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Remnants of ancient transposable elements (TEs) are abundant in
mammalian genomes. These sequences harbor multiple regulatory
motifs and hence are capable of influencing expression of host
genes. In response to environmental changes, TEs are known to be
released from epigenetic repression and to become transcription-
ally active. Such activation could also lead to lineage-inappropriate
activation of oncogenes, as one study described in Hodgkin lym-
phoma. However, little further evidence for this mechanism in other
cancers has been reported. Here, we reanalyzed whole transcrip-
tome data from a large cohort of patients with diffuse large B-cell
lymphoma (DLBCL) compared with normal B-cell centroblasts to
detect genes ectopically expressed through activation of TE pro-
moters. We have identified 98 such TE-gene chimeric transcripts that
were exclusively expressed in primary DLBCL cases and confirmed
several in DLBCL-derived cell lines. We further characterized a TE-
gene chimeric transcript involving a fatty acid-binding protein gene
(LTR2-FABP7), normally expressed in brain, that was ectopically
expressed in a subset of DLBCL patients through the use of an en-
dogenous retroviral LTR promoter of the LTR2 family. The LTR2-
FABP7 chimeric transcript encodes a novel chimeric isoform of the
protein with characteristics distinct from native FABP7. In vitro stud-
ies reveal a dependency for DLBCL cell line proliferation and growth
on LTR2-FABP7 chimeric protein expression. Taken together, these
data demonstrate the significance of TEs as regulators of aberrant
gene expression in cancer and suggest that LTR2-FABP7 may contrib-
ute to the pathogenesis of DLBCL in a subgroup of patients.
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Cancer results from an accumulation of genetic and epigenetic
abnormalities affecting both the transcriptome and pro-

teome. Whereas next-generation sequencing has revolutionized
detection of mutations in protein-coding genes (1, 2), changes in
regulation of genes and noncoding RNAs are also important
in conferring the malignant state (3, 4). Dysregulation of the
“epigenome,” including both histone marks and DNA methyla-
tion, is a hallmark of malignancy, likely underlying many regu-
latory changes (5). One of the functions of epigenetic regulation
is to suppress transcriptional activity of transposable elements
(TEs) (6). TEs are repetitive DNA sequences present in nearly
all genomes analyzed to date (7). TEs can be categorized into
retrotransposons, either containing an LTR, also termed en-
dogenous retroviruses (ERVs), or being devoid of LTRs (long/
short interspersed nuclear elements; LINEs and SINEs) and
DNA transposons. Whereas nearly half of the human genome is
composed of TEs, only a few of these are capable of transposing
and creating de novo insertional mutations in humans [0.1% of
estimated spontaneous germ-line mutations (8)]. Nevertheless,
although the vast majority of TEs in the human genome have lost
their ability to transpose, many have retained functional regulatory

sequences such as promoters and enhancers, which are able to
influence the expression of nearby genes (9–11). A number of
studies have demonstrated the prevalence of TEs as promoters
for human genes (12–16), and the importance of TE promoters,
particularly LTRs, in expression of noncoding RNAs in pluri-
potency/stem cells is being revealed (17–20). Most TEs are
transcriptionally silent in normal somatic cells, but in cancer TEs
are often released from epigenetic constraint and become tran-
scriptionally active (21–23), potentially affecting cancer tran-
scriptomes and contributing to the malignant state. To date, there
is only one definitive report in the literature where a TE acts as an
alternative promoter for a gene that plays a crucial role in human
cancer. In Hodgkin lymphoma, a normally dormant THE1B ERV
LTR was shown to drive expression of the proto-oncogene colony
stimulating factor 1 receptor (CSF1R), which is required for
growth and survival of the malignant cells (24). Although this
report spurred interest, the overall prevalence and significance of
TE-driven aberrant gene expression in cancer is unknown.
We hypothesize that cancer-specific release of epigenetic sup-

pression of TEs could result in significant perturbations to the
transcriptome, some of which could play a role in carcinogenesis.
To address this hypothesis, we chose to examine diffuse large
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B-cell lymphoma (DLBCL). DLBCL is a clinically aggressive
form of non-Hodgkin lymphoma that comprises about 40% of all
lymphoma diagnoses in North America (25). DLBCL arises from
(post-) germinal center B lymphocytes and is clinically, patho-
logically, and biologically heterogeneous, including over 20
subtypes and variants (26). Through the reanalysis of a large
published dataset of whole transcriptome sequencing (RNA-seq)
from 101 DLBCL patient samples compared with similar data
from normal B-cell centroblasts (27), we were able to identify
multiple genes ectopically expressed due to TE promoters
(hereafter named TE-Gene chimeras). Five selected chimeric
transcript predictions were confirmed in DLBCL cell lines and
we conducted further analysis of one particular chimera, namely
LTR2-FABP7, which we confirmed encodes a novel isoform of the
FABP7 protein with an alternative first coding exon. FABP7 is
normally expressed in brain, but not in blood, and is up-regulated
in various solid tumor types, where it is a marker for poor prog-
nosis (28–31). However, it has not been associated with DLBCL or
any other lymphoma before this report.

