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Abstract

Squamous cell carcinoma of the esophagus (SCC) is the most common form of esophageal cancer 

in the world and is typically diagnosed at an advanced stage when successful treatment is 

challenging. Understanding the mutational profile of this cancer may identify new treatment 

strategies. Because somatic retrotransposition has been shown in tumors of the gastrointestinal 

system, we focused on LINE-1 (L1) mobilization as a source of genetic instability in this cancer. 

We hypothesized that retrotransposition is ongoing in SCC patients. The expression of L1 encoded 

proteins is necessary for retrotransposition to occur; therefore, we evaluated the expression of L1 

open reading frame 1 protein (ORF1p). Using immunohistochemistry, we detected ORF1p 

expression in all four SCC cases evaluated. Using L1-seq, we identified and validated 74 somatic 

insertions in eight tumors of the nine evaluated. Of these, 12 insertions appeared to be somatic, not 

genetically inherited, and sub-clonal (i.e., present in less than one copy per genome equivalent) in 

the adjacent normal esophagus while clonal in the tumor. Our results indicate that L1 

retrotransposition is active in squamous cell carcinoma of the esophagus and that insertion events 

are present in histologically normal esophagus that expand clonally in the subsequent tumor.
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INTRODUCTION

Esophageal squamous cell carcinoma (SCC) is the most common esophageal cancer in the 

world and its incidence differs across various geographic areas; it rarely manifests in North 

America, but it is the major histologic type of esophageal cancer in parts of Eastern Asia 

(Abedi-Ardekani and Hainaut, 2014; Enzinger and Mayer, 2003; Ohashi, et al., 2015). SCC 

develops from the cells comprising the squamous esophageal mucosa and its main risk 

factors include combined alcohol and tobacco use, consumption of scalding beverages, and a 

diet low in fresh fruits and vegetables (Abedi-Ardekani and Hainaut, 2014; Kamangar, et al., 

2007). This aggressive cancer is especially common in rural, mountainous areas with little 

access to resources and minimal dietary diversity such as Northern Iran, central China, parts 

of South-East Africa, and South America (Islami, et al., 2009; Kamangar, et al., 2007; 

Lambert and Hainaut, 2007; Tran, et al., 2005). Unfortunately, by the time SCC is 

diagnosed, greater than half of the patients have inoperable tumors or obvious metastases 

(Enzinger and Mayer, 2003). Even if the tumor is removable, the prognosis for most patients 

is still very poor; therefore, better methods for early detection and treatment are necessary 

(Baba, et al., 2014).

Recently many groups, including our own, have evaluated a mutation generating mechanism 

known as retrotransposition and its role in epithelial cell cancer development(Doucet-

O’Hare, et al., 2015; Hancks and Kazazian, 2012; Helman, et al., 2014; Iskow, et al., 2010, 

Lee, et al., 2012; Rodic, et al., 2015; Shukla, et al., 2013; Solyom, et al., 2012). During 

retrotransposition, a sequence of DNA mobilizes through reverse transcription of an RNA 

intermediate, a so-called “copy and paste” mechanism. L1 elements are the only 

autonomous retrotransposons in the human genome. These elements mobilize by promoting 

their own transcription followed by the translation of the two open reading frames which 

code for proteins necessary for the element’s reintegration into the genome (Scott, et al., 

1987). The movement of all other active retro-elements in the human genome [Alu and 

SINE–VNTR–Alu (SVA)] is dependent on the activity of L1 elements (Esnault, et al., 2000; 

Wei, et al., 2001). Cellular mRNAs can also be inserted into the genome by L1, becoming 

processed pseudogenes. Because retrotransposons are potentially mutagenic when inserting 

into new sites in the genome, host cells inhibit their activity by suppressing transcription as 

well as L1 RNA translation and L1 protein functions (Arjan-Odedra S, 2012; Bogerd, et al., 

2006; Chen, et al., 2006; Chow, et al., 2010; Goodier, et al., 2012; Heras, et al., 2013; Levin 

and Moran, 2011; Stenglein and Harris, 2006). L1 expression levels are inversely correlated 

with methylation of its promoter in the 5’ UTR of the element; numerous epigenetic 

modifiers contribute to establishing and maintaining the methylation status of L1 elements 

(Ecco, et al., 2016; Imbeault and Trono, 2014; Irahara, et al., 2010; Jacobs, et al., 2014; 

Muotri, et al., 2010; Rowe and Trono, 2011; Shigaki, et al., 2013; Turelli, et al., 2004; 

Yoder, et al., 1997). A known feature of SCC is global hypomethylation of L1 elements 

throughout the genome; furthermore, the less methylation present, the worse the prognosis 

for the patient (Baba, et al., 2014; Iwagami S, 2013). Additionally, we have observed 

expression of ORF1p encoded by L1 in normal squamous epithelium of the esophagus 

indicating that L1 is potentially active in the relevant normal tissue (Doucet-O’Hare, et al., 

