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Barrett's esophagus (BE) is a common disease in which the lining of
the esophagus transitions from stratified squamous epithelium to
metaplastic columnar epithelium that predisposes individuals to
developing esophageal adenocarcinoma (EAC). We hypothesized that
BE provides a unique environment for increased long-interspersed el-
ement 1 (LINE-1 or L1) retrotransposition. To this end, we evaluated 5
patients with benign BE, 5 patients with BE and concomitant EAC, and
10 additional patients with EAC to determine L1 activity in this pro-
gressive disease. After L1-seq, we confirmed 118 somatic insertions by
PCR in 10 of 20 individuals. We observed clonal amplification of several
insertions which appeared to originate in normal esophagus (NE) or BE
and were later clonally expanded in BE or in EAC. Additionally, we
observed evidence of clonality within the EAC cases; specifically, 22
of 25 EAC-only insertions were present identically in distinct regions
available from the same tumor, suggesting that these insertions oc-
curred in the founding tumor cell of these lesions. L1 proteins must be
expressed for retrotransposition to occur; therefore, we evaluated the
expression of open reading frame 1 protein (ORF1p), a protein encoded
by L1, in eight of the EAC cases for which formalin-fixed paraffin
embedded tissue was available. With immunohistochemistry, we de-
tected ORF1p in all tumors evaluated. Interestingly, we also observed
dim ORF1p immunoreactivity in histologically NE of all patients. In
summary, our data show that somatic retrotransposition occurs early
in many patients with BE and EAC and indicate that early events oc-
curring even in histologically NE cells may be clonally expanded in
esophageal adenocarcinogenesis.
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G astroesophageal reflux disease (GERD) affects a large pro-
portion of Western populations and represents a significant
health care burden, partially due to its frequent evolution into
Barrett’s esophagus (BE) (1). BE was first described by Norman
Barrett in 1950 (2) and is a common disease in which the lining of
the esophagus transitions from stratified squamous epithelial cells
to a cancer-predisposing metaplastic columnar epithelium (2). The
transdifferentiation increases cellular resistance to the low pH from
the acid entering the esophagus through the sphincter separating it
from the stomach (3). BE occurs in 820% of patients with GERD
or about 3-8% of the total population (3). Furthermore, recent
studies suggest that another 3-8% of the general population may
have BE without symptoms (3).

The risk of a patient with BE developing the advanced pre-
malignant lesion, high-grade dysplasia, or frank esophageal
adenocarcinoma (EAC) is 0.5%/y; however, the 5-y survival rate
from EAC is only 13-16% (3). Moreover, although the risk of
malignancy is low, an EAC diagnosis is not usually made until
the late stages of the disease when the illness is nearly incurable
(3, 4). Early diagnosis of dysplasia and EAC can be accom-
plished in patients with BE by screening endoscopies with bi-
opsies performed at regular intervals determined by the
physician (4). Due to the availability of tissue from these bi-
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opsies, detecting how the disease progresses and tracking
clonal populations throughout disease progression has pro-
vided valuable insights into early cancer development (5, 6).

Various types of mutations can be detected and subsequently
monitored by biopsy to determine which clonal population of
cells progresses to cancer. One source of mutation in epithelial
cancer is retrotransposition (7-11). Retrotransposons compose
~45% of the human genome (12) and are mobilized via an RNA
intermediate to new genomic locations. The long-interspersed ele-
ment 1 (LINE-1 or L1) is the only autonomous retrotransposon that
encodes the proteins necessary for mobilization and reinsertion into
the genome. The two proteins encoded by L1 are responsible for
the mobilization of other types of retrotransposons, Alu and SVA,
as well as processed pseudogenes (13-15). Aside from contributing
to genomic variation, retrotransposons can also have functional
impact by inserting into transcription factor binding sites, donor and
acceptor sites involved in mRNA splicing, enhancer sites, or protein
coding regions of genes (12, 16-19). To date, there are more than
100 known retrotransposon insertions that caused single-gene dis-
eases (12, 16-19).