Results and Discussion
Identification of TE-Gene Chimeras. To identify TE-initiated chi-
meric gene transcripts in DLBCL, we mined RNA-seq data from
101 DLBCL patient samples of different subtypes (Materials and
Methods) (27) and, for comparison, nine tonsil B-cell centroblast
control samples (27). TE-gene chimeric candidates were initially
identified by screening for paired-end chimeric reads where one
end of the read maps to a TE and the other to a gene exon, using
a previously published pipeline used to identify TE-promoted
gene transcripts in mouse (32). In this previous mouse study (32)
it was found that this method, although possibly missing some
cases, was more sensitive in detecting TE-promoted chimeric
transcripts than using ab initio transcript assembly via Cufflinks
(33), and this was confirmed in our study (see Materials and
Methods for more details). We then filtered for annotated
RefSeq genes that were silent in nine normal libraries but were
expressed, with three or more chimeric reads, in at least two
DLBCL samples. We excluded transcripts detected as a result of
transcriptional termination within TEs or due to TE-derived
internal exons, which were not well differentiated from potential
promoters by our initial computational pipeline (Materials and
Methods). This analysis uncovered 98 TE-chimeric gene tran-
scripts where the TE seems to be serving as the promoter (Dataset
S1). The majority of these (75%) involve TE interactions with
protein-coding genes, whereas the remaining involve annotated
long noncoding RNAs. None of these chimeric transcripts was
significantly associated with particular DLBCL subtypes.
We chose five chimeras for further study (Fig. 1 A and B and

Fig. S1) involving the protein-coding genes PTPRF, EPYC,
MFAP5, ALDH1L1, and FABP7. These genes have diverse
functions in a range of tissues and have been implicated in var-
ious human cancers but not in DLBCL (see SI Text, section 1 for
more details on each gene).
The TE fragments acting as potential promoters for these

genes are all retrotransposons, either ERVs (LTR16A1, THE1A,
MER57B, and LTR2) or an old L2 LINE fragment (Fig. 1B).
Whereas LTRs intrinsically contain promoter sequences (reviewed
in ref. 11), the L2 potential promoter has probably evolved after
insertion, because LINE elements often lose their promoter when
transposing. Moreover, human L2 copies are extremely divergent,
suggesting an ancient invasion (34). With the exception of LTR2-
FABP7, all chimeric transcripts potentially splice upstream of the
native translational start site and therefore putatively code for
a native protein (Fig. 1B). Notably, the LTR2-FABP7 transcript
skips the normal ATG start codon located in the native first exon
and splices directly into the second exon (Fig. 1B). Interestingly, by
mining the RNA-seq data for overall gene expression, we found
a significant correlation between the total expression level of these

five genes and the number of TE-gene chimeric paired-end reads
(Fig. 1C). Such correlations suggest that the activity of the TE
promoters has a significant impact on overall gene expression levels
in these DLBCL patients.
It should be noted that, because we screened only nine normal

B-cell libraries compared with ∼100 DLBCL samples, we cannot
rule out the possibility that the chimeric transcripts detected in
DLBCL are present in a low fraction of normal samples, or in-
deed, in other normal or malignant cell types. However, for four
of the five cases discussed above, namely FABP7,MFAP5, EPYC,
and PTPRF, there are no chimeric ESTs or mRNAs in the public
databases that map to the TEs involved, and perusal of available
University of California Santa Cruz (UCSC) Genome Browser
tracks of RNA-seq data from cultured human B-cells from
20 unrelated individuals from the Center d’Etude du Poly-
morphisme Humain (CEPH) collection (35) revealed no evi-
dence of transcription from these TEs. For ALDH1L1, normally
expressed in liver (SI Text, section 1), two chimeric ESTs from
normal brain thalamus (DA390295 and DA409790) map to the
MER57B LTR involved and the RNA-seq data from the B-cell
CEPH collection does show a peak at this LTR, indicating that
this chimeric transcript is not restricted to DLBCL.
Interestingly, our screening method also detected the same

THE1B LTR-CSF1R chimeric transcript as reported in Hodgkin
lymphoma (24) (Dataset S1), but we chose not to conduct fur-
ther analysis on this case because, unlike the five cases above, the
contribution of the LTR promoter is very minor (with few chi-
meric reads) compared with the native promoter and does not
correlate with overall gene expression (Dataset S1), so the bio-
logical effect of the chimeric transcript is likely very small.