2015).
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We hypothesized that L1 is active in normal squamous epithelium and that resulting L1 

insertions in the genome may contribute to esophageal squamous cell tumor development or 

expand in these tumors as so-called passenger mutations. In cancer cells, we expected that 

L1 hypomethylation and other effects may create an increasingly hospitable environment for 

continued L1 expression and mobilization. To test these hypothesis, we evaluated 

L1expression and mobilization in individuals with esophageal squamous cell carcinoma 

using L1-seq, a high-throughput L1 targeted next-generation sequencing method (Ewing and 

Kazazian, 2010). We observed L1 activity in SCC and in normal esophagus, and 

demonstrated that sub-clonal insertions are present in normal squamous epithelium at a 

higher rate than observed in our previous studies (Doucet-O’Hare, et al., 2015; Ewing, et al., 

2015).

MATERIALS AND METHODS

Tissue microdissection and processing

We obtained both tumor and matched normal samples from the Johns Hopkins Hospital 

Surgical Pathology frozen tissue bank in two groups. For the first group (n=5), genomic 

DNA was extracted directly from frozen samples; for the second group (n=4) we micro-

dissected the tissue. For microdissection, each fresh frozen tissue sample was embedded in 

optimum cutting temperature (O.C.T.) compound. Following embedding, tissues were sliced 

in a cryostat, mounted onto glass slides, and stained with hematoxylin. Following staining, a 

gastrointestinal pathologist, Dr. Robert A. Anders, reviewed each piece of normal and 

cancerous tissue to assess whether or not these were contaminated with other cells. No 

malignant cells were seen in any normal sample used for gDNA extraction. Micro-dissected 

tumor samples were also checked for necrotic tissue which was removed in two cases.

The samples were prepared for DNA extraction by slicing with a cryostat and cutting 

sections of tissue between 10 μm and 30 μm (Doucet and Kazazian, 2016). Between 

different samples, the blade of the cryostat was cleaned with 100% ethanol, and normal and 

tumor samples were cut on different days. Different blades were used for the normal and the 

tumor samples to ensure no cross contamination during this portion of the procedure. 

Furthermore, several eppendorf tubes of tissue for each sample were stored at -80°C so that 

DNA could be reisolated separately for repeat validation experiments; all reported results 

were consistent in these replicates.

Immunohistochemistry (IHC)

We performed our immunohistochemistry (IHC) experiments using the EnVision System-

HRP (catalog K4006; Dako) according the manufacturer’s protocol. We performed the 

primary antibody incubation with a mouse monoclonal ORF1p (1.25 mg/mL) at a 1: 3,000 

dilution for 40 minutes at room temperature. We performed secondary antibody incubation 

as per the manufacturer’s protocol. The monoclonal antibody used detects amino acids 

35-44 of the ORF1 protein, and is the same antibody we used previously (Doucet-O’Hare, et 

al., 2015). A second antibody (JH74) that detects amino acids 137-337 was used at a 1 :

2,000 dilution with an overnight incubation at 4 °C to validate the results (Doucet-O’Hare, et 

al., 2015). Results from IHC are presented in Figure 1.
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L1-seq

Using DNeasy (Qiagen), we isolated DNA from thinly shaved sections of fresh-frozen tissue 

embedded in OTC freezing media Four pairs of patient samples were micro-dissected 

(including samples: 20, 21, 22, 23, and 24 N and T). The microdissection removed all 

normal tissue from the tumor, and all tumor tissue from the normal, and additionally 

removed areas where necrosis was evident. Equal amounts of genomic DNA from each 

individual were pooled by group (either normal or tumor) in the same manner previously 

described (Doucet-O’Hare, et al., 2015). L1-seq uses a hemi-specific PCR and eight 

degenerate primers to selectively amplify human-specific active L1 elements in the human 

genome (Ewing and Kazazian, 2010).

Following the PCR phase of L1-seq, we excised products between 200 and 500 nucleotides 

from a 1% agarose gel and purified these with the Qiagen gel purification kit. We analyzed 

libraries on the Bioanalyzer 2100 and combined the products in equimolar ratios from the 

eight different degenerate primer reactions. We sent the libraries for next-generation 

sequencing on the Illumina HiSeq 2500, aligned resulting reads with Bowtie2, and sorted the 

reads based on the presence or absence of L1 sequence. We also segregated and excluded all 

previously published polymorphic L1 insertions and reference insertions from our list of 

putative somatic insertions using the L1-seq pipeline established by Adam Ewing (Ewing 

and Kazazian, 2010). Overall, our bioinformatics analysis was identical to previous studies 

(Doucet-O’Hare, et al., 2015; Ewing and Kazazian, 2010).