L1 mobilization in epithelial cancer has been observed by
many groups at both the protein and DNA level. Interestingly,
each individual has a different complement of 80-100 potentially
active L1 elements in their genome, which partially explains the
large variation of somatic insertions detected in previous studies

Significance

By studying premalignant conditions, we can gain a better un-
derstanding of the sources of genomic instability and improve
cancer prevention and treatment. Because retrotransposition has
been observed in many gastrointestinal epithelial cancer types,
we focused on L1 mobilization as a source of instability in cancer.
Here, we demonstrate that L1 retrotransposition is active in
esophageal adenocarcinoma and its precursor, Barrett's esopha-
gus (BE). We detected clonal populations with precursor cells
marked by L1 retrotransposition events either in the normal
esophagus or BE. These clones expanded in the BE or esophageal
adenocarcinoma (EAC), indicating that somatic L1 insertions are
not only potential mutagens in the development of EAC, but also
useful markers of tumor clones as well.

Author contributions: T.T.D.-O., R.A.A., K.H.B., S.J.M., and H.H.K. designed research;
T.T.D.-O., N.R, RS, I.D,, G.A,, J.A.C, and J.Y.A. performed research; T.T.D.-O., N.R.,, R.AA,,
K.H.B., and H.H.K. analyzed data; N.R., R.S., Y.C,, K.H.B., S.J.M., and H.H.K. contributed new
reagents/analytic tools; and T.T.D.-O., S.J.M., and H.H.K. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.

Data deposition: The data reported in this paper have been deposited in the dbGaP
database, www.ncbi.nIm.nih.gov/gap (accession no. phs000536v2.p2).

"To whom correspondence may be addressed. Email: smeltzer@jhmi.edu or hkazazil@
jhmi.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1502474112/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1502474112


http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1502474112&domain=pdf
http://www.ncbi.nlm.nih.gov/gap
http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000536.v2.p2
mailto:smeltzer@jhmi.edu
mailto:hkazazi1@jhmi.edu
mailto:hkazazi1@jhmi.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1502474112/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1502474112/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1502474112

(7-11, 20). Although it is evident that L1 is active and expressed
in many cancer types, this activity has not been robustly evaluated
in precancerous lesions such as BE. New somatic insertions of
L1 in BE could be used to track clonal progression of disease.
We hypothesized that the alterations in the esophageal lining
as it undergoes cellular transdifferentiation present a permissive
environment for retrotransposition. To test this hypothesis, we
evaluated individuals with BE who progressed to EAC, as well as
those with nonprogressive benign BE. We determined the oc-
currence of retrotransposition in these patients using L1-seq, a
high-throughput L1-targeted sequencing method (20), and vali-
dated 118 somatic insertions in 10 of the 20 patients evaluated
(Fig. 1). Substantial levels of L1 protein expression were also
detected in the EAC with immunohistochemistry; moreover, the
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Fig. 1. (A) Circos diagram mapping the distribution throughout the human
genome of 20 validated high-stringency (HS) insertions in BE only (inner red
circle), the 765 low-stringency (LS) reference (outer green circle), and 218 LS
polymorphic insertions (orange circle) detected with L1-seq. Group contains
five individuals. (B) Circos diagram mapping the distribution of the validated
23 HS insertions in BE only (yellow circle), 3 BE and T (orange points), and 23
T only (red circle), as well as the LS reference (752) and LS polymorphic (218)
insertions detected with L1-seq (green and orange, respectively). Group
contains five individuals. (C) Circos diagram mapping the distribution of 49
validated high stringency insertions in tumor only (red circle), 537 LS refer-
ence (green circle), and 282 LS polymorphic (orange circle) insertions. The
final group contains 10 individuals. The somatic insertions (e.g., all insertions
that are not reference and polymorphic insertions) are all validated; how-
ever, the reference and polymorphic insertions have been previously pub-
lished and are more common in the population and are therefore restricted
only by a sequencing read count of 25 or greater and a map score of 0.5 or
larger. For the Esophageal cancer group, our map scores were lower overall
for the reference insertions; therefore, we restricted these insertions by a
read count of 20 and a map score above 0.3.
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protein was detected in the normal esophageal (NE) tissue of all
patients tested. We conclude that this high prevalence of L1
activity and insertions in BE and EAC, taken together with
previous findings in other epithelial cancers, suggests a strong link
between cancer and L1 activity. However, it is uncertain to what
extent the dysregulation of normal cellular processes is contributing
to L1 activation in cancer, as well as whether these somatic in-
sertions are contributing to carcinogenesis in some individuals.