Most Prevalent TEs as Promoters for Chimeric Transcripts in DLBCL.
As mentioned above, several studies have shown that TEs can
serve as promoters for human genes (12–16). Among our list of
98 TE-gene chimeras in DLBCL, we determined whether any
particular TE families are overrepresented compared with their
genomic abundance. In terms of overall TE class, we found that
LTRs are overrepresented compared with LINEs, SINEs, or
DNA elements. The ∼717,000 LTR/ERV loci in the genome
comprise 16% of all ∼4.48 million TEs or TE fragments (34)
(RepeatMasker Open-3.0,1996–2010; www.repeatmasker.org)
but account for 45% of the chimeras (Dataset S1) (P = 1.24 ×
10−10, Fisher’s exact test). This result is not surprising, given that
LTRs naturally contain promoter sequences and are typically
found relatively intact in the genome as solitary LTRs (36). In
contrast, although L1 LINE elements can also drive chimeric
transcripts (12), the vast majority of L1 loci in the genome are
not full-length and lack the promoter region (34). Among the
LTR cases, LTR2 elements (comprising LTR2, 2B, and 2C sub-
groups), which are the LTRs associated with the HERV-E family
(37), are significantly overrepresented (P = 1.33 × 10−6, Fisher’s
exact test). The 1,508 LTR2 elements comprise 0.21% of all LTRs
in the human genome (34, 37, 38) but initiate 9.3% of the chimeric
LTR transcripts (4/43), including the FABP7 case (Dataset S1).
[One such locus, an LTR2B at chr6:31262047–31262525 (hg18), is
involved in two different chimeric transcripts so appears twice on
the list.] The other significantly overrepresented LTR family is the
THE1 MaLR subfamily (39) (P = 3.06 × 10–8, Fisher’s exact test).
The ∼49,000 THE1 LTR sequences comprise ∼6.85% of all ge-
nomic LTR loci yet account for 37% of the LTR-driven chimeric
transcripts (16/43) (Dataset S1).

Molecular Biology Confirmation of TE-Gene Chimeras. Using RT-
PCR with transcript-specific primers, we tested for the presence
of the five chosen TE-gene chimeric transcripts, as well as
transcripts from the native promoter, in DLBCL and control cell
lines (positive for native gene expression) (Fig. 2A). Although
transcripts were detected for THE1A-MFAP5 in three DLBCL
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Fig. 1. (A) Human hg18 UCSC genome browser screenshot for LTR2-FABP7 with representative paired-end reads shown. A representative DLBCL library is
shown in red and a normal B-cell library in black. The transposable element track is a modified RepeatMasker track. (B) Scheme of the five TE-gene chimeric
candidates. Exons are depicted as blue boxes (DNA) and blue lines (mRNA). Introns are blue dashed lines. Thinner blue boxes are untranslated sequences and
ATGs are depicted in white. TEs are shown in red for LTR elements and pink for LINE copies. Black arrows depict native TSSs. Stars represent protein lo-
calization signals; NLS and FA binding (FAB) domains (D1, D2, and D3) are outlined in turquoise. (C) Heat maps of DLBCL and normal B-cell transcriptomes
comparing gene expression (RPKM) and number of paired-end chimeric reads for a specific TE-gene chimera. The 101 primary DLBCL transcriptomes and 9
controls (from normal germinal center B cells) are arranged from left to right according to overall gene expression (RPKM) on the bottom half of each panel.
The top of each panel shows the number of chimeric paired-end reads between the TE and the gene. The right side of each panel is the scale, which differs in
each case. Spearman r correlations are depicted with P values (***P < 0.0001). Spearman’s r was calculated using the software GraphPad Prism by comparing
the number of chimeric reads for each library with the respective gene RPKM value.
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cell lines, we were unable to rule out activity from the native
promoter because the THE1A transcript splices into the begin-
ning of the first exon and it is not possible to design specific
primers upstream of the chimeric splice site (Fig. 2A). L2-EPYC
transcripts were observed in only one DLBCL cell line, OCl-Ly3,
along with native transcripts. No LTR16A1-L2-PTPRF tran-
scripts could be observed in the panel of nine DLBCL cell lines
assessed, but we were able to amplify this chimeric transcript in a
Hodgkin lymphoma-derived cell line (L591) (40) and a primary
mediastinal large B-cell lymphoma-derived cell line (Med-B1)
(41), thus confirming the amplification efficiency of the primers
used (Fig. 2A). DLBCL cell lines harboring only chimeric tran-
scripts for MER57B-ALDH1L1 were identified and this tran-
script was also detected in the lymphoblastoid cell lines IM9 (42)
and LCL, in accord with the RNA-seq data from B-cell lines (35)
mentioned above. Chimeric LTR2-FABP7, but no native tran-
script, was robustly amplified in the DLBCL cell lines SUDHL4
and DB. U251, a malignant glioma cell line previously shown
to express FABP7 (43), expressed significant levels of native
mRNA, and some chimeric transcripts could be amplified in this
cell line, although not in every experiment, suggesting a very low
level of such transcripts.
The transcription start sites for MER57B-ALDH1L1 and

LTR2-FABP7 were confirmed to be located within the relevant
TE sequence using 5′ RACE or RT-PCR primer walking (SI Text,
section 2 and Fig. S2). All available LTR-chimeric transcripts were

sequenced (SI Text, section 2) and a scheme of predicted proteins is
shown in Fig. 1B. In agreement with the bioinformatics analysis,
most predicted chimeric proteins, with the exception of LTR-
FABP7, are identical to the native form, suggesting TEs are able
to ectopically activate a host gene without necessarily creating
new isoforms.

