly 

active and produced the majority of germline insertions that are associated with 3’ 

transductions in the 1000 Genomes Project populations (Figures 3.4,5). Many of the FL-L1 

elements that produced 3’ transductions in our data sets (Figures 3.4,5) also have been 
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reported to be active in somatic tissues or in cell culture13-15,76,78. In some cases, the levels 

of germline, somatic, and cell culture-based activities were nicely correlated (Figure 3.5). 

However, many FL-L1 source elements behaved very differently in these three cellular 

contexts. For example, some FL-L1 elements were active in cell culture, but had very low 

levels of activity in germline and somatic tissues (Figures 3.4,5). Other FL-L1 elements 

were not very active in the germline or cell-culture assay but were highly active in somatic 

cancer tissues (Figures 3.4,5). The rates at which 5’ inversions were generated also varied 

in these diverse settings.  

There are several factors that might help to explain these differences in FL-L1 

behavior. First, FL-L1 elements occasionally can have two or more alleles that occupy 

the same locus, and these alleles can support very different levels of retrotransposition 

due to differences in internal mutation patterns109. Under this scenario, the same FL-L1 

locus might appear to have different levels of activity from one individual to the next 

because different alleles of the element are being examined. Interior mutations might 

account for at least some of the differences that we observed in germline vs. somatic 

source elements as well. A given source element also could be heterozygous or 

homozygous at a particular locus, which could affect the rate of offspring production 

from the locus. In other cases, where only a single allele is present, the methylation status 

or chromatin state of the FL-L1 element may influence the rate of 

retrotransposition28,197,212. A range of additional host factors that are exclusively 

expressed in germline or somatic tissues also might be envisioned to differentially 

influence the activity of a given FL-L1 element. Irrespective of the mechanism(s) 

underlying these differences, our data suggest that FL-L1 elements likely help to shape 
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human traits and diseases in complex ways, depending on the tissues and populations in 

which they are active. 

3.5 Methods 

3.5.1 Description of the MELT pipeline 

 MELT is coded in the Java programing language (release 1.7), and uses several 

external libraries to perform MEI discovery. For each genome analyzed, MELT parses 

WGS data aligned with the BWA mem or aln algorithm150 for DRPs (defined here as mates 

that are either aligned to different chromosomes, or separated by at least 1 Mbp). DRPs are 

then further filtered by alignment to mobile element (ME) reference sequences33,74 using 

bowtie2213. DRPs where one mate maps to the reference genome (e.g. the human reference 

sequence) and the other maps to an ME reference sequence are retained for further analysis 

(Figure 3.1A). These DRPs are then used for initial discovery of MEI sites by ‘walking’ 

across the reference genome using the reference-aligned mate, looking for clusters where 

at least four DRPs are present. Sites are filtered based on the location of each MEI 

compared to reference MEs214,215, sequencing depth of the surrounding region, location in 

relation to reference sequence gaps, and the mapping quality of reads that were used for 

discovery. Following initial ascertainment of sites in either one or more sequenced 

genomes, DRP and SR evidence is used to discover MEI-specific features and precise 

breakpoints (Table 3.1). When more than one genome is analyzed, supporting read-pairs 

(DRPs and SRs) from all genomes are merged and used for more accurate assessment of 

these features. MEI sites are then genotyped in all samples using a modified version of the 

algorithm described in Li 216. Following genotyping, sites are filtered based on 5’ and 3’ 
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supporting evidence, total percentage of no-call (i.e. ‘. / .’) genotypes, and total number of 

SRs. Sites are then merged into a VCF 4.2 format file217.  

3.5.2 Simulated data sets and validation of MELT features 

 To facilitate in silico analyses, we generated 50 simulated human genomes with 

computationally inserted MEIs containing diverse features. For simulated insertions, the 

NA12878 genome was arbitrarily selected to represent a typical distribution of elements 

(Alu 922, L1 124, SVA 46). Using bedtools218, each MEI from NA12878 was randomly 

shuffled into another accessible locus of the hg19 genome, as demarcated by the 1000 

Genomes Pilot Accessibility Mask149. For each MEI type, a full-length consensus 

sequence33,74 was randomly modified with known ME features (Table 3.1; Methods), and 

placed into an hg19 reference sequence using a Unix FASTA editing tool created for this 

project. Simulated reads of this genome were then generated with wgsim150 at 60x 

coverage (read length 100 bp, fragment length 500 bp, zero base error rate), and aligned 

with BWA150. Each BAM file was additionally down-sampled to 30x, 15x, and 7.5x with 

PicardTools (http://broadinstitute.github.io/picard/) to evaluate MEI discovery 

performance at various coverage levels. For deletion analysis, we similarly simulated 25 

genomes with 400 Alu and 50 L1 polymorphic sites randomly selected from a collection 

of 1719 Alu and 139 L1 reference sites that are known to be polymorphic in 

humans200,214,215. We performed MEI discovery using MELT-Single (n = 50) and MELT-

DEL (n = 25) (Figure 3.1) and used a custom-built Java pipeline to determine site 

accuracy and the accuracy of feature calling (Table 3.1). The read simulator that we used 

(wgsim) enabled us to simulate diploid human genomes, which allowed us to model both 

heterozygous and homozygous MEI sites. The ratio of heterozygous to homozygous non-



 103 

REF MEIs was weighted according to the relative frequencies of these events in actual 

data (95% heterozygous and 5% homozygous non-REF). Although the wgsim read 

simulator does not model the error profile of Illumina sequencing, the FDRs of our 

simulations were in good agreement with those obtained in our PCR validations, 

suggesting that Illumina error profiles likely do not have a major impact on MEI 

discovery with MELT (Figure 3.2).  

3.5.3 Comparison of runtime, scalability, sensitivity, and specificity  

To test the relative runtime of MELT and four additional MEI detection pipelines 

(RetroSeq37; Mobster38; Tangram40; TEMP39) we analyzed the NA12878 genome at ~6x 

(100 bp PE Illumina WGS) and ~30x (250 bp PE Illumina WGS) coverages without any 

multithreading or distributed computing. Genomes were downloaded as raw FASTQ 

files149, and alignments were performed using BWA mem150. For Tangram and Mobster, 

Mosaik219 alignments were generated with identical input FASTQ files, and used for MEI 

discovery. To evaluate the scalability of these algorithms, we performed MEI discovery 

using the NA12878 genome and nine additional low coverage (randomly selected) CEU 

genomes that were sequenced as part of the 1000 Genomes Project149. Testing was 

performed with each algorithm using default parameters on one to ten genomes in five 

replicates. Samples were added in the same order for each algorithm and each replicate. 

Multithreading or parallelization was enabled for algorithms that support these approaches 

(i.e., MELT, TEMP, and Tangram; Figure 3.2B). Tangram was run with several different 

multithreading parameters (with either 1, 2, or 4 cores per chromosome during the 

tangram_detect stage; Figure 3.2). All times are reported as actual runtime (i.e. start to 
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finish, not CPU time; Figure 3.2B,C). System specifications for machines utilized for 

testing are reported in the Methods. 

To examine the sensitivity and specificity of the five MEI detection algorithms, we 

performed MEI detection using the 50 simulated data sets described above. Each tool was 

run according to the algorithm documentation using default parameters at four coverage 

levels (7.5x, 15x, 30x, and 60x) for three human MEs (Alu, L1, and SVA). A site was 

considered correct if it fell within +/- 500 bp of the actual site218. Each MEI type was 

evaluated separately for both sensitivity and specificity, with aggregate values determined 

by dividing the total number of correct sites across all MEIs by the total number of sites 

expected (Figure 3.2). 

3.5.4 MEI data sets and analysis 

 MEI discovery was performed in the 1000 Genomes Project phase III data sets, 

chimpanzees, and ancient humans with MELT 2.0 as outlined in the Methods. PCR 

validations with 90 new MEI sites from the MELT 2.0 1000 Genomes Project dataset were 

conducted as outlined previously200. Analysis of Alu subfamily stratification and 

annotation was conducted as outlined previously88. Analysis of L1 3’ transductions, L1 5’ 

inversions, L1 germline vs. somatic activity, and archaic MEIs was performed as outlined 

in the following methods. 

3.5.5 Testing the performance of MELT in new compute environments 

 We developed benchmarking tests to ensure that the different implementations of 

MELT 2.0 are comparable and stable on diverse compute environments. A standardized 

test for this purpose is to run MELT on the NA12878 genome and evaluate the MEIs and 

associated features that are called. For example, we compared the Amazon AMI cloud 
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version of MELT SGE with the local version of MELT SGE using NA12878 as the test 

genome and found comparable results: 4001/4007 (99.8%) of the MEIs and associated 

features were called identically by these two versions of MELT. The clock speeds also 

were comparable (10.7 vs. 11.0 minutes). For each new implementation of MELT, we 

have conducted similar tests to ensure uniform performance. We have installed and used 

MELT 2.0 at all three of the authors’ institutions (University of Maryland School of 

Medicine, University of Michigan Medical School, and Emory University) and have 

observed comparable performance in diverse compute environments. We also have 

received user feedback from a range of institutions reporting similar findings. 

3.5.6 Generation of simulated data sets and validation of MELT features 

Inserted mobile elements were modified with the following features (Table 3.1): 

poly(A) tail length (Alu 0 – 75 bp, SVA 0 – 50 bp, L1 0 – 50 bp), MEI length (Alu 281 

bp, SVA 400 – 1627 bp, L1 length 100 - 6019), strand (positive or negative in equal 

representation), and target site type (duplication 95%, deletion 2.5%, zero length 2.5%). 

For Alu insertions, the consensus sequence was additionally modified to match one of ten 

different Alu subfamilies. Additionally, 5% of L1 insertions were reverse-complemented 

for a random length starting at the 5’ end to simulate 5’ inversions204. Genotypes were 

randomly selected, with 95% inserted as heterozygous and 5% inserted as homozygous. 

For all MEI types, MELT determination of length, orientation, breakpoint precision, and 

genotyping were assessed. Also, accuracy of subfamily assessment of Alu elements, and 

accuracy of twin-priming detection of L1 elements was measured. Simulations of 3’ 

transductions81 were carried out by first inserting 100 L1s with associated 3’ 

transductions randomly into the reference human genome and then testing MELT’s 
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ability to detect these MEIs at 7.5X, 15X, 30X, and 60X simulated coverages. Ten 

independent replicates of each test were performed. Simulation tests to determine 

whether MELT had sufficient sensitivity to detect 5’ inversions within the first 470 bp of 

L1 were conducted by generating 100 L1s with 5’ inversions in the first 470 bp of L1 and 

inserting these randomly into the reference human genome. MELT’s ability to detect 

these MEIs and associated 5’ inversions was tested at 7.5X, 15X, 30X, and 60X 

simulated coverages. Ten independent replicates of each test were performed. At 

simulated sequence coverages of 7.5X, we detected 645/1000 (64.5%) of the test 

elements that carried 5’ inversions in the first 470 bp of L1. Therefore, given that the 

average sequence coverage for the 2,504 genomes that were sequenced by the 1000 

Genomes Project is very similar (7.4X)200, and that we discovered 1,440/4,000 L1’s that 

contained the first 470 bp of L1 in the 1000 Genomes samples, we would expect to 

discover ~1440 X 0.645 = 929 inversions within the first 470 bp of L1. However, we 

actually detected zero 5’ inversions in this region. These simulations demonstrate that we 

could indeed detect 5’ inversions in the first 470 bp of L1 if they existed, and that there is 

a true underrepresentation of 5’ inversions in this region. 