Results

BE Patients Without Cancer. To estimate the pervasiveness of ret-
rotransposition in BE, we studied five patients with BE who did
not develop high-grade dysplasia or EAC for at least 15y after their
BE specimens were obtained. If L1 is active in patients without
cancer, this finding would suggest that the cellular environment
in BE per se is permissive for retrotransposition. We obtained
matched DNAs from white blood cells (WBCs), NE, and BE and
performed Ll-seq to enrich DNA libraries for L1 insertions and
then subsequently to identify those insertions unique to the meta-
plasia (20). We classified these “somatic insertions” as those present
only in a subset of cells and not inherited from a previous genera-
tion, e.g., insertions unique to BE but absent from matched NE and
WBC DNA. Alternatively, we reasoned that somatic insertions
could occur in a few normal squamous esophageal cells that became
clonally amplified in BE. To confirm that an insertion was truly
absent, we performed nested PCRs on all samples (Fig. 2).

We confirmed a total of 20 insertions in four of five patients
evaluated by PCR and Sanger sequencing. Of the 20 confirmed
insertions, 11 were amplified easily with a single PCR (conven-
tional), without the need for a secondary PCR using nested primers
(Fig. 24). We hypothesize that insertions which amplified with a
conventional PCR were likely present in a large proportion of cells
and were therefore clonal. One insertion in particular was amplified
easily with a conventional PCR in BE DNA; notably, this insertion
was also observed in normal esophageal DNA only after nested
PCR but remained undetectable in WBC DNA (Fig. 3 4 and B).
We speculated that this somatic insertion could have initially oc-
curred in a single normal squamous cell exposed to high acid con-
tent during episodes of GERD, which then transdifferentiated into
columnar epithelium, and clonally expanded as BE. This finding
suggests that L1 insertions occur in normal squamous esophageal
cells at a low frequency and then become more easily detectable
after they clonally expand in a disease such as BE or EAC, as
previously suggested by Goodier for other tumor types (17).

BE Patients with Cancer. After establishing that L1 is active in
patients with benign BE, we evaluated individuals whose disease
progressed to EAC. We hypothesized that individuals who de-
velop EAC would have as many or more somatic insertion events
due to increased genetic instability in frank cancer (6). We
obtained samples from five patients with concomitant BE and
EAC. Genomic DNA was isolated from NE, BE, and EAC tis-
sues resected concurrently. After L1-seq, we validated a number
of these insertions in two of the five patients. We amplified and
successfully Sanger sequenced 11 of 12 tested insertions that
occurred in BE tissue alone, 27 of 36 in EAC alone, and 3 in-
sertions that occurred in both BE and matched EAC. Due to the
known polyclonal nature of BE, we had not expected all in-
sertions detected in BE to be present in the matched EAC (6).
We reasoned that typically, only one clonal population of cells
should have evolved into the tumor and thus retained mutations
acquired in the precursor lesion; the remaining clonal pop-
ulations in the BE would not be expected to contain these same
mutations (6).