Activation of TE-Gene Chimeras Is Associated with Epigenetic
Derepression. Genome-wide hypomethylation, which affects
TEs, along with localized hypermethylation of gene promoters,
are well-known characteristics of cancer (5). We assessed DNA
methylation levels of the TE and native promoters (where suf-
ficient CpGs were available) to determine whether methylation
state correlates with transcriptional activity. In the instances
studied, the native promoters of the FABP7, MFAP5, and
ALDH1L1 genes were partly or heavily methylated in DLBCL
cell lines (Fig. 2B and Fig. S3). Control cell lines expressing the
genes from the native promoter were hypomethylated at this
promoter, suggesting that the lack of native gene expression in
DLBCL is related to hypermethylation of the native promoter.
However, lack of appropriate transcription factors also likely
plays a role because we detected no or very low levels of FABP7
transcripts from the native promoter in the DB DLBCL cell line,
despite the fact that some cells have an unmethylated native pro-
moter region. Whereas the association betweenmethylation state and
expression is clear for native promoters, the TE sequences analyzed
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Fig. 2. (A) RT-PCR to assess expression of native, chimera, and total MFAP5, EPYC, PTPRF, ALDH1L1, and FABP7 mRNA in DLBCL and other cell lines. Actin
expression was assessed as a control. (B) Bisulfite sequencing of native and TE promoters for ALDH1L1, FABP7, and MFAP5. Gene schemes are the same as in
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show more variability and specific methylation patterns. For instance,
the LTR2 promoter for FABP7 can be divided into two juxtaposed
blocks of methylation; the block downstream of the transcription start
site (TSS) is associated with promoter activity when unmethylated,
whereas CpG sites upstream of the TSS are methylated even when
the LTR is active. Another DLBCL cell line, SUDHL9, which was
intermittently positive by RT-PCR for the LTR-FABP7 chimeric
transcript using different cDNA preparations, showed highly variable
LTR methylation (Fig. S3), suggesting considerable cell-to-cell het-
erogeneity. For the THE1A LTR driving MFAP5 expression, the
three CpG sites within the LTR were hypomethylated when active
and, in the case of the MER57B LTR driving ALDH1L1 expression,
the LTR was generally less methylated when active. In summary, the
native promoters of the gene studied are mostly methylated
and silent in DLBCL cell lines and hypomethylation of certain
sites within the TE promoters are associated with their
transcriptional activity.

Expression of Chimeric FABP7 Protein in DLBCL Cell Lines. We chose
to conduct further analysis on the LTR2-FABP7 chimera be-
cause FABP7 has been implicated in other cancers (SI Text,
section 1) and because the structure of the transcript suggests
that it encodes a novel isoform. As noted above, the LTR2-
FABP7 transcript skips the native first exon containing the nor-
mal translational start codon and splices directly into the second
exon (Fig. 1B and SI Text, section 2). The newly formed first exon
is unique and is not similar to other known sequences. Hence,
the resulting chimeric protein is predicted to have a unique N-
terminal sequence but would retain the native C-terminal
FABP7 sequence (SI Text, section 3). To confirm expression of
FABP7 protein in the SUDHL4 and DB DLBCL cell lines, as
observed by RT-PCR (Fig. 2A), Western blotting was performed
using a FABP7-specific antibody raised against the C-terminal
end, able to recognize both the native and predicted chimeric
FABP7 isoforms equally (Fig. 3A). Despite the differences in the
N-terminal amino acid sequences, the predicted molecular weight
of chimeric FABP7 is very similar to that of the native protein
(∼15 kDa), hence the two isoforms cannot be distinguished by
standard SDS/PAGE and Western blotting techniques. FABP7
expression was observed in the positive control U251 malignant
glioma cell line, as reported previously (43). Importantly, robust
FABP7 expression was also observed in the DLBCL cell lines
positive for the LTR2-FABP7 chimera, SUDHL4 and DB, with no
significant expression observed in the nonmalignant IM9 B-cell
line, the DLBCL cell line SUDHL9 (which was not consistently
positive by RT-PCR) or a benign, primary human lymphocyte
sample (Fig. 3A).
Despite the similarities in molecular weight, the differences in

amino acid sequence between the native and chimeric protein
isoforms are predicted to result in significantly different iso-
electric points (pI values) (5.25–5.59 pI and 8.12–8.66 pI re-
spectively). Hence, we performed isoelectric focusing (IEF) to
confirm expression of the chimera FABP7 in DLBCL cell lines.
IEF gels separate proteins based on their net charge rather than
their molecular weight, so proteins migrate to their pI, the pH at
which their net charge is zero (44). As shown in Fig. 3B, a single
band at the expected pI for chimeric FABP7 was observed in
DLBCL cell line lysates, with no detectable expression of the
native FABP7 isoform. Positive control U251 cell lysates gave
a band at the expected pI for native FABP7, with no detectable
chimeric expression. These data confirm expression of the chi-
meric FABP7 in DLBCL lysates, as predicted by the transcript
analysis (Fig. 2A). Moreover, because the DB and SUDHL4
DLBCL cell lines produce only the chimeric FABP7 protein they
constitute good models to study the function of this novel isoform.