Stringency filter

Initially, we randomly selected insertions for PCR validation and Sanger sequencing. 

Thereafter, we determined that the yield of positive insertions would be improved by 

filtering the insertions and selecting those most likely to validate. We focused on predicted 

somatic insertions with a map score of 0.5 or greater, several unique reads, and maximum 

peak widths of 90 nucleotides or more. The map score originates from the UCSC genome 

browser map-ability tracks (Kent, et al., 2002) and corresponds to how unique a given 

sequence is in the genome. A score of 1 indicates that a sequence maps unambiguously in 

the genome, while a score of 0.5 indicates a sequence maps to two locations in the genome. 

Unique reads are defined as reads which span different sequences within the genome; our 

sequencing data are comprised of a series of different overlapping reads. The more unique 

reads correspond to a predicted somatic insertion, the more likely we are able to validate that 

insertion. Unique reads are stacked and the distance of nucleotides covered by all the reads 

is referred to as the maximum width of the peak. Using the map score, the number of unique 

reads and confining our validations to peaks that span at least 90 nucleotides greatly 

improves our ability to validate and catalog the somatic insertions predicted by L1-seq.

We use the number of known reference and known non-reference insertions detected in each 

L1-seq library to evaluate assay performance. Because we sequenced two sets of samples 

separately, the number of known non-reference and known reference insertions must be 

considered separately for each group. Therefore, the two groups of samples were handled in 

parallel and separated throughout our study with regard to insertion coverage, detection, and 

validation (Table 1).
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Insertion Validation

Somatic insertions are validated with site specific PCR (Fig. 2 and 3). If the samples are not 

barcoded, all samples in a pool were evaluated for the presence or absence of a predicted 

insertion. A volume of 2μL of 12.5 ng/μL DNA was used per reaction. For each validation, 

the FS and L1SP1A2 primer reaction was performed on all samples in the pool (Doucet and 

Kazazian, 2016). When comparing tumor and normal DNA, validation PCR was performed 

on both samples. For the FS/L1 primer (filled site PCR) we use the following in the master 

mix (1x): 12.5 μL of Promega GoTaq green (2X) master mix, 0.8 μL of FS primer 20 μM, 

1.6 μL of L1 primer 20 μM, 2 μL of genomic DNA (12.5 ng/μL), 8.2 μL of DNase free 

water. For the FS/ES primers (empty site PCR) we use the following in the master mix (1X): 

12.5 μL of Promega GoTaq green (2X) master mix, 1 μL of FS primer 20 μM, 1 μL of ES 

primer 20 μM, 2 μL of genomic DNA (12.5 ng/μL), 9.5 μL of DNase free H2O. We use the 

following parameters for the PCR: (1) 95°C for 2 minutes, (2) 95°C for 30 seconds , (3) 

57°C for 30 seconds, (4) 72°C for 1 minute and 30 seconds, (5) Go to step 2 (29x), (6) 72°C 

for 5 minutes, (8) 4°C hold. Next, we run the PCR products on a 1.5% TAE gel to resolve 

them. We excise fragments which are unique to only one of the samples and isolate the DNA 

to send for Sanger sequencing. If no clear filled site band is uniquely present in one of the 

samples tested, a nested PCR is carried out.

For the nested FS PCR, use the following in the master mix (1x): 12.5 μL of Promega GoTaq 

green (2X) master mix, 0.8 μL of FS nested primer 20 μM, 1.6 μL of L1”G” primer (located 

3’ of the L1SP1A2 primer) 20 μM, 2 μL of genomic DNA (12.5 ng/μL), 8.2 μL of DNase 

free water. For the FS/ES nested primers (nested empty site PCR) we use the following in 

the master mix (1X): 12.5 μL of Promega GoTaq green (2X) master mix, 1 μL of FS nested 

primer 20 μM, 1 μL of ES nested primer 20 μM, 2 μL of previous PCR product, 8.5 μL of 

DNase free H2O. We use the following parameters for the PCR: (1) 95°C for 2 minutes, (2) 

95°C for 30 seconds , (3) 57°C for 30 seconds, (4) 72°C for 1 minute and 30 seconds, (5) Go 

to step 2 (29x), (6) 72°C for 5 minutes, (8) 4°C hold. Products are run on a 1.5% TAE gel to 

resolve them. We excise fragments which are unique to only one of the samples and isolate 

the DNA to send for Sanger sequencing. Additional details can be found in the molecular 

methods chapter on L1seq (Doucet and Kazazian, 2016). For the insertions which did not 

validate, one of three scenarios occurred: (i.) we did not detect a filled site band in any 

sample tested; (ii.) we did not obtain useable sequence for the filled site band excised for a 

given prediction, or (iii.) the filled site band occurred in both normal and cancer tissues only 

with a nested PCR. The insertions for which we did not find a filled site band are likely false 

positives in L1-seq. None of the insertions appeared to be private germ-line insertions 

following PCR validation. Our overall rate of insertion validation is similar to our previously 

reported experience using this technique (Doucet-O’Hare, et al., 2015; Solyom, et al., 2012).