The three insertions that were validated in multiple tissues
provided a unique opportunity to look at the contribution of
different clonal populations to the precursor lesion and the tu-
mor. We observed three different stages at which a somatic in-
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CAAACATTCTGTTTGTAAAGATGGAATTATTTAAGCACTATCACTTGGAAACCATCATTCTCAGTAAACTATC
GCAAGAACAAAALACCAAACACCGCATATTCTCACTCATAGGTGG GAATTGAACAATGAGATCACATGGACAC
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Fig. 2. (A) Diagram of the PCR validation scheme
for putative insertions: the 3’ end of the LINE-1 in-
sertion is pictured adjacent to a poly-A tail. The
nested empty site and filled site primers are flanking
the empty and filled site primers. In a nested PCR, the
nested primers are used in the first of two reactions.
Product (1.5 pL) from the first reaction (with ES and FS
primers) are used as template in a second PCR with the
nested primers to amplify difficult or rare products.
(B) Two examples of validations for insertions present
in only tumor and absent from normal DNA. (Left) PCR
result depicting both the empty site (ES) and filled site
(FS) products for both the normal and tumor DNA
samples from patients. Only in the tumor of patient 11
is a filled site band present confirming the insertion is
present. (Right) PCR depicting another validation of a
somatic insertion present in BE and absent from normal
esophageal and white blood cell DNA. There is only a
band present in the BE sample for the FS PCR; however,
the ES PCR has bands for all three DNA samples as a
positive control. (C) An insertion sequence with the
unique genomic DNA (blue), target site duplications
(purple), LINE-1 sequence (red), and the poly(A) tail
sequence (orange).

sertion could occur. First, one of the insertions was detected
without nested PCR in both BE and matched EAC; therefore,
this insertion was likely part of a dominant BE clone that pro-
gressed to EAC. The second insertion was readily detected in
EAC but required nested PCR to be detected in BE. Finally, a
third insertion was amplified with conventional PCR in EAC but
was only evident in both NE and BE following nested PCR. This
third insertion likely occurred in an NE cell, which evolved into
BE, and subsequently clonally expanded in the EAC (Fig. 3 C
and D). Altogether, these data are further evidence that in-
sertions occur at a low level in normal or metaplastic tissue and

A B

1014 WBC FS

1014 NE FS

1014 BE FS

Water FS

1014 WBC FS nested
1014 NE FS nested
1014 BE FS nested
Water FS nested

may later expand into a malignant clone. Similar observations,
insertions that are easily amplified in the cancer tissue but only
amplified in normal tissue following nested PCR reactions, have
been observed by others in our laboratory in gastric cancer.
Similar to our previous group of nonprogressive benign BE
samples, only two of five individuals had somatic insertions in either
BE, EAC, or both tissues. Although fewer patients had insertions in
the matched BE-EAC group than in the group with BE or EAC
alone, there were on average more somatic insertions validated in
the patients with BE and EAC. In individuals with BE alone, we
observed an average of 5 insertions per person (20 insertions di-
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Fig. 3. Gels showing clonal expansion of insertions originally present in NE. (A) The first PCR is a conventional PCR done on 1,014 WBC, 1,014 NE, and 1,014
BE DNA and with a water control (no DNA), attempting to amplify the “Filled site” or the insertion in all three samples. A band is present in BE DNA, showing
the insertion is likely clonal in BE. (B) Nested PCR showing that the insertion is also present in low concentration in 1,014 NE. (C) A conventional PCR on 1,099
NE, 1,099 BE, and 1,099 T and a water control (no DNA), attempting to amplify the filled site or the insertion in all three samples. A band is present in the
tumor DNA only showing the insertion is likely clonal in the tumor. (D) A nested PCR showing that with nested PCR the insertion is also present in NE and in BE
DNA. The size difference between the NE, BE, and tumor bands is explained by a difference in the length of the poly(A) tails. The NE and BE insertions have
poly(A) tails of greater than 70 nucleotides, whereas the poly(A) tail of the tumor band is only 52 bp (31).
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vided among four patients), whereas in patients with EAC, there
were 23.5 insertions on average per person (47 insertions among
two patients). Because of the small sample size studied, it was im-
possible to determine whether this observed difference was statis-
tically significant. Nevertheless, the wide range in the number of
insertions per patient and the frequency of patients with insertions is
in agreement with other observations (7-11).