3.5.7 Quality tranche system 

We developed a quality tranche system that provides a score to each MEI call on the 

basis of the amount of evidence that was used to detect the MEI. The quality scores range 

from 5 (best) to 0 (worst) and are provided in the VCF file to allow the user to estimate the 

relative quality of a given MEI breakpoint. Tranche score is directly related to the level of 

sequence coverage per sample, as most calls fall within the highest quality tranche (5) at 

sequence coverages of 60X, whereas the lower tranches (0-4) are more abundant at lower 
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sequence coverages. Population sizes where a large amount of evidence is available for 

MEI sites similarly have an increased number of calls in the highest quality tranche 5. 

3.5.8 Sensitivity, specificity, and runtime of MELT and other algorithms 

Discovery on either the single ~6X coverage genome or the ~30X coverage genome 

was performed a total of five times at each coverage using default parameters on a Dell 

Precision T3600 desktop running Red Hat Enterprise Linux release 5.11 with a four core 

Intel Xeon 3.6Ghz processor and 16Gb DDR3 RAM with no network connectivity 

(Figure 3.2A). Mobster was unable to complete discovery for the 30X coverage genome 

due to an out of memory error, even when 14Gb of total memory was provided to the 

java virtual machine (-Xmx 14G), and is indicated in Figure 3.2A as did not finish (DNF). 

Population scale analyses were performed using a cluster consisting of two Dell 

PowerEdge M620 blades with identical configurations (2 Intel Xeon E5-2695 CPUs with 

12 dual-threaded cores and 128 Gb of DDR3 RAM). Due to high variability in total 

runtime for TEMP, we excluded the two longest runs in Figure 3.2B. All algorithms were 

tested with the exception of RetroSeq, as it was not designed for population scale 

analysis. 

3.5.9 MELT-single and MELT SGE/split sensitivity comparison 

 In order to determine the benefit of running a single genome using MELT-single 

versus multiple genomes at once with MELT-SGE/split, we analyzed ten low coverage 

CEU genomes individually with MELT-single for Alu, L1, and SVA MEIs. We then 

repeated MEI discovery on these ten genomes with MELT-SGE/split and reported the 

total number of sites found individually versus collectively for each MEI category. To 

determine the effect of sequencing depth on this result, we performed an identical 
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analysis using five high coverage genomes and reported the data. The 1000 Genomes 

Project sequenced all of these genomes. 

3.5.10 Generation of MELT MEI call sets 

 To generate MEI call sets, we first downloaded the following data from public data 

repositories: 2,535 1000 Genomes Project BAM files149, 25 Great Ape Project chimpanzee 

BAM files207, one Neanderthal BAM file220, and one Denisovan BAM file221. Data from 

chimpanzees and ancient individuals were converted to FASTQ format and then realigned 

to the panTro4 or hg19 reference, respectively, using BWA mem version 0.7.9a-r786, with 

default settings150. Duplicates were then marked in all alignments with picardtools 

MarkDups (http://broadinstitute.github.io/picard/). Prior to MELT analysis, several human 

and chimpanzee individuals were filtered due to an excessive number of DRPs. MELT 

analysis was performed using MELT-SGE (Figure 3.1) with default parameters in all 

cases, except for archaic discovery, where –cov was set to 5. Only PASS sites were 

included in final VCF files. MEIs that could not be genotyped (. / .) in both archaic 

individuals were filtered for all downstream archaic analyses. Human and chimpanzee 

BAM files were additionally ascertained for presence or absence of reference Alu or L1 

MEIs using MELT-DEL (Figure 3.1). The new 1000 Genomes Project MELT MEI calls 

that were generated with MELT ver. 2.0 were compared to the MEI calls that were 

originally generated for phase III of the 1000 Genomes Project149,200 using a +/- 500 bp 

overlap218. Chimpanzee MEI calls were compared to previously published chimpanzee 

MEI data using the same approach46.  
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3.5.11 PCR validation of MELT 

 Although the version of MELT (MELT ver. 1.0) that generated the MEI datasets for 

phase III of the 1000 Genomes Project (1KGP) was validated with PCR as part of that 

project200, we wanted to ensure that the improvements that we introduced into MELT ver 

2.0 did not alter the accuracy of MEI discovery. The simulation studies that we 

performed with MELT ver. 2.0 indicated similar performances in terms of sensitivity and 

specificity (Figure 3.2). We also performed PCR validation of 90 MEI sites (31 Alu, 31 

L1, and 28 SVA) that were discovered with MELT ver. 2.0. PCR amplification was 

performed using Qiagen Taq DNA Polymerase (Qiagen catalog #: 201203). All 

experiments included i) a genomic DNA sample (gDNA) that was expected to have the 

MEI based on the MELT calls, ii) a gDNA sample that was expected to lack the insertion 

based on the MELT calls, and iii) one PCR reaction that lacked gDNA. PCR reaction 

conditions were as follows: 3m at 94°C followed by 32 cycles of 30s at 94°C, 30s at 

57°C, and 1m at 72°C with a final elongation for 10m at 72°C. A test was considered 

positive if a PCR product of the expected size was observed only in the individual that 

was predicted by MELT to have the insertion. After initial testing, L1 sites that were 

negative were assessed again using an ‘A’ + ‘D’ long-range PCR approach to rule out the 

possibility of internal sequence changes preventing the binding of the ‘C’ primer. Long-

range PCR using LA Taq DNA Polymerase (Clonetec catalog #: RR002M) was 

performed for each L1 with the following reaction conditions: 1m30s at 94°C followed 

by 32 cycles of 30s at 94°C, 30s at 57°C, and 8m30s at 68°C with a final elongation for 

10m at 68°C. 
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3.5.12 Identification of population-specific Alu subfamilies 

Each Alu element discovered as part of this project has the internal sequence assembled 

as part of standard MELT analysis. The assembly is analyzed using the CAlu algorithm, 

which is included in MELT ver. 2.0, and the fully-assembled sequence is provided in the 

MELT VCF file in the MEINFO and DIFF fields in the VCF INFO column. CAlu 

classifies Alu elements according to subfamily using interior SNPs44,97,222. When an Alu 

could not be assigned to a known subfamily (e.g. AluYa5, AluYb8, etc.) due to ambiguity 

in the assembled sequence, CAlu instead assigns elements to more ancestral families (e.g. 

AluYa, AluYb, or AluY), if possible. All Alu sites discovered were then quantified 

according to subfamily and krona plots were generated223. 

 Additional single nucleotide variants, beyond those that define known families and 

subfamilies44,97,222, also were discovered in Alu elements and tabulated. To prevent biases 

that may be caused by gaps in assembled interior sequences, only Alu sites with at least 

90% of the interior sequence assembled at greater than 2X coverage were included in this 

analysis (10,003/17,543; 57.0%). Alu elements with identical internal sequences (including 

specific bp changes) were grouped to identify new subfamilies. To control for random 

expansion and contraction of the A-rich linker in the Alu consensus sequence, insertions at 

position 127 were excluded from this analysis. Additionally, families defined by only a 

single CpG change with fewer than 20 members were excluded from this analysis. Groups 

with at least five members were then analyzed for total allele count across all 1000 

Genomes Project super-populations (Figure 3.3). To determine allelic sharing within these 

new families, each site within a family was assessed for total allele count in the four major 

non-admixed super-populations in the 1000 Genomes Project (AFR, SAS, EAS, EUR).  
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To determine groups with exceptional differences in frequencies among continental 

populations, we calculated c2 values for all groups using GraphPad Prism (version 6.0g 

for Mac OSX, GraphPad Software, San Diego California USA, www.graphpad.com). c2 

values were calculated as a contingency table with “observed” represented as allele count 

in each continental population and “expected” represented as a sum of all four 

populations divided by four. 

3.5.13 Assessment of Alu allelic heterogeneity 

 To test if individual Alu loci found in multiple individual genomes had differences in 

their internal sequences, we ran MELT on 5 high coverage genomes and assessed the 

supporting reads for each Alu site with an allele count greater than one. Using this data, 

we genotyped each non-CpG base in the reference Alu sequence across all individuals in 

which an Alu insertion was identified. Bases where we could not identify a single 

majority genotype at each position were than summed. Using this data, we then 

calculated a per base mutation rate using the following formula: 

𝑇𝑜𝑡𝑎𝑙	𝑏𝑎𝑠𝑒𝑠	𝑚𝑢𝑡𝑎𝑡𝑒𝑑	𝑎𝑐𝑟𝑜𝑠𝑠	𝑎𝑙𝑙	𝐴𝑙𝑢
𝑇𝑜𝑡𝑎𝑙	𝑏𝑎𝑠𝑒𝑠	𝑎𝑠𝑠𝑒𝑠𝑠𝑒𝑑 ∗ 𝑇𝑜𝑡𝑎𝑙	𝑎𝑙𝑙𝑒𝑙𝑒	𝑐𝑜𝑢𝑛𝑡 

3.5.14 Pacific Biosciences sequencing of FL-L1 elements 

 L1 offspring MEIs that contained 3’ transduction events were PCR-amplified, 

sequenced using the Pacific Biosciences RS II, and assembled using the method 

described in Scott, et al. 197. Assembled sequences were then compared to other offspring 

from the same source element and reported in Figure 3.3F. 

3.5.15 L1 3’ transduction tracking 

 Tracking source-offspring relationships for both reference and non-reference FL-L1 

elements was performed using the ‘Transduction’ tool in the MELT ver 2.0 package. This 
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algorithm searches the 3’ ends of both REF215 and non-REF FL-L1s (defined as any L1 

greater than 5,900bp in length) for DRPs that map to another locus in the human genome 

immediately adjacent to a known non-reference L1 (Figure 3.4A). These relationships are 

reflected in the VCF output in the ‘SOURCE’ flag of the ‘INFO’ column. We validated 18 

offspring that contained 3’ transductions using our Pacbio sequencing approach197. 17/18 

(94.4%) were validated with this approach. Each FL-L1 element that gave rise to a 3’ 

transduction was manually analyzed using raw sequencing data to identify a canonical Pol 

(A) signal (either AAUAAA or AUUAAA)79 when possible, and a new downstream Pol 

(A) signal at the putative site of 3’ transduction. 

To compare the FL-L1 source elements that were identified in this study with those 

that were previously published, we conducted a comprehensive literature survey and 

compiled a table of these elements14,15,22,26,31,74,75,100,107,110,129,197,224. Only sites that gave rise 

to at least one offspring insertion were included in this analysis, as determined by either a 

5’ or 3’ transduction, or through the use of interior mutations197. Source elements described 

in Kidd, et al. 107 were obtained from the Eichler lab through personal communication. 