RESULTS

L1 Protein Expression in Normal Esophagus (NE) and Squamous Cell Carcinoma of the 
esophagus (SCC)

To evaluate L1 activity in SCC and in the normal esophagus of SCC patients, we assayed L1 

protein expression in both normal and tumor samples (Fig. 1). LINE-1 protein expression 
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(e.g., ORF1p) is necessary for L1 mobilization (Moran, et al., 1996), but it is not sufficient 

to ensure somatic insertions will occur, even in cancer (Doucet-O’Hare, et al., 2015). Even 

without evidence of somatically acquired L1 insertions, we previously observed ORF1p 

expression in all esophageal adenocarcinoma samples evaluated (Doucet-O’Hare, et al., 

2015). Furthermore, we observed weaker ORF1p expression in the normal squamous 

epithelial tissues of many patients coinciding with insertions that were present in normal 

tissue originally and expanded in the adjacent malignant lesion (Doucet-O’Hare, et al., 

2015).

Since ORF1p is expressed in many epithelial cancers (Rodic, et al., 2014), we hypothesized 

that ORF1p would be expressed in SCC. Additionally, we expected to observe weaker 

ORF1p expression in the normal squamous epithelium (Doucet-O’Hare, et al., 2015). We 

obtained formalin-fixed paraffin-embedded tissue samples for four of the nine patients, and 

using a monoclonal ORF1p antibody (Rodic, et al., 2014) we confirmed ORF1p expression 

in all samples evaluated. Three of the four cases evaluated with immunohistochemistry 

(IHC) showed robust ORF1p staining in the malignant tissue while, in one case the staining 

was much weaker (Fig. 1). The weakest level of ORF1p expression in a tumor sample was 

comparable to the level of expression in the normal esophagus of the other samples. 

Intriguingly, the SCC case in which ORF1p expression was low was the only case in which 

no somatic insertions were confirmed (Supp. Fig. S1). We also observed low-level ORF1p 

expression in normal squamous epithelium of all four patients evaluated (Fig. 1).

ORF1p expression in epithelial cancers typically appears in a diffuse to speckled distribution 

in the cytoplasm of the cancer cells. Although ORF1p was present in all four samples 

evaluated, the distribution pattern differed among samples and across regions of the same 

sample. In some samples, we observed ORF1p expression predominantly in a diffuse pattern 

in the cytoplasm of the cells, while in three samples, we observed an accentuated perinuclear 

pattern oftentimes with aggregates of the protein localizing near the nuclear periphery (Fig. 

1). We confirmed the perinuclear staining pattern with a second primary antibody targeting a 

different portion of ORF1p (Doucet-O’Hare, et al., 2015). The significance of these different 

cellular distributions is unknown.

Somatic L1 Insertions in Esophageal Squamous Cell Carcinoma

After observing ORF1p expression in all SCC cases evaluated, we characterized the 

potential mutations caused by L1 activity in esophageal SCC by studying matched fresh-

frozen normal and cancer tissues. Because SCC is a relatively rare cancer in the United 

States, we only acquired nine paired samples for our study (Zhang, et al., 2012). We 

received the samples in two groups, the first group consisted of four individuals with SCC 

and one individual with esophageal adenocarcinoma (EAC), and the second group consisted 

of five individuals with SCC (Table 1). The latter samples were micro-dissected to eliminate 

cross-contamination between tumor and normal tissue. Each of the two groups was prepared 

into L1-seq libraries separately and then next-generation sequenced and analyzed. L1-seq is 

a high throughput technique which enriches for the human-specific sub-family of L1 

elements using specific PCR primers (Ewing and Kazazian, 2010). After sequencing, data 

were subjected to a computational pipeline, designed by Ewing and colleagues, that analyzes 

Doucet-O’Hare et al. Page 6

Hum Mutat. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sequencing data and identifies potential somatic insertions present in tissue (Ewing and 

Kazazian, 2010). By comparing somatic insertions detected by L1-seq in ESCC to the 

database of non-reference L1 insertions maintained by Ewing, we identified putative unique 

insertions in the tumor samples and selected them for PCR and sequencing validation. Non-

reference insertions are insertions previously detected in the human population but absent 

from the UCSC human genome browser.