EAC Patients. To further investigate the activity of retrotransposons
in EAC, we obtained samples from 10 additional patients with
fresh-frozen matched NE and EAC tissue samples. Following
L1-seq, we confirmed 49 of 72 randomly selected, high-strin-
gency insertions (Materials and Methods) with PCR and Sanger
sequencing. We then selected 20 low-stringency insertions (Materials
and Methods) for validation and confirmed six additional somatic
insertions. These confirmed insertions occurred in 4 of the 10 in-
dividuals’ samples with great variation among individuals regarding
the number of somatic insertions. Extrapolating from this large
number of low-stringency predicted insertions by L1-seq and
our observed 30% validation rate in this group, we speculate
that the number of potential L1 insertions per EAC is probably
in the hundreds.

Previously, others have shown variability with respect to the
number of confirmed somatic insertions per person, as well as
the proportion of individuals harboring somatic insertions (7—
11). However, many studies have not thoroughly tested the po-
tential clonality of the confirmed insertions. We tested 25 of the
confirmed insertions in up to six tissue sections (20 in six of six
sections and 2 in two of two sections) (Fig. 4). We observed that 22
of these 25 insertions appeared in all sections tested, whereas the
remaining 3 insertions were present in five of six sections tested
(Fig. 4). When insertions exist in multiple tissue sections, it suggests
that they are likely clonal and may have occurred early during tu-
morigenesis or even in the precursor lesion (BE). The concept of
insertion clonality is important because it supports the conclusion
that retrotransposition is active early during tumorigenesis.

Characterization of BE- and EAC-Specific Insertions. We established
that retrotransposition is an active process in some BE and EAC

patients by confirming 118 somatic insertions using PCR and
Sanger sequencing. The confirmed insertions did not display an
obvious bias for chromosomal location (Fig. 1). To identify the
precise insertion sites, we confirmed the 5’ ends of 35 of the
somatic insertions. For a subset of the insertions, we identified
target site duplications (TSDs) and endonuclease cleavage sites,
both established hallmarks of retrotransposition (Table S1).
However, of 24 endonuclease cleavage sites identified, only 7
were similar (differed by 2 bp or less) to the canonical endonu-
clease site (12); the remaining 17 sites were more divergent from
the canonical sequence. Furthermore, 11 insertions lacked TSDs
and clear endonuclease cleavage sites indicating they were likely
endonuclease-independent insertions (21). Of the 11 insertions
presumed endonuclease independent, 6 insertions had deletions
at the site of integration (22). Additional characteristics of these
insertions, including mapping statistics of total read count,
unique read count, and alignment windows, as well as genes
nearby insertion sites, are noted in Table S1. We observed var-
iable lengths among the insertions for which we confirmed 5’
ends, ranging from 111 to 1,579 nucleotides (without the poly-A
tail) with 29 of 35 insertions, measuring under 500 nucleotides
(Table S1). For the 21 of 35 insertions with TSDs, 12 were longer
than 10 nucleotides (Table S1). One insertion contained a 3’
truncated L1 element wherein 100 nucleotides of the 3’ end of
the L1 were deleted from the insertion site, suggesting internal
reverse transcriptase priming (23). Eleven of 35 insertions con-
tained a 5’ inversion, consistent with previous reports (7-11).
We did not confirm any insertions into exons in either BE or
EAC; however, of the 118 confirmed somatic insertions, 48 in-
sertions were into intronic regions of 50 genes. Twenty-three of
these 48 insertions were into genes previously associated with can-
cer (Table S2). Our findings show a statistically significant enrich-
ment of insertions into genes previously associated with cancer (P <
1 x 107'% by Fisher’s exact test). To accurately test for the observed
enrichment, we accounted for the sizes of all of the genes into which
insertions occurred, as well as the size of all cancer genes in the
genome and the probability that an insertion would hit more of
those genes by chance alone. After accounting for gene size, we still
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Fig. 4. Representative gels illustrating the presence of specific insertions (numbered 1-5) in multiple sections of tumor tissue. FS refers to the filled site PCR as
in Fig. 2. Two additional sections of each tumor were also tested and are positive for the insertions. Altogether, 22 of 25 insertions in EAC tested were present

in all sections tested.
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observed a significant enrichment of insertions into genes previously
associated with cancer (P < 1 x 107'°).