Source elements were classified as active in the germ-line, somatic cells, or both as 

outlined in the reporting publication(s) (Figure 3.5A). Activities of elements tested in cell 

culture were obtained from Brouha, et al. 110, Brouha, et al. 13, or Beck, et al. 14. 

3.5.16 MELT sensitivity in normal/tumor pairs 

 The MEIs in Figure 3.5 were identified with different MEI discovery tools (i.e., 

MELT for 1000 Genomes germline MEIs and TraFiC15 for somatic cancer MEIs), 

suggesting the possibility that variation in MEI discovery could play a role in these 

comparisons. Thus, we repeated these comparisons solely with MEIs that were called by 
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MELT in both tissue types. In particular, we used MELT instead of TraFiC to rediscover 

somatic MEIs in four of the normal/tumor pairs that were analyzed by Tubio, et al. 15 

(TCGA-AA-3516, TCGA-D5-6540, TCGA-60-2711, TCGA-66-2766). We then 

compared these somatic MEIs to the 1000 Genomes germline MEIs that we discovered 

with MELT. MELT rediscovered 84.2% of the somatic MEIs that were identified by 

Tubio, et al. 15 and also rediscovered the differences that we observed across germline 

and somatic tissues. Importantly, the same three classes of L1 source elements were 

identified when all of the MEIs were called with MELT (germline only, somatic only, 

and both). Thus, although there are slight differences in MEI detection across these 

platforms, L1 source elements genuinely have diverse patterns of activity in germline vs. 

somatic tissues (Figure 3.5). 

3.5.17 Detection of 5’ inversions 

To identify 5’ inversions in our L1 elements, we extracted all sites where the 

‘ISTP’ INFO flag in the MELT VCF was greater than 0. Sites were then placed in 

histogram bins according to the site of 5’ inversion in relation to the LINE-1 reference 

sequence, and compared to the overall LINE-1 length distribution ascertained by MELT 

(Figure 3.6A,B,C). To compare our calculated rates of 5’ inversion among different tissue 

types, we manually surveyed published literature on germline and somatic L1 activity. 

Papers that did not measure the 5’ inversion status of L1’s were excluded from analysis.  

3.5.18 Archaic hominid population genetics 

Using the archaic MEI VCF provided by MELT, we sought to determine allelic 

sharing of Alu MEIs between modern humans, archaic individuals, and chimpanzees 
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(Figure 3.7A, B). Following quantification of shared sites at the species level, we then 

determined sharing for each modern human individual using the equation: 

%	𝑆ℎ𝑎𝑟𝑖𝑛𝑔	𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 = 	
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑀𝐸𝐼𝑠	𝑆ℎ𝑎𝑟𝑒𝑑	𝑊𝑖𝑡ℎ	𝐴𝑛𝑐𝑖𝑒𝑛𝑡𝑠
𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑎𝑙′𝑠	𝑇𝑜𝑡𝑎𝑙	𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑀𝐸𝐼𝑠 ∗ 100 

Percent sharing for a population was calculated as the mean of sharing for all individuals in 

that population. A two-way ANOVA with multiple-comparisons was used to determine if 

mean percent sharing was significantly different between populations using GraphPad 

Prism, version 6.0g. Reported Tukey-corrected multiple-comparison p-values are 

considered significant at p £ 0.05 (Figure 3.7C, D). Sharing of MEIs between modern 

humans and Neanderthal was evaluated using Neanderthal haplotypes determined for all 

individuals studied in the 1000 Genomes phase I project210. All Alu (n= 42) and L1 (n = 7) 

MEIs that were both shared with Neanderthals and not present in African individuals with 

Neanderthal haplotypes were intersected using the bedtools intersect function218. MEIs 

were then classified into one of several categories based on the combination of an MEI and 

Neanderthal haplotype. To serve as a control, we repeated the above analysis using Alu (n 

= 42) and L1 (n = 7) MEIs that were both shared with Neanderthals and had an African 

allele frequency greater than zero (Figure 3.7F).  
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Chapter 4: A hot L1 retrotransposon evades somatic repression and initiates human 

colorectal cancer1 

4.1 Abstract 

Although human LINE-1 (L1) elements are actively mobilized in many cancers, a 

role for somatic L1 retrotransposition in tumor initiation has not been conclusively 

demonstrated. Here, we identify a novel somatic L1 insertion in the APC tumor 

suppressor gene that provided us with a unique opportunity to determine whether such 

insertions can actually initiate colorectal cancer (CRC), and if so, how this might occur. 

Our data support a model whereby a hot L1 source element on Chromosome 17 of the 

patient’s genome evaded somatic repression in normal colon tissues and thereby initiated 

CRC by mutating the APC gene. This insertion worked together with a point mutation in 

the second APC allele to initiate tumorigenesis through the classic two-hit CRC pathway. 

We also show that L1 source profiles vary considerably depending on the ancestry of an 

individual, and that population-specific hot L1 elements represent a novel form of cancer 

risk.  

 

 

 

 

1 Published as: Scott, E. C.*, Gardner, E. J.*, Masood, A., Chuang, N. T., Vertino, P. M. & Devine, S. E. A hot L1 retrotransposon 
evades somatic repression and initiates human colorectal cancer. Genome research 26, 745-755, doi:10.1101/gr.201814.115 (2016). 
*Equal 1st Authorship. Author contributions: E.C.S. performed L1-seq assays, PCR validations, sequencing of somatic L1 insertions, 
analysis of the two APC alleles, cloning and sequencing of the Chr 17 and Chr 14 FL- L1Hs elements with Sanger capillary 
sequencing, and bisulfite methylation experiments; E.J.G. aligned WGS raw sequencing data to the reference genome, generated 
BAM files, and performed MELT analysis, RNA-seq analysis, FL-L1Hs analysis, PCR validations, and bisulfite analysis; A.M. 
performed non-MEI somatic variant analysis and patient data evaluation; E.J.G. and N.T.C. performed PacBio FL-L1Hs experiments 
and analysis. E.C.S., P.M.V, and S.E.D. designed methylation experiments. E.C.S., E.J.G., and S.E.D. designed experiments, 
performed data analysis, prepared display items, and wrote the manuscript.  
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4.2 Introduction 

Human LINE-1 (L1) elements are autonomous retrotransposons that continue to 

produce new “offspring” L1 insertions in human genomes14,28,33,35,111,149,200. Until 

recently, L1 elements were thought to be mobilized primarily in the germline and then 

silenced in somatic cells throughout adulthood. However, several recent reports have 

shown that L1 elements are active in at least some adult somatic tissues, including the 

brain29,34,127-129 and epithelial somatic tumors15,21-25,28,30,31,133. These observations have led 

to the suggestion that L1 might play a role in initiating human cancers by mutating 

specific oncogenes or tumor suppressor genes in somatic cells. 

However, several broad surveys of somatic L1 insertions in human cancers have 

detected only a few strong L1 driver candidates15,21,23,31 and it is unclear whether any of 

these insertions could have initiated tumorigenesis in the cancers in which they were 

discovered. Thus, somatic L1 drivers that affect the earliest stages of tumorigenesis have 

been elusive in these studies, and it is presently unclear whether L1 has the capacity to 

initiate tumorigenesis in somatic cells. This could, in principle, reflect a lack of 

knowledge of the oncogenes and tumor suppressor genes that act at the earliest stages of 

tumorigenesis in human cancers. However, it might instead indicate that L1 elements are 

not generally capable of initiating tumorigenesis in somatic cells because they are 

effectively repressed in most cells. An alternative possibility is that somatic L1 

mobilization generally occurs only after an L1-permissive environment is established in 

an emerging tumor. Under this scenario, L1 could not actually initiate tumorigenesis but 

might instead become active during the more advanced stages of tumor progression and 

metastasis24.  
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In perhaps the strongest study implicating L1 in tumor initiation thus far, a somatic 

L1 insertion was identified in a case of colorectal cancer (CRC) that disrupted the APC 

tumor suppressor gene30. The APC gene is the earliest gatekeeper that is mutated in the 

majority (~85%) of CRC cases and, in fact, both copies of APC must be mutated to 

initiate CRC through this classic two-hit pathway134,135. In the case of familial 

adenomatous polyposis (FAP) and other CRC syndromes, one mutated copy of APC is 

inherited in the germline and the other is acquired during the lifetime of the individual. In 

the sporadic form of the disease, both copies of APC must be mutated independently in a 

somatic cell in order to initiate tumorigenesis134,135. In the remaining 15% of CRC cases, 

tumorigenesis is instead initiated by a hyper-mutation phenotype that is associated with 

microsatellite instability (MSI) and faulty DNA repair135. APC also can be mutated in this 

less common form of MSI-CRC, but it does not promote the earliest stages of tumor 

initiation in such cases. 

Although one of the two APC alleles clearly was disrupted by L1 in the sporadic case 

of CRC described by Miki, et al. 30, the status of the second APC allele was not 

investigated in that study. Furthermore, the MSI phenotype of the tumor was not 

investigated, leaving open the possibility that tumorigenesis was initiated by a hyper-

mutation phenotype associated with faulty DNA repair, rather than by the more common 

pathway involving biallelic mutations in APC135. It also is unclear how the L1 insertion in 

APC could have been generated sufficiently early to initiate tumorigenesis in a normal 

colon cell. Thus, many questions remain unanswered as to the genesis of this somatic L1 

insertion in APC and its impact on tumorigenesis30.  
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4.3 Results 

4.3.1 A novel somatic L1 insertion disrupts the APC tumor suppressor gene 

Inspired by the Miki, et al. 30, we screened CRC samples obtained from our institution 

to identify additional somatic L1 insertions in APC and other genes that have been 

implicated in CRC (Methods)28. Among the first ten tumors that we screened with L1-seq 

assays, we discovered a somatic L1 insertion in patient 20444 that disrupted the open 

reading frame (ORF) of the APC tumor suppressor gene (Figure 4.1). PCR assays and 

subsequent Sanger sequencing confirmed that this novel somatic L1 insertion disrupted 

the 16th exon of the APC gene at codon 1396 (p.F1396L1 in Genbank gene ID 

NM_000038; hg19 coordinate Chr5:112,175,479; Figure 4.1; Table 4.1). This insertion 

was identified in the same exon as the Miki et al. insertion, just 388 bp upstream of that 

insertion (Figure 4.1)30. We determined that the new L1 insertion is 1387 bp in length, 

ends with a ~27 bp poly (A) tail, and is flanked by a 14 bp target site duplication (TSD) 

with the sequence 5’-CACTTGATAGTTTT-3’ (Figure 4.1A). The insertion is truncated 

at the 5’ end and also contains a 5’ inversion and a small internal deletion at the inversion 

junction that presumably were caused by twin priming204. PCR validation assays 

confirmed that the APC L1 insertion was found only in the tumor and was absent from 

normal adjacent tissues, thus confirming it as a true somatic L1 insertion. 
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ID (Chr:pos) Strand Source Length Location Gene 
Symbol 