FABP7 Is Expressed in Primary DLBCL Patient Samples. To confirm
expression of FABP7 protein in human patient samples, a

DLBCL tissue microarray from a different patient cohort was
stained with anti-FABP7 antibody. FABP7 staining intensity was
semiquantitatively assessed, in comparison with matched IgG
controls (Fig. 4A). We detected high FABP7 expression (by
immunohistochemistry) in ∼3% of cases and medium expression
in another 16% of samples (Fig. 4B), indicating that the protein
is expressed in a subset of DLBCL cases. Note that this experi-
ment does not provide information on which FABP7 isoform is
expressed because the antibody does not distinguish between the
chimeric and native forms.

Native and Chimeric FABP7 Localization upon Fatty Acid Binding.
FABP7 is a member of the FABP family of lipid chaperones,
which are involved in the uptake, storage, and intracellular
trafficking of fatty acids (FAs) (45). Ligand binding studies
suggest that the polyunsaturated fatty acid ω-3-docosahexaenoic
acid (DHA) is the preferred ligand of FABP7, but it can also
bind ω-6-arachidonic acid (AA) (46). FABP7 can move between
the cytosol and nucleus, where it can deliver its FA ligand. The
native first exon contains one of three conserved residues of the
nuclear localization signal (NLS) and the majority of residues
that make up FA binding domain 1 (Fig. 1B and SI Text, section 3).
As noted above, expression from the upstream LTR2 results in
expression of a chimeric protein harboring an alternative exon 1 and
hence missing the residues contained in the native first exon.
However, the amino acid residues required for binding to DHA
(46) and the FA binding domains 2 and 3 are found in the
C-terminal region and hence are present in the chimeric FABP7.
We assessed the ability of the chimeric protein to respond to

the natural FA ligands DHA and AA. It has previously been
reported that native FABP7, endogenously expressed in U251
cells, accumulates more in the nucleus or cytoplasm, dependent
on FA ligand treatment. With DHA treatment there is an in-
crease in the proportion of FABP7 in the nucleus, compared
with AA treatment, which promotes nuclear exclusion (43). We
repeated this experiment using confocal microscopy and image
analysis to quantify FABP7 staining intensity in nuclear and cy-
tosolic compartments. We also observed a similarly modest, but
reproducible, relocalization of native FABP7 in U251 cells, de-
pendent on FA ligand treatment (Fig. 5 and Fig. S4A). In con-
trast, FA treatment of DLBCL cell lines SUDHL4 or DB (Fig. 5
and Fig. S4 B–D) did not affect the localization of chimeric
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and subjected to SDS/PAGE and Western blotting to assess expression of
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FABP7, with a small proportion found in the nucleus and the
majority of chimeric FABP7 in the perinuclear region of the
cytoplasm, irrespective of FA treatment. It is possible that chi-
meric FABP7 is able to bind to and transport FA ligands to and

from the nucleus but that chimeric FABP7 localization is not
regulated by FA treatment; however, this cannot be confirmed in
fixed cells. Chimeric FABP7 may still function as an FA ligand in
these cells. Indeed, it has previously been shown that native

Fig. 4. Expression of FABP7 in primary DLBCL patient samples was assessed by immunohistochemistry. Ninety-five tissue cores were stained with anti-FABP7
antibody and relative staining intensity (NovaRed) was assessed, compared with matched IgG controls. (A) Example photomicrographs showing different
staining intensities are shown. Mouse brain was used a positive control, with positive staining neuronal nuclei arrowed. (B) Semiquantitative staining analysis
of all samples compared with the representative staining intensity scale micrographs is shown.
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Fig. 5. (A) U251 and (B) SUDHL4 cells were treated with BSA (vehicle), DHA, or AA, fixed, and stained with phalloidin (Actin), FABP7 antibody, and DAPI
nuclear stain. FABP7 localization was assessed by confocal microscopy. IgG control staining is shown in Fig. S4A. (C and D) Representative data of FABP7 and
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FABP7, in which the entire NLS has been mutated, is located
predominately in the cytoplasm and can still bind to FA ligands,
similar to wild-type FABP7. In this case, the NLS is required for
DHA-, but not AA-, mediated regulation of cell function (43). In
malignant glioma cell lines native FABP7 bound to DHA is lo-
calized to the nucleus, where it is able to activate PPAR gamma
downstream signaling and inhibit cell migration (43). Although
our understanding of PPAR gamma signaling is not complete,
activation of this pathway has been reported to have anti-cancer
effects and in some cancer types can induce apoptosis and inhibit
growth and invasion. In contrast, AA-bound FABP7 is retained
in the cytoplasm, where it has opposing effects [e.g., promoting
glioma cell migration (43)]. Because confocal analysis of chi-
meric FABP7 localization demonstrated that the majority of
chimeric FABP7 is found outside the nucleus, regardless of FA
treatment, this could mean that chimeric FABP7 is unable to
promote DHA-mediated downstream signaling (e.g., PPAR-γ anti-
tumorigenic signaling).
We also attempted to study the function of native versus chi-