L1 Expression in NE and EAC. Theoretically, retrotransposition is
dependent on L1 protein expression for its activity; therefore,
the genetic evidence of somatic insertions strongly suggests L1
proteins are expressed in precancerous lesions and cancer. Ex-
pression of the L1 protein has been observed in many cancer
types previously but was only rarely detected in histologically
normal tissue adjacent to the cancer (24-27). Furthermore, the
evidence of somatic insertions in normal esophagus suggests
there must be at least transient or a low level of L1 protein ex-
pression in the tissue. One of the two proteins encoded by L1,
open-reading frame 1p (ORFlp), has been observed in many
cancer types and has occasionally been observed in normal tissue
adjacent to cancer (24-27). To evaluate ORF1p expression in
the patients harboring somatic L1 insertions, we obtained for-
malin-fixed paraffin-embedded (FFPE) tissues from eight of the
aforementioned EAC patients.

We observed ORF1p expression in all eight of these tumor
samples by immunohistochemistry (IHC) (Table S3). The level of
ORFlp expression varied among individuals, as well as within in-
dividual tissue sections where cancerous glands were developing
(Fig. 5 A-F). All of the samples with a confirmed somatic insertion
showed ORFlp expression. There was no correlation between
protein expression and the number of confirmed somatic insertions
per individual (Table S3). Interestingly, we detected low-level
ORFlp expression in all four of the available matched normal tis-

Fig. 5. (A-F) Representative photomicrographs depicting LINE-1 ORF1p
immuno-labeling in esophageal carcinomas. (A) Virtually no background
immuno-labeling identified when no primary LINE-1 ORF1p antibody was
used in the IHC procedure (i.e., no antibody incubation). Final magnification,
%x100. (B) Same case as A, when incubated with LINE-1 ORF1p antibody, in-
dicating the cancer is strongly reactive for ORF1p antigen. Final magnification,
%100. (C) Virtually no background immuno-labeling identified when primary
antibody not used. Final magnification, x100. (D) Same case as C, when in-
cubated with LINE-1 ORF1p antibody, indicating the cancer is reactive for ORF1p
antigen. Final magnification, x100. (E and F) Two additional EAC cases that are
reactive for ORF1p antigen. Final magnification, x160.

E4898 | www.pnas.org/cgi/doi/10.1073/pnas.1502474112
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Fig. 6. (A-F) Representative photomicrographs depicting LINE-1 ORF1p
expression in normal esophageal tissue. (A and C) Normal esophageal tissue
from two distinct individuals stained with H&E. Final magnification, x100.
(B) Same case as A when incubated with LINE-1 ORF1p antibody, indicating
the normal esophageal tissue is reactive for ORF1p antigen. Final magnification,
%x100. (D) Same case as C when incubated with LINE-1 ORF1p antibody, in-
dicating the normal esophageal tissue is reactive for ORF1p antigen. Final
magnification, x100. (E and F) Normal esophageal tissue from two distinct in-
dividuals showing the muscle is reactive for ORF1p antigen.

sues in both the stratified squamous epithelium and the smooth
muscle (Fig. 6 A-F). Expression was absent from the progenitor
stem cells of the stratified squamous epithelium and seemed to
increase with cellular maturation as the cells increased their cyto-
plasm and radiated away from their progenitors. The expression was
absent from the submucosa of the tissue. Expression was observed
with two separate monoclonal antibodies that detect different epi-
topes of the protein (24). Although ORF1p expression in normal
tissue has rarely been observed, it supports our finding of somatic
insertions in normal esophagus that later expanded in subsequent
metaplasia and/or cancer (24-27).

To investigate whether the expression present in the normal
esophagus was limited to patients who had concomitant cancer,
we obtained one normal esophagus sample from a biopsy con-
ducted on a patient with gastric ulcers. We also obtained a
normal skin biopsy to evaluate the squamous epithelium expression
of ORFIp in an epithelial tissue. In both the normal biopsies, dim
ORF1p immunoreactivity was evident in the squamous epithelium
of the tissue (Fig. S1 4 and B). LINE-1 expression in normal epi-
thelial tissues, albeit at low levels, may allow for retrotransposition
events. Perhaps a subset of somatic retrotransposition events
reported in epithelial cancers actually occur before transformation
(7-11). At the same time, the higher levels of LINE-1 expression we
see in these cancers may selectively promote somatic insertion
events in malignant cells.