1:79306674 - Chr14 1524 Intergenic - 

1:192334470 + ND 1382 Intronic RGS21 

2:21127375 + Chr12 1822 Intergenic - 

2:46142515 - Unk 417 Intronic PRKCE 

2:108074967 - Chr14 1786 Intergenic - 

2:115370008 + Chr14 1066 Intronic DPP10 

2:226441747 - Chr14 367 Intronic NYAP2 

3:164346230 - Unk 342 Intergenic - 

4:65697624 - ND ND Intergenic - 

4:120879367 + Chr17 578 Intergenic - 

4:163870337 - Chr14 1118 Intergenic - 

5:15917732 + Chr14 610 Intronic FBXL7 

5:36700111 + Chr14 1921 Intergenic - 

5:112175479 - Chr17 1387 Exonic APC 

6:146839867 - ND 1196 Intergenic - 

7:68130460 + Chr14 1424 Intergenic - 

7:82409579 - Chr14 837 Intronic PCLO 

8:50819246 + ND ND Intergenic - 

8:76890366 - Chr17 1394 Intergenic - 

9:26150714 - Chr17 402 Intergenic - 

9:72023991 + Chr12 3087 Intergenic - 

9:76488906 + Unk 97 Intergenic - 

11:115649909 + Chr17 286 Intergenic - 

16:56298643 + Chr14 5616 Intronic GNA01 

18:3994881 - Unk 188 Intronic DLGAP1-
AS4 

18:65529080 + Chr14 1511 Intronic LOC643542 

X:104566886 - Chr14 1057 Intronic IL1RAPL2 

 
Table 4.1 Twenty-seven somatic L1 insertions identified in the patient’s tumor. 
The data are tabulated for the 27 somatic L1 insertions in the patient’s tumor. ID – 
location of insertion (Chromosome:position). Unk – the source cannot be identified 
because the mutation profile is unique. ND – cannot be determined because of missing 
data. 
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Figure 4.1 Mutagenesis of APC by a somatic L1 insertion. 
(A) A schematic of the L1 insertion in APC. The top diagram shows the location of the 
APC gene (vertical red bar) in band q22.2 of Chromosome 5. The diagram beneath 
depicts the 1387 bp somatic L1 insertion (dark and light green) in exon 16 of APC with 
the associated hallmarks of retrotransposition, including a flanking 14 bp TSD (orange), 
poly(A) tail (T in reverse order; red) and evidence for twin priming (two green boxes 
separated by an 18 bp deletion at the inversion point). (B) The two diagrams show the 
inactivating mutations that were discovered in both alleles of APC in the tumor. The top 
allele is inactivated by the L1 insertion at codon 1396 (multi-colored bar; p.F1396L1) and 
has the reference codon at position 1450 (grey circle). The bottom allele is inactivated by 
the p.R1450* stop codon (red circle) and does not have an L1 insertion (grey circle). (C) 
The diagram shows the sites that are affected by these mutations within the APC protein. 
Also depicted is the L1 insertion identified by Miki, et al. 30(red square; p.P1526L1). All 
three of these mutations occur within or near the somatic mutation cluster region (black 
bar)225 and are similar to other inactivating APC mutations in CRC (see Discussion). This 
image is adapted from the output of the Protein Painter tool 
(http://explore.pediatriccancergenomeproject.org/proteinPainter). The APC protein is 
2843 amino acids long and consists of the following domains: Suppressor APC (red; 
involved in nuclear export and other functions), Armadillo/β-catenin-like repeats (orange; 
mediate protein-protein interactions), APC cysteine-rich regions (yellow; bind β-catenin), 
SAMP (green; binds axin), APC basic (blue; interacts with microtubules), and EB1-
binding (aka MAPRE1-binding; purple; binds the microtubule-associating protein 
MAPRE1). 
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4.3.2 Whole genome sequencing (WGS) confirms the L1 insertion in APC and 

reveals additional somatic mutations 

We next performed Illumina whole genome sequencing (WGS) on the normal/tumor 

pair from patient 20444 to gain a better understanding of how this L1 insertion might 

have worked together with other somatic mutations to promote tumorigenesis. We began 

by scanning the WGS data to identify additional somatic mobile element insertions 

(MEIs) that might have been generated in the tumor using the Mobile Element Locator 

Tool (MELT) that we developed for the 1000 Genomes Project (Methods)200. MELT 

confirmed the somatic L1 insertion in the APC gene with the features outlined above and 

detected 26 additional somatic L1 insertions in the tumor that were absent from adjacent 

normal tissues (for a total of 27 somatic L1 insertions; Table 4.1). All 27 were validated 

as somatic insertions in the tumor with at least one junction PCR and/or sequencing 

assay. In addition, we amplified and sequenced the entire insertion and flanking regions 

for 16 of these somatic L1 insertions, including the APC insertion. Our data revealed that 

all 16 of these fully-sequenced insertions terminated in poly (A) tails and were flanked by 

TSDs, indicating that they were generated by target primed reverse transcription (TPRT) 

as expected for genuine L1 retrotransposition events (Table 4.1)56,226. 

Vogelstein and colleagues have described the landscape of genes that are frequently 

mutated in CRC and also have mapped the temporal order in which these genes are 

mutated134-136. Therefore, we next identified somatic mutations in the tumor including 

single nucleotide variants (SNVs) and short insertions/deletions (INDELs) to determine 

how L1 might have worked together with other types of mutations to initiate and drive 

tumorigenesis. We detected a G to T somatic SNV that created a premature stop codon in 
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the 16th exon of APC just 160 bp downstream of the somatic L1 insertion (p.R1450* in 

GenBank gene ID NM_000038; hg19 coordinate Chr5:112,175,639; Figure 4.1B). By 

manually inspecting the WGS Illumina mate pairs in the region using the Integrative 

Genomics Viewer (IGV)227, we determined that the L1 insertion and the stop codon were 

on mutually exclusive chromosomes and thus together would disrupt both APC alleles. 

We further confirmed that the L1 and stop codon affected two different APC alleles using 

a PCR-based strategy (Figure 4.1B). The p.R1450* somatic mutation has been reported 

21 times previously in CRC by The Cancer Genome Atlas (TCGA) project136 and has 

been independently documented in the COSMIC database228. In fact, codon 1450 is one 

of the most frequently-mutated APC sites in patients with sporadic CRC135. These data 

indicate that L1 was responsible for inactivating one APC allele and the p.R1450* stop 

codon was responsible for inactivating the second APC allele.  

4.3.3 A microsatellite stable CRC 

The TCGA and others have identified two subtypes of CRC: one subtype with 

microsatellite stability (MSS) and a second subtype with high levels of microsatellite 

instability (MSI)135,136. These two CRC subtypes also progress along different pathways: 

the MSS subtype is initiated by mutations in APC, whereas the MSI subtype is initiated 

by a hyper-mutation phenotype that is associated with faulty DNA repair135,229. Thus, we 

next sought to assign our CRC case to one of these two subtypes. We used the 

MSISensor tool230, together with the Illumina WGS data described above, to measure 

microsatellites in our tumor and adjacent normal control tissues (Methods). The 

microsatellite mutation rate in our CRC sample (0.01%) was clearly within the MSS 

range230, and was well below the rates observed in tumors that have MSI phenotypes 
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(3.5% to 41%). Thus, our CRC sample was unambiguously assigned to the MSS subtype. 

Likewise, no somatic mutations were detected in DNA repair genes that previously have 

been linked to hyper-mutation phenotypes in CRC (MLH1, MLH3, MSH2, MSH3, MSH6, 

PMS2, POLE)136. Collectively, these data demonstrate that our CRC case progressed 

along the classic MSS route whereby APC serves as the earliest gatekeeper. Therefore, 

these data formally demonstrate that the L1 insertion, combined with the p.R1450* stop 

codon, were responsible for initiating tumorigenesis in this case. 

4.3.4 Other somatic mutations supporting an L1-initiated pathway of tumorigenesis 

As outlined above, Vogelstein and colleagues and the TCGA previously have defined 

the landscape of genes that are frequently mutated in CRC (including genes mutated in 

MSS-CRC) and we identified somatic mutations in three additional MSS-CRC genes in 

our tumor. First, we identified a somatic point mutation in the PIK3CA gene (CAT to 

CGT; p.H1047R) that causes an amino acid substitution of histidine to arginine at codon 

1047 of the encoded protein. PIK3CA is mutated in 18% of MSS-CRCs, and this precise 

mutation has been found previously in five independent CRCs by the TCGA136. We also 

identified an 18 bp tandem-duplication in the KRAS gene that includes codons 59 and 61 

and retains the ORF of the encoded protein (p.L56_E62dup). KRAS is mutated in 43% of 

MSS-CRCs, and this mutation likely contributed to tumorigenesis since activating point 

mutations affecting codons 59 and 61 have been reported previously for this gene136,228. 

This specific tandem duplication has not been identified previously by the TCGA nor is it 

present in the COSMIC database. However, COSMIC has several entries of somatic 

INDELs spanning positions 59 and 61 that previously have been implicated in a variety 

of cancer types, suggesting that INDELs in this region can activate KRAS228. We also 
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identified a two base pair somatic deletion in the ACVR1B gene that causes a frameshift 

in the third exon of this gene (p.K177fs). ACVR1B is mutated in 4% of MSS-CRC 

cases136.  

The p.R1450* mutation in APC, along with the PIK3CA, KRAS, and ACVR1B 

mutations outlined above were validated through PCR, cloning, and Sanger capillary 

sequencing. RNA-seq analysis of the normal and tumor specimens also revealed that the 

mutant alleles of these genes were all expressed in the tumor but were not expressed in 

the adjacent normal control tissues, as would be expected of somatic mutations (including 

the L1 insertion allele of APC, the p.R1450* allele of APC, and the mutant alleles of 

PIK3CA, KRAS, and ACVR1B described above). As an independent validation of the 

somatic mutations, we also performed Illumina WGS on a second genomic DNA 

preparation from a separate region of the tumor and confirmed the presence of the L1 

insertion in APC along with the other somatic mutations outlined above (p.R1450* in 

APC, and the somatic mutations in PIK3CA, KRAS, and ACVR1B). Our data suggest that 

these mutations were clonal driver mutations, since they were found in two separate 

tumor locations and thus, must have occurred early in tumorigenesis. Likewise, at least 

25/27 (92.6%) of the somatic L1 insertions were found in two separate tumor locations, 

suggesting that most (if not all) of these insertions also occurred at early stages of tumor 

development. 