As in our previous studies, we defined somatic insertions as those which were not inherited 

from a previous generation and are therefore present in only a subset of cells within a tissue 

(Doucet-O’Hare, et al., 2015). We hypothesized that some somatic insertions may exist in a 

sub-clonal population of normal esophageal cells. Sub-clonal insertions could be amplified 

when cells are selectively amplified during tumor initiation and progression; therefore we 

evaluated every putative insertion with conventional PCR and nested PCR in both normal 

and tumor DNA (Fig. 2) (Doucet-O’Hare, et al., 2015).

In order to select putative insertions for validation with PCR and Sanger sequencing, we 

filtered our results by selecting insertions with 3 unique reads or more, greater than a 90 

base-pair nucleotide window, and a map score, a value which represents the accuracy of the 

alignment, of 0.5 or greater (Ewing and Kazazian, 2010). After filtering, in the first group of 

samples, we observed 100 potential tumor-only insertions and tested 36 of them. We 

selected a subset of filtered insertions for validation and using PCR and Sanger sequencing 

we were able to validate 18 insertions distributed among the four individuals with SCC.

After filtering results for the second group of samples, we found 133 potential insertions 

unique to the tumor, 82 of which were tested. Again we selected a subset of filtered 

insertions and validated 56 insertions distributed among four of the five individuals with 12 

of the insertions appearing to be sub-clonal in the adjacent normal esophagus and clonal in 

the tumor (Fig. 3). Interestingly, all four patients with confirmed somatic insertions in this 

second group of micro-dissected samples harbored sub-clonal insertions in the normal 

tissue.

We previously detected somatic insertions in normal tissue with nested PCR for 

approximately 5% of somatic insertions (Doucet-O’Hare, et al., 2015; Ewing, et al., 2015). 

In esophageal squamous cell carcinoma samples, we observed that ~16% (12/74 insertions) 

were present in the normal esophagus with nested PCR. The sensitivity of the conventional 

PCR method for somatic insertion confirmation is approximately one in ten, i.e., if one in 

ten cells has the insertion present it is detected at a low level by conventional PCR (Ewing, 

et al., 2015). Using nested PCR, we consistently detect an insertion present in one out of a 

thousand cells (Ewing, et al., 2015). Our results are in line with the known sensitivity of L1-

seq as demonstrated in previous work (Ewing, et al., 2015). Thus, we found sub-clonal 

insertions in matched normal epithelial tissue at a greater frequency in SCC samples than in 

the EAC, gastric, pancreatic, and colon cancers previously studied (Doucet-O’Hare, et al., 

2015; Solyom, et al., 2012). Somatic insertions could be selectively amplified and, if they 

disrupt a tumor suppressor or induce an oncogene, may actively participate in 

carcinogenesis. If, retrotransposition is an ongoing process in the normal esophagus of some 
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or all individuals, it would be an active source of mutations which could begin or contribute 

to tumorigenesis.

We speculate that the sub-clonal insertions in the normal esophagus could have occurred in a 

single cell which eventually gave rise to a lineage that underwent malignant transformation. 

Unfortunately we lack a third tissue type from the patient to test the possibility that the 

insertion originated in early embryonic development (Kano, et al., 2009); therefore, we 

cannot conclude that the sub-clonal insertions occurred in the normal adult esophagus. In the 

process of tumorigenesis, cells with insertions may have been selectively amplified, making 

the insertions in the tumor cells easily detectable by conventional PCR (Fig. 4) (Doucet-

O’Hare, et al., 2015; Goodier, 2014). Furthermore, the incidence of sub-clonal insertions in 

the normal tissue does not appear to be a rare phenomenon in SCC as it is present in four out 

of the eight patients with confirmed somatic insertions (Table 2). In addition to the 12 sub-

clonal insertions in the normal tissue, we confirmed that 33 of the previously mentioned 

tumor specific insertions were likely sub-clonal somatic insertions because they were only 

detectable with nested PCR. These insertions presumably occurred after initiation of tumor 

development.

Characterization of Tumor Specific Insertions

After we observed evidence of L1 activity in eight out of nine cases of SCC evaluated, we 

studied the characteristics of the confirmed somatic insertions more thoroughly. To identify 

the precise base-pair at which the insertions occurred, we performed PCRs to amplify the 5’ 

end of the insertions. We successfully amplified and sequenced 23 out of 74 attempted 

somatic L1 5’ ends (Table 2). For 51 of the somatic insertions, we were only able to validate 

the 3’ end of the insertion with site-specific PCR and Sanger sequencing. For a subset of 

validated insertions, we identified endonuclease cleavage sites and target site duplications 

(TSDs) which are both hallmarks of the process of retrotransposition (Table 2). Out of the 20 

putative endonuclease cleavage sites identified in our study, 15/20 were similar (differed by 