meric FABP7 by expressing tagged constructs in HEK293 cells,
but their overexpression resulted in transfected FABP7 (both
native and chimeric) located throughout the cell in both the nu-
cleus and cytosol, as assessed by Flag immunofluorescence, hence
the physiological response to DHA and AA was lost (Fig. S5).

Depletion of FABP7 Inhibits DLBCL Cell-Line Proliferation. Although
FABP7 expression has not been linked with blood cancers be-
fore, up-regulation has been reported in various solid cancer
types, including malignant glioma (28), melanoma (31), renal cell
carcinoma (30), and aggressive triple negative breast cancer (47)
and is associated with poor prognosis and also increased cell
growth in vitro (48). To assess the requirement for chimeric
FABP7 in DLBCL proliferation and cell-cycle progression in
vitro, DLBCL cell lines were nucleofected to express three in-
dependent RNAi sequences targeting FABP7 and a nonsilencing
scrambled control sequence. Expression of one of the shRNAs,
744, resulted in a small decrease in FABP7 expression, whereas
expression of the 745 and 746 sequences resulted in robust de-
pletion of chimeric FABP7 expression compared with scrambled
control, as assessed by Western blotting (Fig. 6A). Depletion of
chimeric FABP7 proportionally reduced expression of the pro-
liferation marker proliferating cell nuclear antigen (PCNA) in
these polyclonal cell lines (Fig. 6B). In addition, SUDHL4
growth, as assessed by total viable cell number, was also inhibited
in chimeric FABP7-depleted SUDHL4 cells (Fig. 6C). Although
there was some variation in viable cell numbers between the 745
and 746 RNAi cell lines, this variation was not statistically sig-
nificant, and both RNAi cell lines displayed significant inhibition
of cell growth compared with scrambled control. Incorporation
of the S phase marker BrdU was also significantly reduced in
SUDHL4 cells depleted of chimeric FABP7, compared with
scrambled control (Fig. S6). Because exogenous overexpression of
either native or chimeric FABP7 resulted in loss of differential
subcellular localization (Fig. S5), which is key to its function, we
could not perform a rescue experiment of the RNAi knockdown.
However, to confirm these data in another cell line, the DLBCL
cell line DB, which also expresses chimeric FABP7, was transiently
transfected with the same RNAi sequences. Depletion of chimeric
FABP7 also resulted in decreased PCNA expression (Fig. 6D) and
significantly inhibited BrdU incorporation (Fig. 6E). Taken to-
gether, these data demonstrate that expression of chimeric FABP7
is required for optimal DLBCL cell growth in vitro.

Concluding Remarks. A growing number of large-scale sequencing
studies have reported detection of somatic TE insertions in some
types of human cancers, and potential roles for such new inser-
tions in malignancy are being actively investigated (49–52).
Other studies have investigated potential roles for human

ERV-encoded proteins in cancer (53–55) or reported general
transcriptional up-regulation of ERVs or L1s in various malig-
nancies (for reviews see refs. 56 and 57). In contrast, there has
been less attention on the phenomenon of cancer-specific gene
expression perturbations owing to transcriptional activation of
normally dormant TEs residing in the genome. A recent study
using data primarily from cell lines showed that very long non-
coding RNAs (vlincRNAs) promoted by LTRs are more preva-
lent in cancer and embryonic stem cells compared with other
tissues (18). Two groups used an experimental strategy (58) or
the screening of ESTs (59) to detect chimeric transcripts driven
by the antisense promoter in L1 elements that seem specific to
cancer cell lines or tumors. One such transcript produces
a truncated c-MET protein that may affect c-MET receptor
signaling (59, 60), but a significant role in human malignancy has
not been demonstrated. These latter two studies focused only on
L1 elements and were not designed to screen cancer tran-
scriptomes for all TE-initiated chimeric transcripts. The report
of LTR-mediated activation of CSF1R in Hodgkin lymphoma
(24), while clearly demonstrating an important role in the ma-
lignancy, is only a single case. To our knowledge our study is the
first to conduct a transcriptome-wide analysis in a large primary
cancer cohort specifically to detect chimeric transcripts from all
types of TEs. Moreover, it is the first, to our knowledge, to
suggest roles for transcriptionally activated TEs in DLBCL. We
found that normally silent TEs drive ectopic expression of mul-
tiple genes in DLBCL, suggesting a significant impact on the
DLBCL transcriptome. It will be interesting to conduct similar
analyses in other malignancies to assess differences in TE-mediated
transcriptional effects across cancer types.
We focused here on further analysis of the LTR2-FABP7 chi-

mera that we found to be expressed in a subgroup of DLBCL
patients. As discussed above, the TE promoter for this chimera, an
LTR2 sequence, is overrepresented among our list of 98 cases
based on the genomic abundance of this LTR family. THE1
LTRs, a member of which has been implicated in Hodgkin lym-
phoma through transcriptional activation of CSF1R (24), were
also found to be overrepresented among our list of TE-driven