Discussion

Improved understanding of carcinogenesis should lead to earlier
diagnosis and more effective treatment, but this advance requires
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the study of precursor lesions. In many ways, BE is ideal for studying
clonal expansion in precursor lesions even when disease progression
does not occur. BE is accessible and present in a sizable proportion
of the Western population, even though it only progresses to EAC
in a small subset of patients (3). Cellular processes that are dysre-
gulated during the transdifferentiation from stratified squamous
epithelium to metaplastic columnar epithelium may provide a fertile
environment for dysregulation of L1.

We found that retrotransposition is active in a subset of in-
dividuals with BE and EAC; however, this process does not oc-
cur in all patients and is active in patients with long-standing
benign disease. Therefore, L1 activity alone is not a reliable
predictor of disease progression in BE. BE appears to provide a
permissive environment for L1 retrotransposition, which in turn
increases the mutational burden and potentially contributes to
disease progression. As evidence of this permissive environment,
we demonstrated that L1 elements were active in 6 of the 10 BE
tissues evaluated by confirming 46 new somatic insertions. Fur-
thermore, we validated 75 insertions in 6 of 15 EAC samples.
Where somatic insertions occurred, there was a variable fre-
quency of events, ranging from 1 to 44 insertions, among dif-
ferent individuals. In contrast to our previous colon cancer study
(9), we did not observe a linear correlation between the number
of insertions and any other characteristic, including age or L1
protein expression.

Many of the insertions validated in BE and EAC had char-
acteristics that differ from typical germ-line somatic insertions (14).
First, we observed 8 of 35 (23%) insertions with integration-site
deletions, much greater than the 10% seen in the germ line (12).
Our failure to detect more than 30% of the 5’ ends may, in a
number of the cases, be due to even larger integration site deletions
(22). Second, we found 11 insertions which appeared to be endo-
nuclease independent, a much larger number than that observed in
germ-line insertions (12, 20). These insertions were presumed to be
endonuclease independent due to their lack of both target site
duplications and clear endonuclease cleavage sites, both hallmarks
of the canonical process of retrotransposition. Third, the majority of
the insertions for which we identified the 5" end were highly trun-
cated, with 29 of 35 below 500 nucleotides in length. Also, we did
not detect any 3’ transductions among our confirmed insertions in
contrast to the findings of others (8), but L1-seq detects only a small
fraction of these events.

Somatic L1 insertions are seldom observed in normal tissues
(28) with the most notable exception being those observed in the
hippocampus (29, 30). Between our three groups of samples
analyzed with L1-seq, we attempted to validate nine high-strin-
gency insertions predicted in normal esophagus only. Even with
nested PCR, we were unable to confirm any of these normal-only
insertions, a result that we have seen previously for normal-
specific insertions (9). Interestingly, we validated two insertions
in normal tissue that were also present in BE and EAC. This
finding suggests that at least some insertions may occur in nor-
mal squamous epithelium cells and are then selected for in the
ensuing pathological state. We speculate that indeed many of the
BE and EAC insertions occur initially in only one or a small number
of normal esophageal cells. Clonal expansion in diseases such as BE
and EAC may make it easier to detect the low level of L1 activity in
a subset of normal cells. Future studies using single-cell sequencing
may allow us to better determine the activity of L1 in normal tissues
and whether insertions in BE or in tumor are truly clonal.

Somatic retrotransposition occurs at a detectable rate in
squamous cell lung, head and neck, colorectal, endometrial,
hepatocellular, breast, prostate, bone, and various other types of
cancer (7-11). We now demonstrate that this process occurs in
premalignant BE and EAC. Although retrotransposition does
not occur in all BE and EAC patients and recurrent insertions
were not found, L1 may still participate in carcinogenesis. It
appears that, although epithelial cancers are permissive for ret-
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rotransposition, there may be other factors mediating this pro-
cess that allow it to occur in certain individuals more than in
others. Identifying the factors underlying the activation of ret-
rotransposition, as well as the contributions it makes to carci-
nogenesis, will be essential to improve our understanding of
genomic instability generated by L1 and the role of retro-
transposition in epithelial tumor development.