3 base-pairs or less) to the canonical endonuclease cleavage site in target-primed reverse 

transcription reactions (Jurka, 1997). Four of the aforementioned twenty validated insertions 

are potentially endonuclease independent (Morrish, et al., 2007), because they lack 

canonical TSDs and obvious endonuclease cleavage sites. All of the potentially 

endonuclease independent insertions had genomic deletions at the site of insertion 

integration (Gilbert, et al., 2002). The remaining 4 insertions had non-canonical 

endonuclease cleavage sites which differed by more than three nucleotides from the 

expected cleavage site of 5’ TTTT/AA 3’ (Jurka, 1997). For 18/72 of the confirmed 

insertions, we identified TSDs ranging from two base pairs in length to 376 base pairs in our 

samples with a median size of 12 base-pairs. The insertion sizes varied from 120 to 1,859 

base pairs with 11 of the insertions under 500 base pairs (Table 2). Interestingly, five of the 

insertions had 5’ end inversions, a finding consistent with previous studies of germ-line 

insertions and L1 insertions in cancer (Doucet-O’Hare, et al., 2015; Hancks and Kazazian, 

2012; Helman, et al., 2014; Lee, et al., 2012; Rodic, et al., 2015; Shukla, et al., 2013; 

Solyom, et al., 2012). In contrast to others’ work, we did not detect any 3’ transductions 

(Tubio, et al., 2014); but L1-seq rarely detects such events.
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Of the insertions validated in SCC patients, 41 of the 3’ ends amplified with a single PCR in 

tumor, while the remaining 3’ ends of 33 insertions amplified in tumor only following a 

nested PCR (Fig. 2). The tumor only insertions which could only be confirmed with nested 

PCR may have been acquired in the tumor suggesting that in the tumor retrotransposition 

was ongoing. Additionally, in 12 out of 41 instances where the 3’ end validated with a 

conventional PCR in tumor, the insertion also validated with nested PCR in the normal 

epithelium. The large proportion of sub-clonal insertions validated in the normal tissue 

indicates that L1 elements are active either in embryonic tissues giving rise to the normal 

esophagus or in the normal esophagus itself of some individuals (Kano, et al., 2009). The 

intrinsic activity of LINE-1 in the normal tissue of individuals may contribute to cancer 

development through the generation of additional mutations which could undergo positive 

selection during carcinogenesis (Fig. 4).

None of the somatic insertions evaluated occurred in exons; however, 32 insertions did occur 

into the introns of 32 different genes. The genes C8orf37-AS1 and LOC100616530 share an 

intron into which one of the insertions occurred. Another gene, KCNIP4, had two different 

validated insertions in an intron approximately 280 kb apart. Although KCNIP4 is 

approximately 1.2 Mb in size, the insertions occurred in two different individuals, meaning 

that this gene was recurrently subjected to L1 insertions (Supp. Fig. S2). The insertions in 

KCNIP4, a potassium voltage-gated channel interacting protein, are in opposite orientations 

relative to the gene (Supp. Fig. S2). We previously observed a statistically significant 

correlation between age and insertion occurrence in colon cancer (Solyom, et al., 2012). In 

contrast, the correlation between age and insertion occurrence in SCC was not statistically 

significant (P = 0.1025) (Supp. Fig. S1).

Of the 32 genes with validated somatic insertions, 22 occurred into genes that have 

previously been associated with cancer (Supp. Table S1) (see Supp. References). Our 

findings reveal a statistically significant enrichment of validated somatic insertions into 

genes previously associated with cancer (P< 1 × 10-10) (40-82). We considered the 

probability that a somatic insertion would hit more of the cancer-associated genes than 

would be expected due to chance alone. After accounting for gene size, we observed a 

significant enrichment of somatic insertions into cancer associated genes using a chi squared 

test (P< 1 × 10-10) (Supp. References). Four of the 22 genes are considered “known cancer 

genes” by the network of cancer genes (An, et al., 2016), and the remaining 18 genes are 

candidate cancer genes which have been associated with cancer in the literature (Supp. Table 

S1). Interestingly, out of the 22 genes associated with cancer (Supp. References), variation 

in 16 of the genes have also been associated with smoking (Supp. References) (Supp. Table 

S1). Smoking is one of the main risk factors for SCC; therefore, it is notable that 16 of the 

cancer-associated genes into which L1 elements inserted are also associated with smoking 

(Supp. References) (Supp. Table S1).

DISCUSSION

Expanding our understanding of mutational mechanisms in cancer may lead to earlier 

diagnosis and better treatment options. The prevalence of squamous cell carcinoma 

throughout the world and its deadly nature necessitate its study. In order to detect, diagnose, 
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and treat SCC effectively, we need a thorough evaluation of mutations acquired in the 

normal squamous tissue of the esophagus which transitions to cancer. Cellular processes 

often become dysregulated during carcinogenesis and may provide a favorable environment 

for the activity of retrotransposons.