Scrambled 746745 
FABP7 RNAi

%
Br

dU
 p

os
iti

ve

0

5

10

15

0.0039** 0.0142*

0.00E+00

5.00E+06

1.00E+07

1.50E+07

2.00E+07

2.50E+07

3.00E+07

3.50E+07

4.00E+07

0h 24h 48h 72h

To
ta

l v
ia

bl
e 

ce
ll 

nu
m

be
r (

m
ea

n 
± 

S
D

)

Scrambled
745 FABP7 RNAi

746 FABP7 RNAi

***

**

74
4

Actin

Scra
mble

d

74
5

74
6

FABP7

FABP7 RNAiSUDHL4A C

B

D

FABP7

PCNA

Scra
mble

d

74
5

74
6

FABP7 RNAi
DB 

Actin

PCNA

Actin

74
4

Scra
mble

d

74
5

74
6

FABP7 RNAi

E

Fig. 6. SUDHL4 cells were stably transfected with RNAi vectors targeting
FABP7 (744, 745, and 746) or a scrambled control. Cell lysates were assessed
for (A) FABP7 and (B) PCNA expression by Western blotting. Actin expression
was assessed as a loading control. (C) Stably transfected viable SUDHL4 cell
growth was assessed by trypan blue counting. (t test: ***P < 0.0001, **P <
0.0003). (D) DB cells were transiently transfected with RNAi vectors targeting
FABP7 (745 and 746) or a scrambled control. Cells were lysed and assessed for
FABP7 and PCNA expression by Western blotting or (E) subjected to BrdU
incorporation assay, assessed by FACS analysis.
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chimeric transcripts, although such cases still involve a very small
fraction of all related LTRs in the genome. The molecular mecha-
nisms that underlie cancer-specific transcriptional activation of some
TEs, but not others that are highly related, are poorly understood
but could involve regional epigenetic perturbations or perhaps
clonal selection for certain events during cancer progression.
The LTR2-FABP7 chimeric transcript produces a novel pro-

tein isoform that is required for optimal growth of DLBCL cell
lines expressing this protein. Thus, it could represent a novel
biomarker for a subset of DLBCL patients. In normal adults,
FABP7 transcripts have been identified in brain and skeletal
muscle (61); however, protein expression has only been con-
firmed in the brain, where it is likely a marker for neural stem
cells (62). Hence, any FABP7-specific chemotherapeutic treat-
ments that do not cross the blood–brain barrier could be highly
cancer-specific, making FABP7 a potentially useful therapeutic
target. FABP7 is up-regulated in several solid cancer types, in-
cluding melanoma (28–31, 47), and has previously been recog-
nized as a novel target for a melanoma treatment (48). It is worth
noting that most of these studies would not have detected dif-
ferential promoter use of FABP7, so it is possible that the LTR2
element might also drive expression of this gene in other cancers.
A recent study of fluorescent small molecules identified a novel
compound, CDr3, that can diffuse into cells to bind FABP7 in-
tracellularly in a highly specific way and has been demonstrated
as a specific marker for neural stem cells in vitro (62). Consid-
ering the limited treatment options currently available for
DLBCL, and poor prognosis for patients with recurrent disease
(25, 63), new therapeutics are urgently required for treatment of
this disease. Targeting chimeric FABP7 could represent a new
treatment avenue for DLBCL.

Materials and Methods
All reagents were purchased from Sigma unless specified. All experiments are
representative of at least three independent experiments, unless specified.
Statistical analysis was performed using t test, unless specified.

Patient Data. Published RNA-seq data from 101 DLBCL patient samples of
different subtypes was obtained (27). The two most common subtypes of
DLBCL are germinal center B-cell (GCB) origin and activated B-cell (ABC)
phenotype, with the ABC subtype recognized as having a more aggressive
clinical course than the GCB subtype (64, 65). Alternative subtypes include
composite lymphoma (when two or more distinctly different types of lym-
phoma occur in the same tissue or organ simultaneously) (66) and un-
classified lymphomas, which cannot be clustered with other morphological
subtypes (67). This cohort included 31 ABC, 52 GCB, 10 unclassified, and
8 samples categorized as “other or composite” (27).