Materials and Methods

L1-seq. DNA was isolated from the frozen tissue samples from thinly sliced
sections of tissue embedded in OTC freezing media with the DNeasy kit (Qiagen).
Our samples were not microdissected to remove all normal tissue largely because
half of our samples were either acquired as genomic DNA or previously frozen
tissues. Equal amounts of genomic DNA from each individual were pooled by
group. Hemispecific PCR amplified the young, active L1 elements from the ge-
nome (20). Products between 200 and 500 nucleotides in size are excised from a
1% agarose gel and purified. Following analysis on the Bioanalyzer 2100, the
products from each of the eight reactions with the degenerate primers were
added in equimolar ratios and sent for next-generation sequencing on the
lllumina HiSeq 2500. When results were obtained from the core facility, the reads
were aligned by Bowtie2 and sorted based on the presence or absence of L1
sequence. During the sorting of the aligned reads, the previously published
polymorphic insertions and reference insertions were identified (20) (Fig. 1). Our
bioinformatics analysis was essentially identical to previous analyses (20).

Stringency Analysis. For an insertion to be considered high stringency in the
library containing matched EAC and NE samples, we required a map score of
at least 0.5 or greater, 50 total reads, and a window of 100 bp or more
spanning the junction of the 3’ end of the L1 and the genomic DNA. Low-
stringency insertions had below 50 reads, a map score of 0.5 or greater, and
a window of less than 100 bp. These original parameters are similar to those
previously used (20); however, because we had more difficulty validating
insertions in our other libraries, we reevaluated the thresholds. For both of
the remaining libraries, (i) the library containing the matched BE and NE samples
and (ii) the library containing matched EAC, BE, and NE samples, we adjusted the
thresholds by looking at the few validated insertions from the original high-
stringency group. We noted the lowest unique read count, total read count, and
window size among the previously validated insertions in each group and used
these numbers as our new parameters for high stringency. We also required a
higher map score for the redefined high-stringency insertions in both libraries.
Consequently, a high-stringency insertion in the library containing matched BE
and NE samples required a map score of 0.8 or greater, 3 unique reads, 64 total
reads, and a window of at least 107 bp. High stringency insertions in the library
containing matched EAC, BE, and NE samples required at least a map score of
0.8, 3 unique reads, 63 total reads, and a window of 140 bp. For each insertion
validated, the specific map score, read count, unique read count, and window
size (bp) is noted (Table S1).

Random Insertion Selection. For the group of matched NE and EAC samples,
insertions were randomly selected using a random number generator with
parameters for both high and low stringency. A list of random numbers
between 1 and the total number of predicted insertions (at varying levels of
confidence) was then created, and the rows that matched the numbers
generated in the .csv file containing the predicted somatic insertions were
selected for validation with PCR and sequencing. We made a histogram of the
data to be sure the selection was even and random throughout the number
range given and finally performed an empirical distribution analysis to
evaluate our random selection process.

IHC. IHC was performed using the EnVision System-HRP (catalog K4006; Dako)
according to the manufacturer’s protocol. Primary antibody incubation was
performed using the mouse monoclonal ORF1 (1.25 mg/mL) at a 1:3,000
dilution for 40 min at room temperature. Secondary antibody incubation
was performed per the manufacturer’s protocol. For the skin biopsy, the
sample was stained in an overnight protocol at a 1:1,200 dilution with the
monoclonal mouse ORF1 antibody. A second rabbit monoclonal ORF1 anti-
body was used to confirm initial results. This second antibody was used at a
concentration of 1:2,000 dilution with an overnight incubation at 4° C and
secondary antibody incubation as per the manufacturer's protocol. Orf1
monoclonal mouse antibody recognizes amino acids 35-44, whereas the
rabbit monoclonal antibody (JH74) detects the coiled-coil domain including
amino acids 137-337 (24).
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