In parallel with evaluating cancer samples for newly acquired genomic insertions, we looked 

for L1 protein expression differences between the normal squamous epithelium and the 

tumor. We observed higher ORF1p expression in SCC tumor samples possessing a larger 

number of confirmed somatic insertions. Because we were only able to acquire tissue for 

four of the nine SCC patients studied, our results are not statistically significant. Previously, 

we hypothesized that higher ORF1p expression would correlate with a larger number of 

somatic insertions in patients; nevertheless, this did not hold true for EAC and Barrett’s 

esophagus patients. Interestingly, in the present study, multiple patterns of ORF1p staining 

were apparent in three individuals, including a diffuse cytoplasmic pattern and a perinuclear 

pattern with accentuation and protein aggregates near the nuclear periphery in some foci 

within the tumor (Fig. 1). While we do not understand the significance of these ORF1 

protein expression patterns in SCC, we can conclude that the protein is present in all 

samples evaluated, and that there are differences in level and pattern of expression between 

patient samples.

Our group and others have firmly established that L1 somatic insertions occur frequently in 

epithelial cancers and presented evidence that insertions may sometimes contribute to cancer 

development (Doucet-O’Hare, et al., 2015; Ewing, et al., 2015; Helman, et al., 2014; Iskow, 

et al., 2010; Lee, et al., 2012; Miki, et al., 1992; Rodic, et al., 2015; Shukla, et al., 2013; 

Solyom, et al., 2012; Tubio, et al., 2014). In this study, we demonstrate retrotransposition is 

an active process in patients with SCC. We observed 62 somatic insertions absent from 

normal tissue and present in tumor samples. Moreover, we found 12 insertions that amplified 

easily with a conventional PCR in tumor and were also present in the matched normal tissue 

using nested PCR (Fig. 2, 3). In the patients with sub-clonal insertions in normal tissue, 37 

of the insertions validated in tumor appeared to be clonal. The low frequency of sub-clonal 

insertions in the normal tissue (<1/3) coupled with the microdissection of the tissues 

strongly supports that these insertions were present in the normal tissue and were propagated 

in the resulting lesion. However, it is possible that the insertions present in normal 

esophagus occurred much earlier than the adult esophagus, namely in early embryonic 

development (Kano, et al., 2009).

Faulkner and colleagues first detected somatic insertions into normal hippocampus and we 

also detected a somatic insertion in normal colon, two somatic insertions in normal stomach, 

and two somatic insertions in normal esophagus (Baillie, et al., 2011; Doucet-O’Hare, et al., 

2015; Ewing, et al., 2015). Aside from the aforementioned examples, observations of 

somatic insertions in normal tissues are relatively uncommon (Evrony, et al., 2012). 

Surprisingly, we detected twelve instances of somatic insertions in normal tissue with nested 

PCR suggesting the insertions are in only a few cells. With conventional PCR, the same 

insertions were observed only in tumor DNA, demonstrating that a larger number of cells 

contain the insertions in the tumor. Because the frequency of sub-clonal insertions in normal 

esophagus of SCC patients is much higher than we have previously observed in cancer 
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patients, it appears that either the esophagus itself or embryonic cells giving rise to the 

esophagus are permissive for L1 somatic insertions (Doucet-O’Hare, et al., 2015; Ewing, et 

al., 2015; Kano, et al., 2009).

Our data are consistent with two different models explaining the role of retrotransposition in 

cancer. First, it is possible, as previously suggested (Doucet-O’Hare, et al., 2015; Ewing, et 

al., 2015; Goodier, 2014), that some somatic L1 insertions are acquired in the normal tissue 

and subsequently expand in the cancer (Fig. 4). In this case, we speculate that the clonal 

nature of a tumor facilitates the expansion of somatic insertions that occur over time, making 

the insertions easier to detect. A second scenario consistent with our data is that many 

insertions are acquired during or after carcinogenesis due to L1 hypomethylation and 

consequentially increased L1 ORF1p expression; the increased expression of ORF1p 

suggests retrotransposition may be increased in the tumor as compared to the normal tissue 