4.3.5 L1 source elements generating somatic offspring insertions 

We next identified the full-length L1 (FL-L1) source elements that generated most of 

the somatic L1 insertions in the tumor, including the source element that produced the 

APC insertion. To accomplish this goal, we leveraged interior mutations within FL-L1s, 
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which are abundant, as markers to identify source elements that produced specific 

offspring insertions (Figure 4.2). Our analysis was focused on Human-specific FL-L1 

elements, since all active L1s in the human genome are found within this group. Using 

MELT and associated MELT tools, we identified a total of 308 FL-L1 elements in the 

patient’s genome and analyzed the mutation profiles of these elements as follows (also 

see Methods): The full sequences of 264 reference FL-L1 copies were available in the 

hg19 human genome reference sequence12,214, and the sequences of 31/44 additional non-

reference FL-L1 elements were determined using a combination of long-range PCR and 

Sanger or PacBio sequencing (Methods). By examining the internal mutation patterns of 

295/308 (95.8%) of the FL-L1 elements compared to the L1.3 reference L1 element 

(GenBank ID L19088)74, we learned that all but five of these elements had a unique 

singleton mutation that alone could be used to distinguish each individual element from 

all other FL-L1 elements in the patient’s genome (Figures 3.2B,C). Moreover, the 

complete mutational signatures of these elements, which ranged from 7 to 147 mutations, 

were unique for each FL-L1 element in this patient (Figure 4.2A). 
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Figure 4.2 Interior mutations in 295 FL-L1Hs source elements in the patient’s 
genome. 
(A) The total number of mutations in each FL-L1Hs source element is depicted, grouped 
by pre-Ta and Ta subfamilies59. (B) The Chr17 FL-L1Hs source element profile is 
compared to the three closest FL-L1Hs elements in the patient’s genome. While the three 
most similar elements have 15, 14, and 14 mutations in common with the Chr17 source 
element, respectively (middle of Venn diagram), they have 18 total differences (Δ) in all 
three examples. Similar results were obtained with the remaining elements in the 
patient’s genome. (C) Mutation frequencies in FL-L1Hs source elements. Individual 
mutations are plotted by the total number of FL-L1Hs elements in which they are found. 
A total of 2,788 mutations are confined to a single source element (leftmost bar), whereas 
only a few mutations are shared by the majority of the 295 FL-L1Hs elements in the 
patient’s genome (right bars). This large collection of singleton mutations, and the 
profiles that are generated by combining these mutations, has allowed us to identify 
source elements that generated specific somatic offspring insertions in the tumor (Figure 
4.3) and also allowed us to evaluate the expression of these elements (Figure 4.4). (D-F) 
Mutation profiles for the Chr17 (D), Chr14 (E), and Chr12 (F) source elements. All three 
of these source elements are heterozygous in our patient’s genome. Differences from the 
reference L1.3 element (GenBank ID L19088)74 are marked in green, red, blue, and 
yellow - representing mutations to A, T, C, or G, respectively. We also determined the 
‘allele frequencies’ at which mutations appear in the FL-L1 source elements from the 
patient’s genome and have depicted these in pie charts above each mutation. Mutations 
that uniquely tag a single element are marked with a star (*). Black bars above the 3’ 
ends depict the signatures of mutations that were used to identify somatic offspring 
insertions in the tumor. 
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By comparing these FL-L1 profiles with the mutation profile of the L1 insertion in 

APC, we identified a candidate source element on Chromosome 17 (Chr17:18776467) 

that shared an identical pattern of interior mutations with the L1 insertion in APC 

(Figures 3.2D, 3A). This Chr17 FL-L1 element had a profile of 25 mutations that was 

unique among FL-L1 elements in the patient’s genome and also was consistent with this 

source giving rise to the APC insertion along with four additional somatic L1 insertions 

in the tumor (Figures 3.2D and 3A). We identified two additional FL-L1 source elements 

on Chromosomes 14 (Chr14:59160899) and 12 (Chr12:117814460) that accounted for 

most of the remaining somatic L1 insertions in the tumor (Table 4.1; Figures 3.2E, 2F, 

3B, 3C). The unique signatures within these source elements allowed us to 

unambiguously assign 18/27 offspring insertions to one of these three source elements 

(Figure 4.3; Table 4.1). One additional offspring was mapped to the Chr12 source 

element using a 3’ transduction that was associated with the offspring insertion (Figure 

4.3C)76. The eight remaining insertions could not be mapped unambiguously to source 

elements because we had limited sequence information for these elements or they did not 

span regions containing unique mutations. 
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Figure 4.3 Source elements that gave rise to somatic L1 insertions in the tumor. 
As in Figure 2, the bar diagrams in A-C depict mutations in the L1 sequences of source 
elements and somatic offspring relative to the reference element L1.3. Colored vertical 
lines represent single nucleotide mutations as outlined in Figure 4.2. The Circos plots 
show the somatic offspring L1 insertions that were generated by each FL-L1 source 
element. (A) The Chr17 source element gave rise to five somatic insertions, including the 
insertion in APC. The mutation profile of the APC insertion uniquely and perfectly 
matches that of the Chr17 FL-L1 source element to the extent that the APC insertion 
spans the 3’ region of the Chr17 source element. Two of the Chr17 somatic offspring 
(denoted by *) had extreme 5’ truncations and thus only had one mutation (c5788t) 
compared to L1.3. Although the mutation profiles of these offspring do not exclusively 
match that of the Chr17 source element, the one remaining possible source element for 
these somatic offspring (ID 1:86392759) was ruled out due to lack of intact ORFs. (B) 
The Chr14 source element gave rise to 12 somatic insertions. The mutation profiles for 
11/12 (91.7%) of these offspring uniquely and perfectly match the mutation profile of the 
Chr14 source element. The remaining somatic offspring (denoted by #) had one additional 
mutation (t4250g) that was not present in the Chr14 source element. This mutation does 
not match any other source element and most likely was introduced during 
retrotransposition (which is error prone)202. The blurry end of somatic offspring 
16:56298642 represents ambiguity of the 5’ end because we did not sequence that end. 
(C) The Chr12 source element gave rise to two somatic insertions. One was assigned to 
the Chr12 source element using mutation profiles as outlined for the Chr17 and Chr14 
source elements above, whereas the other was assigned using a 3’ transduction (purple 
box flanked by poly (A) tails in green)81. (D) Circos plot depicting all 27 somatic 
insertions discovered in this tumor, including the somatic offspring with known source 
elements depicted above (A-C) and eight additional somatic offspring from an unknown 
source element (green Unknown Chromosome; Un). 
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Figure 4.3. See previous page for caption. 
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The interior sequences of the Chr17, Chr14, and Chr12 FL-L1 source elements 

revealed two intact ORFs and also indicated that all three are L1Ta-1d elements, which 

include the most active “hot” L1s in humans13,14,59. All three also are non-reference 

insertions that are absent from the hg19 human genome reference sequence but are 

present in the 1000 Genomes Phase III MEI data set200. Upon comparing our sequenced 

elements to additional data sets, we learned that Beck, et al. 14 had previously identified 

and sequenced the Chr17 source element. The Chr17 source element from Beck, et al. 14 

was cloned from a Yoruban individual (NA19129, Coriell) and is identical in sequence to 

the Chr17 source element that we cloned from our patient. Beck, et al. 14 previously 

tested the Chr17 source element in a cell culture-based retrotransposition assay76 and 

reported that it is indeed a hot L1, with activity levels of 137% compared to the hot L1.3 

control (GenBank ID L19088)14. Therefore, since the Chr17 source element sequences 

were identical in both studies, these data indicate that the somatic L1 insertion in our 

patient’s APC gene was generated by an exceptionally hot L1 source element. 

4.3.6 Expression of L1 source elements in normal vs. tumor tissues 

We next sought to better understand how the somatic L1 insertion in APC was 

generated in tissues that should have repressed the Chr17 source element. The Chr17 

source element must have been active in normal cells at the earliest stages of 

tumorigenesis in order to generate the L1 insertion in APC sufficiently early to initiate 

tumorigenesis. This suggested the possibility that the Chr17 source element might have 

been expressed in the normal somatic colon tissues of this patient. To determine whether 

this was the case, we performed strand-specific RNA-seq analysis and learned that the 

Chr17 source element was expressed in both the normal and tumor tissues of this patient 
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(Figure 4.4A; Methods). To perform this analysis, we leveraged the interior mutation 

profiles of the FL-L1 elements (Figure 4.2) to identify source elements that were 

expressed in the patient’s tissues. In each case, we identified multiple RNA-seq traces 

that exactly matched the unique mutation profiles of these source elements on the 

appropriate genomic DNA strand (see Methods). 
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Figure 4.4 FL-L1Hs source element expression in normal and tumor tissues. 
The unique interior mutation profiles of FL-L1Hs elements in the patient’s genome 
(Figure 4.2) were used to quantify expression of (A) the 31 non-reference FL-L1Hs 
source elements including the Chr17, Chr14, and Chr12 source elements, and (B) the 
remaining 264 reference FL-L1 source elements in the patient’s genome, using strand-
specific RNA-seq (Methods). Expression for each element is depicted in the normal and 
tumor tissues as the mean number of independent reads covering all mutations unique to 
a FL-L1 source element. Expression of FL-L1 source elements that could not be 
differentiated from the expression of the surrounding gene in the same orientation were 
excluded from this analysis (A, n = 4; B, n = 37). The horizontal dashed lines represent a 
cutoff where the mean = two traces per unique site, and a total of ten elements were 
expressed above this level. (C) DNA methylation analysis of the Chr17 source element 
promoter. The top panel displays bisulfite sequencing results for the control 1000 
Genomes Project (1KGP) sample (GWD sample HG02583, which is heterozygous for the 
Chr17 element; Coriell). The two panels below show the results of bisulfite sequencing in 
the normal and tumor tissues of the CRC patient. Each circle represents a CpG site in the 
promoter (for a total of 29 CpGs at positions: 21, 37, 54, 60, 63, 72, 102, 137, 155, 160, 
164, 166, 171, 181, 205, 231, 251, 255, 269, 284, 293, 305, 317, 320, 327, 351, 363, 369, 
377 relative to the reference L1.3 sequence; GenBank ID L19088). White circles indicate 
no DNA methylation; black circles indicate DNA methylation. The red highlighting 
indicates the CpG at position 60 that previously was shown to be critical for repression of 
the L1 promoter by DNA methylation231. This CpG is mutated in the Chr17 element 
(g61a). The three remaining CpG sites that are critical for repression of the L1 promoter 
by DNA methylation also are indicated (positions 54, 63, 72)231. The blue highlighting 
indicates a CpG to TpG mutation at position 37 that destroys an additional CpG in the 
promoter region. 
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In addition to the Chr17 source element, the Chr14 and Chr12 source elements also 

were expressed in these tissues, although the Chr12 element was expressed at very low 

levels and only in the normal tissues (Figures 3.4A,B). Eight additional FL-L1 elements, 

including two non-reference and six reference elements, also evaded somatic repression 

and were expressed in the tissues of this patient (Figures 3.4A,B). Consistent with the 

idea that FL-L1 elements are thought to be mostly repressed in normal colon tissues, we 

generally detected low levels (or no expression) of the remaining reference and non-

reference FL-L1 elements (Figures 3.4A,B).  

To understand why the Chr17 and Chr14 source elements were inappropriately 

expressed in these tissues, we examined the interior sequences of these elements more 

closely. The Chr17 element has a mutation (g61a) in its promoter region that maps to one 

of the four CpGs that previously were shown to be essential for suppression of the L1 

promoter by DNA methylation (Figure 4.4C)231. We therefore sought to determine the 

DNA methylation status of the Chr17 element in the affected patient. Bisulfite sequence 

analysis of the Chr17 source element indicated that most of the CpG sites in the promoter 

region of this element were hypomethylated in both the normal and tumor tissues of this 

patient (Figure 4.4C). Therefore, it appears that the Chr17 source element may have 

evaded somatic repression because its promoter was not sufficiently methylated at many 

CpG sites, including the critical CpG site at position 60 and three other critical sites that 

were identified in the Hata study (Figure 4.4C; See Discussion)231.  
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4.3.7 The Chr17 and Chr14 source elements are restricted to African and African-

derived populations 

We next evaluated the population genetics of the Chr17, Chr14, and Chr12 source 

elements in 26 diverse human populations using the mobile element insertion (MEI) data 

that we generated for the 1000 Genomes Project149,200. Interestingly, we found that the 

Chr17 and Chr14 source elements were restricted to African and African-derived 

populations (Figure 4.5). These data are consistent with the fact that our patient is African 

American (Methods) and that Beck, et al. 14 sequenced the same Chr17 source element 

from a Yoruban individual. In contrast, the Chr12 source element is found in all 

continental groups and populations (Figure 4.5). Overall, these data indicate that the 

source FL-L1 content of an individual’s genome is likely to vary considerably depending 

on the ancestry of the individual and that differences in L1 content are likely to influence 

cancer risk. Our patient’s genome had a population-specific hot L1 source element that is 

absent from most genomes but apparently increased her cancer risk considerably. 
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Figure 4.5 Population genetics of source elements in 26 diverse human populations. 
The 26 diverse human populations that were studied by the 1000 Genomes Project were 
examined to determine the frequencies of the Chr17, Chr14, and Chr12 elements in 
global populations. The measurements are depicted by population on the world map as a 
set of three circles corresponding to the three FL-L1 source elements that gave rise to 
somatic offspring in this study (Chr17 – upper left circle, Chr14 – upper right circle, 
Chr12 – bottom circle) with an accompanying population abbreviation. Colored circles 
represent an allele frequency greater than 0 for that respective population, whereas grey 
circles represent an allele frequency of 0. The Chr17 and Chr14 source elements are 
restricted to populations from Africa or African ancestry, whereas the Chr12 element is 
found in all 26 of the diverse populations. World map provided by Vector Open Stock 
(www.vectoropenstock.com), under the Attribution Creative Commons 3.0 license. 
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4.4 Discussion 

Next-generation sequencing has revolutionized somatic L1 discovery over the past six 

years, leading to the identification of thousands of somatic L1 insertions in several types 

of human epithelial cancers15,21-25,28,30,31,133. The fact that L1 mobilization occurs 

frequently in human tumors raises the possibility that somatic L1 insertions could act as 

driver mutations during tumor initiation, progression, and metastasis. However, very few 

somatic L1 insertions have been recovered in known oncogenes and tumor suppressors 

where a clear role in tumorigenesis could be established in the tumors in which they were 

discovered.  

In addition to the Miki, et al. 30 insertion described above, one of the strongest driver 

candidates identified to date is a somatic L1 insertion in the ST18 gene that led to 

upregulation of this gene in a case of hepatocellular carcinoma23. Interestingly, the 

insertion disrupted a repressor of transcription in an intron of the gene, which led to 

upregulation of the gene in the tumor. In human breast and lung cancer, ST18 acts as a 

tumor suppressor232,233, but it appears to have acted as an oncogene in this case23. The 

precise role of ST18 in the development of hepatocellular carcinoma is unknown and thus 

it is unclear whether this L1 insertion might have influenced tumor initiation, or instead, 

later stages of tumorigenesis. Another strong example of a potential L1 driver mutation 

was identified in the 6th exon of the PTEN tumor suppressor gene in a case of uterine 

corpus endometrial carcinoma31. Because this insertion disrupted a coding exon, the 

tumor likely had lower levels of PTEN activity. However, once again, the precise role of 

this somatic insertion in this case of uterine cancer is unclear.  
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A number of other genes have been hit by somatic L1 insertions multiple times 

independently in tumors, suggesting that these insertions might also constitute driver 

mutations24,25,31. However, most of these insertions map to sites within genes that are 

difficult to interpret (such as introns), or map to genes with tenuous connections to the 

cancers in which they were discovered. Thus, even when L1 driver candidates are 

identified in a given tumor, it can be difficult to assign these mutations to clear roles in 

tumorigenesis, particularly in tissues for which the landscape of driver mutations has not 

been well established. In most tumor types, the temporal order whereby specific gene 

mutations influence tumorigenesis also has not been well established, making it even 

more difficult to determine whether L1 can initiate tumorigenesis. 

Here, we present a clear example of a somatic L1 driver mutation initiating 

tumorigenesis through the classic route of CRC progression that has been mapped out by 

Vogelstein and colleagues (Figure 4.6)134-136,229. The identification of a second somatic 

L1 insertion in the APC gene more than 20 years after the original Miki, et al. 30 insertion 

provided us with an opportunity to determine whether such insertions can actually initiate 

tumorigenesis. We show that both gatekeeper APC alleles are mutated in our patient’s 

tumor, and that this occurred in an MSS genetic background where such mutations would 

be expected to initiate CRC. A key factor in this study was the availability of relatively 

inexpensive whole genome sequencing, which was not available at the time of the Miki, 

et al. 30 study. This allowed us to determine how the L1 insertion in APC was generated 

and then how it worked together with other mutations in APC, PIKC3A, KRAS, and 

ACVR1B to drive tumorigenesis (Figure 4.6).  
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Figure 4.6 An oncogenic hot L1 evades somatic repression and initiates CRC. 
L1 Inheritance: Inheritance of a hot FL-L1Hs source element begins the process of L1-
mediated cancer (this study). In this case, the patient inherited an African-specific hot 
FL-L1 source element on Chromosome 17 (black bar with fire outline, bottom) from one 
of her parents. L1 Expression: The inherited FL-L1 source element evades somatic 
repression and generates transcripts (squiggle lines, bottom) in normal colon tissues (this 
study). L1 Insertion: A somatic L1 offspring element is integrated into the 16th exon of 
the APC gene thereby disrupting one APC allele (light blue star on Chr5, bottom; this 
study)30. The second APC allele is disrupted by the somatic mutation p.R1450* (black 
star on Chr5, bottom; this study). Thus, both gatekeeper APC alleles are disrupted and the 
adenoma phase is initiated. Polyp Formation: Following loss of APC function, additional 
important driver mutations in the PIK3CA and KRAS genes (black stars on Chr3 and 
Chr12, respectively, bottom) result in progression to adenocarcinoma (cluster of red cells, 
top). Adenocarcinoma: Additional driver and passenger mutations occur to further drive 
progression of adenocarcinoma. These changes include new somatic L1 insertions (light 
blue stars, bottom), SNVs and INDELs (black stars, bottom), and perhaps other structural 
variants. 

 

Our data support a model whereby an exceptionally hot L1 source element on 

Chromosome 17 of the patient’s genome evaded somatic repression and produced an 

offspring insertion that disrupted the APC gene in a normal colon cell. This hot L1 source 

element has a mutation in one of the four CpGs that are necessary for repression of the 

L1 promoter by DNA methylation (Figure 4.4C)231. Indeed, our data indicate that this 
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source element likely evaded somatic repression because its promoter was not 

sufficiently methylated (Figure 4.4C). Moreover, all four of the CpGs that previously 

were shown to be essential for repression of the L1 promoter were either mutated or 

hypomethylated in the normal colon and tumor tissues of our patient (Figure 4.4C). One 

intriguing possibility is that the g61a mutation that eliminated one of these critical CpGs 

also served as an ‘epimutation’ that somehow caused the hypomethylation of the entire 

promoter region of the Chr17 element. Similar mechanisms have been observed 

previously in several types of human cancers. For example, a recent report demonstrated 

that a 2 bp mutation altered the DNA methylation pattern of the entire RB1 gene 

promoter in a pedigree of human retinoblastomas234. If this was the case, then it appears 

that only a single mutation in L1 might have enabled the transposon to explore an entirely 

different niche of mutagenesis in somatic cells, thereby expanding upon its ability to 

mutagenize the germline.  

Several previous studies have demonstrated that somatic L1 insertions occur 

relatively frequently in human CRC15,21,22,25. Somatic L1 insertions also are abundant in 

adenomatous polyps of the colon, suggesting that L1 mobilization can occur relatively 

early in the process of CRC15,25. We now show that somatic L1 insertions can initiate 

CRC in normal colon cells, and thus, can act at the earliest stages of tumorigenesis that 

precede adenomatous polyp formation. Once adenomas are formed, it appears that 

additional somatic L1s can be generated15,25. Although PIK3CA and KRAS mutations are 

thought to play key roles in driving the subsequent transition from adenoma to 

adenocarcinoma135, it seems unlikely that L1 insertions could play a role in this transition 

because such insertions probably have a limited capacity to activate oncogenes. In fact, in 
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our patient’s tumor, PIK3CA and KRAS were mutated by an activating somatic point 

mutation and a short duplication, respectively, underscoring the idea that L1 works 

together with other types of somatic mutations to drive human cancers. However, L1 

could be envisioned to impact tumor suppressors such as PTEN, e.g., which has been 

implicated in later stages of CRC135,229.  

4.4.1 Cancer risk from an African-specific hot L1 

The hot FL-L1 Chr17 source element, and a second source element on Chromosome 

14 that generated most of the remaining somatic L1 insertions in our patient’s tumor, are 

both restricted to African and African-derived individuals (Figure 4.5). Such source 

elements appear to cause a novel form of ancestry-specific cancer risk. Remarkably, a 

wide range of epithelial cancers have been diagnosed in our patient’s immediate family, 

suggesting the possibility that these two FL-L1 source elements might be responsible for 

increased levels of cancer risk in her family. In fact, the patient’s father and seven of 12 

siblings had a history of cancer (including vocal cord, breast, liver, prostate, lung, and 

esophageal cancers). These two FL-L1 source elements could potentially be active in a 

range of somatic tissues where L1 is normally repressed and hence, may help to drive 

tumorigenesis in these other tissues. Such elements also may be active in somatic cells of 

the brain where they could impact neurological diseases such as Aicardi-Goutieres 

syndrome34 and schizophrenia198 in an ancestry-specific manner. Finally, these elements 

would presumably remain active in the germline as well, where they could impact other 

human traits and diseases in an ancestry-specific manner. 

  As outlined above, several previous studies have suggested that L1 driver mutations 

may be rare in human tumors. However, a possible explanation for this observation is that 
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the L1 insertions in these previous studies might have been generated by source elements 

that were derepressed only after tumorigenesis was well underway. As a consequence, 

such tumors might be enriched for passenger L1 insertions that played no clear role in 

tumorigenesis. Our study suggests that more emphasis needs to be placed on L1 source 

elements that evade somatic repression in normal tissues as a means to identify tumors 

that harbor L1 driver mutations. Follow-up studies with cancer-prone families like our 

patient’s family, who carry source elements that can evade somatic repression, may help 

to establish a firmer link between somatic L1 mutagenesis and human cancers.  