(Fig. 4). Understanding the role of somatic insertions in cancer relies heavily on having an 

accurate estimation of retrotransposon activity in normal cells. In light of these data, we 

must establish the underlying rate of retrotransposition in any normal tissue subsequently 

evaluated in a disease state in order to interpret the data obtained. In future studies, single-

cell sequencing should reveal the occurrence of somatic L1 insertions in normal cells and 

give insight with regard to its frequency.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ORF1p expression in normal esophagus and squamous cell carcinoma
A) and B) Representative photomicrographs depicting LINE-1 ORF1p expression in normal 

esophageal tissue (black arrows) and in esophageal squamous cell carcinoma cases (red 

arrows): A) and B) Normal esophageal tissue adjacent to squamous cell carcinoma from two 

distinct individuals stained with LINE1 ORF1p (final magnification x100). C) and D) are 

photomicrographs showing a squamous cell carcinoma case where peri-nuclear staining 

patterns manifest for ORF1p. C) Final magnification x100. D) The same case as C) with a 

zoomed-in image of ORF1p peri-nuclear staining accentuation (within red circle). Final 

magnification x160.
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Figure 2. L1 structure and L1-seq validation scheme
A) LINE-1 structure of a human specific active element in the human genome. Full-length 

L1 elements are approximately 6,000 nucleotides in length and have a 5’ untranslated 

region, containing both a promoter and an anti-sense promoter. L1 encodes two open reading 

frames for proteins on which it relies for its mobilization in the cell (Feng, et al., 1996; 

Mathias, et al., 1991; Moran, et al., 1996; Scott, et al., 1987). The first open reading frame 

encodes ORF1p, a protein with RNA chaperoning activity that includes a coiled-coil domain 

(CCD), an RNA recognition motif (RRM), and a carboxy-terminal domain (CTD) (Martin, 

2010; Martin and Bushman, 2001). The second open reading encodes ORF2p, possesses an 

endonuclease domain (EN) and a reverse transcriptase domain (RT) (Fanning, 1987; Feng, et 

al., 1996; Mathias, et al., 1991; Moran, et al., 1996). The element also has a poly(A) tail 

between the 3’ untranslated region and the target site duplication (TSD). Both the poly(A) 

tail and TSDs are hallmarks of the target-primed reverse transcription, the process by which 

L1 elements mobilize (Ostertag and Kazazian, 2001). B) The PCR validation method for 

predicted somatic insertions utilizes two unique areas of sequence in the 3’ end of the L1 

element. The sequence ‘ACA’ is incorporated into the L1 ACA primer and is positioned 

about 90 nucleotides from the poly(A) tail. The ‘ACA’ nucleotides (Boissinot, et al., 2000; 

Skowronski, et al., 1988) distinguish the human specific transcriptionally active L1 element 

from other L1s in the genome and allow for a specific PCR product to amplify. The L1 G 

primer has a ‘G’ nucleotide which is also unique to the human specific active L1 element 

and the nucleotide is approximately ten nucleotides preceding the poly(A) tail (Ewing and 

Kazazian, 2010). To validate an insertion, pictured adjacent to a poly-A tail, the L1 primers 

are used in conjunction with filled and empty site primers to amplify the 3’ end of the 

somatic insertion. The nested empty site and nested filled site primers are flanked by the 

empty and filled site primers and are used to verify that insertions predicted in tumor are 

truly absent from normal tissue. Additionally, nested primers are utilized when amplifying 

low copy number somatic insertions because they are able to detect when one cell out of a 
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thousand has a copy of an insertion. The size of the expected products and relative locations 

of the primers are pictured in the figure.
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Figure 3. Examples of sub-clonal insertions in normal esophagus
Conventional PCRs done on gDNA isolated from normal esophagus and esophageal 

squamous cell carcinoma alongside the corresponding nested PCRs. The nested PCRs use 

the product from the conventional PCRs and an internal pair of primers, positioned nearer to 

the predicted breakpoint of the somatic insertion. For the nested PCRs, the correct band size 

is denoted by a green (right-pointing) arrow for the filled site and a yellow (left-pointing) 

arrow for the empty site. These PCRs showcase events which presumably occur in the 

normal esophageal tissue and are expanded clonally in the adjacent tumors. FS and ES 

indicate filled-site and empty site primers, respectively. The upper empty site band of the 

insertion labeled Chr7: 84066697 in the tumor sample was sequenced and contained the full 

L1 insertion and the flanking sequence (blue arrow). The remaining upper bands in the 

nested empty site reactions were all sequenced and found to be non-specific amplification 

products.
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Figure 4. Acquisition, Detection, and Validation of sub-clonal and clonal somatic insertions in 
L1-seq
This diagram details the sensitivity of L1-seq with regard to detecting somatic insertions at 

differing levels of clonality in a tissue and different scenarios by which a somatic insertion 

could become amplified in a tumor. (A) An insertion present at a very low frequency (less 

than one in a thousand cells) in the normal esophagus and at an undetectable level in the 

tumor when evaluated by L1-seq. (B) An insertion at an undetectable level in the normal 

esophagus and a sub-clonal but detectable level in the tumor. (C) An insertion at 

undetectable level for L1-seq in the normal esophagus which is clonal in the tumor. (D) An 

insertion which is clonal in both the normal esophagus and the tumor. This insertion is not 

tested by PCR because it is presumed to be germline.
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