4.4.2 Impact of APC mutations 

The somatic L1 insertion and the p.R1450* stop codon that we identified in APC both 

map to the mutation cluster region (MCR) of the gene where the majority of disease-

causing mutations have been discovered in sporadic CRCs (Figure 4.1C). Most of the 

mutations that have been identified in sporadic CRCs introduce frameshifts or premature 

stop codons into the MCR and thus truncate the encoded APC protein within or near this 

region225. Both of the mutations discovered in our study cause these very same types of 

disruptions: The p.F1396L1 insertion causes a frameshift and premature termination of 

the encoded protein within the inserted L1, whereas the p.R1450* mutation introduces a 

stop codon that terminates the protein within the MCR. Moreover, the p.R1450* mutation 

occurred at one of the most commonly-mutated APC codons in sporadic CRC135,235. 

Thus, both of these terminations are consistent with previously-identified disease-causing 

APC alleles in sporadic CRCs. Likewise, our RNA-seq data indicate that both of these 

mutant alleles were expressed in the tumor, suggesting that these variants escape 

nonsense-mediated mRNA decay (NMD) and likely produce truncated proteins. 
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Interestingly, the original Miki et al. L1 insertion lies slightly downstream of the 

MCR but is still very close to this region (codon 1526; Figure 4.1C)30. The Miki, et al. 30 

insertion is in the same orientation as the APC gene, whereas our L1 is in the opposite 

orientation of APC. However, both L1 insertions cause frameshifts and terminate the 

protein within the inserted L1 sequences, suggesting that they effectively truncate APC in 

similar ways. Importantly, we now formally demonstrate that our somatic L1 insertion in 

APC initiated tumorigenesis. We cannot rule out that the Miki, et al. 30 insertion at codon 

1526 also might have initiated CRC, but without knowing the status of the second allele 

and whether the tumor had stable microsatellites, it remains possible that the tumor was 

instead initiated by faulty DNA repair135,229. However, APC mutations are known to 

contribute to later stages of tumor progression in mutator-initiated CRCs, suggesting that 

both L1 insertions likely acted as driver mutations, perhaps at different stages of 

tumorigenesis. The fact that two independent L1 insertions have been identified in APC 

suggests that gateway tumor suppressors are sensitive targets for L1 mutagenesis, 

particularly when an inherited hot L1 evades somatic repression. 

4.5 Methods 

4.5.1 Genetic analysis of CRC patient tissue samples 

Ten CRC samples with adjacent normal colon tissues were obtained from the 

Greenebaum Cancer Center Tumor Bank at the University of Maryland Medical Center 

under IRB protocol HP-00060447. The following samples were obtained: 

adenocarcinomas 19079, 19084, 19202, 20085, 20106, 20559; mucinous 

adenocarcinomas 19120 and 20444; tubular adenoma 20267; and carcinoid 20558. 

Patient 20444 (the major focus of this study) was a 62 year old female African American 
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with a high-grade mucinous adenocarcinoma of the colon stage T4 N0. Genomic DNA 

was isolated from frozen tissue samples using the DNeasy Blood and Tissue kit (Qiagen) 

per the manufacturer’s instructions. Total RNA for patient 20444 was isolated from both 

the normal and tumor tissues with the RNeasy kit (Qiagen). Normal/tumor pairs were 

screened for somatic L1 insertions in CRC using the L1-seq method as described 

previously28. 

4.5.2 Microsatellite assessment using MSISensor 

Using MSISensor230, we determined the total number of somatically mutated 

microsatellites in our normal/tumor pair plus three control TCGA normal/tumor 

colorectal cancer pairs where the microsatellite status was known (two MSS samples and 

one MSI sample)136. Cases with fewer than 3.5% of microsatellites somatically mutated 

are considered to have stable microsatellites (MSS), whereas cases with greater than 

3.5% of microsatellites somatically mutated are considered to have microsatellite 

instability (MSI). 

4.5.3 MELT analysis 

L1 discovery was performed on normal/tumor pairs using WGS Illumina data and the 

MELT algorithm with default parameters200,236. Sites were manually examined using the 

IGV227 and also were validated by PCR and/or Sanger sequencing. Analysis of reference 

FL-L1 elements was conducted by genotyping all reference elements using the MELT-

Deletion algorithm (http://melt.igs.umaryland.edu). The MELT-Deletion algorithm 

genotypes 4,645 reference L1Hs elements using L1 sites provided by Repeatmasker214,237. 

Of these, 19 FL-L1 source elements (L1s >5,900 bp) were absent from the patient’s 

genome, and were excluded from further analysis. 
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4.3.4 Analysis of FL-L1 source elements in the patient’s genome 

The Chr14 and Chr17 FL-L1 source elements were amplified with long-range PCR 

using LA Taq DNA Polymerase (Takara), cloned into plasmids with the TOPO XL PCR 

Cloning Kit (Invitrogen), and sequenced in triplicate with Sanger sequencing using 20 

custom L1 primers and universal flanking primers. Thirty-one non-reference FL-L1 

elements that were detected in the patient’s genome with MELT were sequenced with 

Pacific Biosciences sequencing. Each element was amplified from either the normal 

sample DNA from patient 20444, or from a 1000 Genomes sample that also had the 

element. Amplification was performed using LA Taq DNA Polymerase (Takara) with the 

following reaction conditions: 94°C for 90 s, followed by 32 cycles of 94°C for 30 s, 

57°C for 30 s, and 68°C for 8 min 30 s. A final elongation step was performed at 68°C 

for 10 min. All amplicons were subsequently pooled in approximately equimolar amounts 

and then purified with Ampure SizeSelect Beads (Beckman Coulter Genomics). The 

amplicons were prepared for PacBio sequencing using the DNA Template Prep Kit 1.0 

(Pacific Biosciences) following the manufacturer’s protocol. Small fragments and extra 

adapters were removed from the sample using a BluePippin with a 0.75% agarose 

cassette (Sage Science). One SMRT cell was sequenced per amplicon pool, using P6C4 

chemistry and a 240 minute movie on the PacBio RS II.  

Following Pacbio sequencing, reads were aligned to their genomic locations using 

BLASR 1.3.1238. Reads were clustered based on genomic locations and assembled to 

form a consensus for each amplicon using version 2.3.0.140936 of ConsenseTools, which 

is available as part of the SMRTAnalysis software package from Pacific Biosciences 

(website: https://github.com/PacificBiosciences/SMRT-Analysis/wiki/ConsensusTools-
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v2.3.0-Documentation). SNVs and FL-L1 subfamilies were then identified using the 

LINEU tool found in the MELT analysis package (http://melt.igs.umaryland.edu)236. We 

used the Sanger sequencing and PacBio sequencing data for FL-L1 elements outlined 

above, together with the FL-L1 sequences available in hg19, to develop a profile of 295 

potential source elements in the patient’s genome (Figures 3.2A,B). Equivalent results 

were obtained using FL-L1 sequences available in the GRCh38/hg38 build of the human 

genome reference sequence together with our non-reference FL-L1 elements. 

4.3.5 Strand-specific RNA-seq analysis of FL-L1 source elements 

Total RNA samples were prepared for strand-specific RNA-seq analysis by first 

treating the samples with DNase I (Invitrogen). Ribosomal RNA was reduced prior to 

library construction using the Ribo-Zero rRNA Removal Kit (Human/Mouse/Rat; 

Illumina). Illumina RNA-seq libraries were prepared from this material with the TruSeq 

RNA Sample Prep Kit (Illumina) per the manufacturer's protocol. Between first and 

second strand cDNA synthesis, the primers and nucleotides were removed from the 

samples with NucAway spin columns (Ambion). The second strand was synthesized with 

a dNTP mix containing dUTP. Adapters containing indexes six nucleotides in length 

were ligated to the double-stranded cDNA. After adapter ligation, the second strand 

cDNA was digested with 2 units of Uracil-N-Glycosylase (Applied Biosystems). The 

DNA was purified between enzymatic reactions and size selection of the library was 

performed with AMPure XT beads (Beckman Coulter Genomics). Libraries were 

sequenced on the HiSeq4000 with paired end runs (one sample per lane). 

To evaluate FL-L1 RNA expression, raw RNA-seq FASTQ files that were generated 

by strand-specific RNA-seq were aligned to the reference FL-L1 L1.3 element (GenBank 
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ID L19088)74 using Bowtie 2 version 2.2.4213. Reads with perfect matches to the FL-L1 

element profiles outlined in Figure 4.2 were identified and quantified. To determine 

relative expression of all FL-L1 copies, the read coverages over element-specific SNV 

signatures were pooled to obtain a raw expression value for each element and the mean 

coverage was reported (Figure 4).  
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Chapter 5: Discussion and future directions 

5.1 Introduction 

 At the beginning of my dissertation, I offered three questions: are Alu lineages 

differentially present in human populations, how many active FL-L1 elements are in an 

individual human, and can MEs cause cancer. To help me in my pursuit of answers, my 

mentor and I proposed the development of a tool to discover MEIs using WGS data. The 

work to answer these, and other, questions have been presented in three separate chapters, 

all of which have been reviewed by experts in the field and published in high-impact 

journals. 

My work has followed a common thread. In chapter two, we identified MEIs among 

thousands of individuals, and analyzed them for population structure and impact on 

coding regions. In chapter three, we performed additional MEI discovery, but then looked 

at both Alu and L1 source elements to determine their activity in the human germ-line. 

For L1, we then compared our data to a recent study on somatic L1 activity15 to 

determine if particular FL-L1 source elements are more or less active in particular tissues. 

In chapter four we then examined how a specific FL-L1 initiated a case of CRC. Bringing 

my dissertation full circle, we were able to show that this oncogenic FL-L1 was 

population specific in the 1KGP data. All of this work has been concurrent with MELT 

development and improvements to this algorithm have likewise yielded improvements in 

the understanding of ME activity in human genomes. 

5.2 The Mobile Element Locator Tool  

In chapter two I presented my discovery and analysis of SVs as part of the final phase 

of the 1KGP consortium. This study examined the impact of SVs in a population-scale 
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context. As a member of this group, I helped in the analysis of 68,818 SVs among 2,504 

diverse individuals (Table 2.1). This includes my own personal contribution of the 

discovery of 16,631 polymorphic MEIs, or 24.1% of all variant sites. This represents the 

largest survey of SVs, and thereby MEIs, to date and provides an extensive resource for 

the study of SVs. Using this resource we further examined our collection for association 

to disease alleles, impact on gene expression, and genetic complexity.  

Of particular import, this project also provided a platform for the early development 

of the Mobile Element Locator Tool (MELT) and enabled the analysis of active MEs in 

the human germ-line and soma. The immense amount of data generated for the 1KGP 

(~80Gb of WGS149) presented a challenge to tool development. The 1KGP’s stringent 

criteria for inclusion (<5% FDR) in the final data set forced the construction of tools that 

could handle large amounts of data quickly and with a high degree of accuracy. These 

criteria were evaluated with rigorous testing and ensured that tools included in the 1KGP 

data release were strongly vetted for accuracy. MELT is no exception to these rules, and 

the 1KGP found it had high sensitivity and specificity for MEI discovery (Table 2.1).  

Following the completion of the 1KGP, my mentor and I developed an improved 

version of MELT (Figure 3.1) and performed extensive testing to demonstrate its 

sensitivity, specificity, scalability, and speed. We also compared MELT to several other 

MEI discovery tools currently available37-40 and demonstrated MELT was superior in all 

relevant tests (Figure 3.2). It is thus my belief that MELT satisfies my proposal for a 

“robust tool to perform MEI discovery” outlined in section 1.5.3. 

I have presented MELT as a tool for the community. Since MELT is coded in the 

Java programming language, it is highly portable to other linux-based systems. As such, 
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MELT is readily adaptable to other research projects and the work presented within this 

dissertation is far from MELT’s only utility. As a testament to this, over two hundred 

independent researchers have downloaded MELT for their own projects and I have 

fielded questions on the implementation of MELT for organisms as divergent from 

human as tomato.  

MELT is not a ‘dead’ algorithm and development continues apace on further 

improvements. Enhancements include the assessment of additional ME features and 

implementing new code to analyze new sequencing technologies for MEIs. I have 

recently added a module that assembles FL-L1 elements using PacBio long-read 

sequencing, which will be used to elucidate FL-L1 activity in individual human genomes.  

5.3 Population Genetics of Human MEs 

Clearly, the development of MELT was not the singular topic of my dissertation. I 

strived to use MELT as a tool for the analysis of ME activity in humans and their close 

evolutionary relatives. As a member of the 1KGP, we identified 16,631 MEIs in 2,504 

individuals of diverse population origin. 10,617 (63.8%) of these sites had never been 

identified in previous studies28,33,36,117 and represent the single largest study on MEI 

genetic variation to date. Using this collection, we provided a defined subset of AIMs 

useful as identifiers of particular populations (Figure 2.2) and reconstituted the genetic 

structure of the 1KGP populations (Figure 2.3). My MEI collection was then assessed for 

impact on transcription using eQTLs, and a total of 55 (23.0% of all SV-eQTLs) variant 

sites were identified which had a direct, measurable impact on RNA expression. 

Following the completion of the 1KGP project, I returned to software development to 

improve MELT’s sensitivity and add additional functionality for ME feature detection 
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(Table 3.1). Collaborators and myself then used this improved MELTv2.0 (Figure 3.1) to 

reanalyze the 1KGP data for MEIs. We found an additional 6,089 sites (4,794 Alu, 1,069 

L1, and 227 SVA); a 36.61% increase in total MEIs identified. Using this improved 

collection, we then assessed the complex population structure of Alu and L1 source 

elements.  

5.3.1 Active Alu elements in human genomes 

 In section 1.3.4, I proposed the query: “are Alu Lineages Differentially Present in 

Human Populations?” To address this question, I performed an in-depth analysis of Alu 

subfamilies using the 1KGP data (see section 3.3.5; Figure 3.3). In this study, I 

assembled the interior sequence of 10,003 of the 17,543 (57.0%) Alu sites identified with 

MELT analysis. Using this dataset, I discovered 79 subfamilies representing new, diverse 

Alu lineages. Interestingly, it appears that there are a diverse group of Alu source 

elements that are differentially capable of generating new MEIs in specific populations 

(Figure 3.3).  

 This likely represents an early analysis of Alu family diversity in humans. 

Considering that fewer than 30,000 AluY sites have been analyzed for interior 

sequence33,43,95,97,98,239, new families and additional members of existing lineages will 

likely be identified in larger projects. Using data generated by larger projects, it will be 

interesting to see if the Alu subfamilies enriched in particular populations maintain their 

specificity. Furthermore, since other studies have identified differential rates of Alu 

insertion among the great apes46, it would be fascinating if human Alu families are 

likewise differentially active among human populations. 



 151 

5.3.2 FL-L1 element content of a human genome 

In the second half of chapter three we worked to elucidate complex patterns of L1 

activity in the human germ-line. Using MELT, we were able to identify 1,213 FL-L1 

elements in the 1KGP populations, with the average individual harboring between 140-

190 polymorphic FL-L1 alleles. Among these sites, we identified 38 active FL-L1 source 

elements in the human germ-line utilizing a 3’ transduction tracking approach (Figures 

1.2, 3.4). To assess their activity in other tissues, we then compared the germ-line activity 

of these source elements with activity in cancer15 and tissue culture assays13,14,110. 

Interestingly, we found that elements active in the germ-line and soma were not 

necessarily particularly active when tested in tissue culture (Figure 3.5). Considering that 

some of these sites have been isolated from multiple individuals, this may suggest that 

allelic heterogeneity (see section 1.4.4) may play a role in activity. Equally likely is some 

in vivo context of these source FL-L1s. Considering that the most active element 

identified in my study (chr22:29065303; Figure 3.4) is internal to a gene expressed in a 

wide-array of tissues, including in the male germ-line240, it is likely that genomic context 

of any given FL-L1 may play a role in expression. 

So by what means do we answer the question: “How many active FL-L1 elements are 

in an individual human genome?” My analysis on the subject suggests that there are few 

active FL-L1s generating the vast majority of new sites (Figure 3.4), with these findings 

generally corroborated by what has been seen in cancer15. Puzzlingly, this makes it 

difficult to put Beck, et al. 14 in context. If a large number of non-reference FL-L1s 

indeed show a high amount of activity in tissue culture, then why have we not observed a 

likewise large number of offspring? An explanation may lie in the approaches taken in 
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both chapter 3 and Tubio, et al. 15. Considering these analyses only used 3’ transductions 

(Figure 1.2) to examine L1 activity, we may only be observing a relatively small subset 

of source-offspring relationships. Additional approaches are needed to elucidate the true, 

active FL-L1 content of an individual human genome. 

5.4 Initiation of tumorigenesis by L1 

In section 1.6.4, I outlined three problems that prevented the definitive identification 

of an L1-initiated cancer: 1.) The difficulty in linking a disrupted gene with cancer 

initiation, 2.) Determining if a non-coding (i.e. intronic) MEI has a deleterious effect, and 

3.) The status of L1 expression in the normal soma. As part of our CRC study outlined in 

chapter four we used both proven and unique techniques to address these issues. Of 

particular note was our novel approach to the tracking of source-offspring relationships 

and the measurement of L1 RNA expression using interior mutations (Figure 4.2, 4.3).  

We focused our study on CRC, as the role that APC plays in tumorigenesis is well-

documented135,229. Using a targeted approach (Figure 1.3D)28 we screened ten CRC cases 

for somatic L1 activity. In one of these cases, we identified an L1 insertion into the last 

exon of APC, abolishing function of that allele (Figure 4.1A). Considering this insertion 

was internal to the coding sequence of APC and was located in the mutation cluster 

region, we were confident that this insertion abrogated function of this APC allele. To 

ensure loss-of-function of both APC alleles, we then used WGS to identify a nonsense 

mutation on the alternate allele (Figure 4.1B). To further clarify the role of APC 

abrogation in this CRC case, we also verified the microsatellite status of the tumor. We 

were able to confirm that this particular case was microsatellite stable and proceeded 

along the APC-dependent CRC pathway136,230.  
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Measuring L1 expression in the normal soma is a more complex issue. To assess this, 

we utilized a novel technique to unambiguously assign RNA-Seq traces to each putative 

source FL-L1 (Figure 4.4). This allowed us to measure L1 expression in both the tumor 

and the surrounding normal epithelium. Using our method, we showed that the FL-L1 

elements that generated the vast majority (17/19) of traceable offspring were active in the 

surrounding normal tissue. This permitted us to unequivocally say that L1 was expressed 

prior to tumor initiation and, combined with our other analyses, prove that the L1 

insertion and nonsense mutation were the first two events in tumorigenesis. 

In my introduction I proposed the question: “Can MEs cause cancer?” Our data 

suggests the answer is a resounding “yes”. Our study serves as a road map for case-by-

case analysis of L1-mediated cancer. Future studies should employ our integrated 

analysis that uses traditional molecular, high-throughput sequencing, and bioinformatic 

techniques. These future analyses may even identify FL-L1 ‘markers’ of L1-mediated 

cancer. In essence, if an individual harbors such a FL-L1 element, they may face 

increased risk for specific epithelial cancers. This risk is suggested by our data, as several 

of our patient’s direct family members have undergone treatment for epithelial cancers. 

The genotyping of these oncogenic FL-L1s could eventually become an accepted risk-

assessment for some patients. Indeed, it appears that the FL-L1 identified on chr22 in 

chapter 4 and other studies15,26 appears to play an oversized role in somatic L1 activity 

and may prove to be such a marker. 

It is still unknown if L1 plays a substantial role in tumorigenesis. We could have 

found the proverbial “needle in a haystack” and our study may represent a vanishingly 

rare process. At the same time, scientists have now identified two L1 insertions into 
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APC30,197 while only collectively analyzing fewer than 500 CRC cases for such 

activity15,21,22,25,26,30,31,197. It is my belief that a targeted screen of the APC gene will 

identify additional causative L1 insertions. While this may not represent a mechanism on 

the scale of some well-defined mutagens, L1 may very well play a role in one out of 

every thousand CRC cases. This would represent a small, yet significant, driver of 

tumorigenesis that may be targetable for therapy. 

5.5 Future Directions 

 My dissertation provides a framework for the investigation of ME activity in humans 

through the development of sophisticated tools and in-depth analyses of both germ-line 

and somatic ME variation. Nevertheless, this work does not provide a complete picture of 

several key aspects of ME biology that will require further study. Chief among these is 

the elucidation of what makes a FL-L1 ‘hot’ in either the germ-line or soma and why it 

appears that different FL-L1 elements may be prone to differences in activity in diverse 

tissues and disease scenarios. While my analysis into known, active FL-L1 elements has 

provided a framework on which to answer this question by providing elements on which 

to focus (see section 3.3.9), it will require the careful analysis of such active elements 

internal sequence to spot potential markers of increased activity. Further complicating 

this matter, there are likely several factors that may work in tandem to influence FL-L1 

activity such as internal sequence of the element, local sequence context, and tissue type. 

During my dissertation work, myself and collaborators developed a Pacific Biosciences 

based assay to ascertain the interior sequence of such FL-L1 elements. Using this 

approach, we plan to sequence over 700 elements identified as part of my work in chapter 

3. Using these sequences, current and future members of the research group can 
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hopefully elucidate sequence markers for increased FL-L1 activity and subsequently link 

these markers to increased activity in the human germ-line and soma.  

 Likewise, it is of utmost importance to determine the real contribution of FL-L1 

activity to the tumorigenesis of cancer. While two studies have since identified two L1 

APC insertions30,197, the true rate of L1-mediated colorectal cancer is unknown. A 

thorough screen of dozens or hundreds of colorectal cancer patients should be able to 

elucidate the rate of L1-mediated cancer – at least in this particular disease. Considering 

that the region where mutations are most likely to impact APC activity is well defined 

and reasonably small (the mutation cluster region in the last exon is ~200bp), it should be 

simple to design primers flanking this region and test for insertions in a large cohort of 

patients. Ideally, to allow for quick patient recruitment, this study would take place 

directly at the University of Maryland Medical Center. Essentially, during standard 

colonoscopy screening, any patient with a polyp could be recruited into our study, have 

tissue collected (as is standard procedure), and be tested using our PCR assay for L1 

insertion into APC. Positive hits could then be further analyzed using our approach 

outlined in chapter 4 and provide new material on which to determine the occurrence and 

impact of L1 on colorectal cancer.  
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