Bioinformatics Analysis. The data were mined to uncover chimeric paired-end
reads and to calculate gene RPKM (reads per kilobase of transcript per million
reads mapped) as previously described (32). Briefly, sequence reads were
aligned to the human reference genome (hg18) using BWA v0.5.9 (68) with
Smith–Waterman alignment disabled and annotated exon–exon junctions
compiled from Ensembl (69), RefSEq. (70), and UCSC (71) (downloaded from
http://genome.ucsc.edu on August 8, 2011). Sequence reads that could be
uniquely assigned a position in the transcript resource (exon–exon junctions)
were computationally repositioned to the genomic hg18 coordinates and
a single merged bam file (68) generated for downstream analyses. The bam
files were converted to the RPKM normalized wiggle track (WIG) files for
visualization of the data in the UCSC browser. The WIG files represent the
combined coverages of uniquely aligned reads as well as the multiple-
aligned reads whose mates are uniquely aligned to hg18 genome. These
multiple-aligned reads are retained and used to generate chimeric paired-
end reads. Transcripts containing TE sequences were identified by exploiting
the genomic locations of paired-end reads. Mate-pair reads separated by
more than 1 SD from the mean fragment size were identified, and those
mate pairs containing one read in a TE and the other in a RefSeq genic exon
[downloaded from the UCSC database (72)] were enumerated. We found
that discounting mate pairs mapping closer together than 1 SD from the
mean fragment size reduced a specific class of false positives in which the TE
is simply inserted within an exon.

To enrich for significant gene candidates we only included genes that were
(i) silent in normal libraries (RPKM <1), (ii) expressed in DLBCL (RPKM ≥1),
(iii) with at least three chimeric paired-end reads, and (iv) meeting these
criteria in at least two DLBCL libraries. This procedure resulted in ∼600 po-
tential TE-driven chimeric genes. This set was then visually inspected by at
least two individuals using tracks created on the UCSC Genome Browser to
exclude exonizations, truncations, and complex or uninterpretable cases.
Cases passed this manual inspection only if three independent (nonidentical)
chimeric reads splicing from a TE to an annotated RefSeq exon could be
confirmed in silico with no evidence of reads/transcripts splicing into the TE
from upstream. This step reduced our high-confidence candidate list to 98
genes (Dataset S1). We chose five candidate genes for further analysis based
on their genome browser profile, function, and potential implication in
cancer (SI Text, section 1). Heat maps correlating RPKM and chimeric paired-
end reads were obtained using all available libraries and sorted by number
of reads or amplitude of RPKM. Nonparametrical spearman R correlation
factor statistical tests were carried out using GraphPad Prism software.

Asmentioned above, we found that ourmethod detects casesmissed by ab
initio assembly, particularly if the TE-derived first exon is small or the number
of chimeric reads is low. We performed ab initio transcript assembly on nine
DLBCL libraries chosen at random and found that Cufflinks (33) failed to
identify a chimeric transcript called by our pipeline in a particular library
35% of the time (33/95 comparisons) (see last column in Dataset S1). Fig. S7
shows an example comparing the two methods. For two DLBCL libraries that
were clearly called by our pipeline as having TE-initiated transcripts for
ALDH1L1 (Dataset S1), only one of these was found by Tophat/Cufflinks. To
further compare our method with ab initio transcript assembly, we de-
termined how many additional libraries would have been detected using
Cufflinks as harboring the chimeric transcript for our 98 cases. We found
only six instances (listed in Dataset S1) where Cufflinks correctly assembled
the transcript that was not detected by our pipeline in those libraries.

5′ RACE, RT-PCR, and Primer Walking. To confirm sequence of chimeric 5′ ends,
5′RACE was performed on 1 μg RNA using a First Choice RLM-RACE kit
(Ambion) per the manufacturer’s protocol. PCR to amplify 5′ ends of gene of
interest was performed using primers supplied and gene-specific primers.
Amplification was performed with High Fidelity Phusion polymerase (New
England Biolabs) at 62 °C annealing, 25-s elongation, and 40 amplification
cycles. PCR-amplified 5′ end transcripts were cloned into Promega pGEM
T vector (Promega) and sequenced by Eurofins MWG Operon. For RT-PCR,
RNA was extracted (at least two biological replicates per cell line) with the All
Prep DNA/RNA mini kit (Qiagen) according to the manufacturer’s instructions.
Five hundred nanograms of DNase-treated (Ambion Turbo DNase) RNA was
used for cDNA synthesis with Vilo reverse transcriptase (Invitrogen). All primers
used for cDNA amplification encompass at least one intron to check for geno-
mic DNA contamination. For primer walking, 1 μg of cDNA was used in a 25-μL
reaction, amplified using Phusion DNA polymerase (New England BioLabs) with
the following cycles and primer sets: 98 °C, 30 s, (98 °C, 7 s; 62 °C, 20 s; 72 °C,
30 s) for 37 cycles. Tables S1–S4 list the primers used.

Bisulfite Analysis. Bisulfite conversion, PCR, cloning, and sequencing were
carried out as described previously (73). All of the sequences included in the
analyses either displayed unique methylation patterns or unique C-to-T
nonconversion errors (remaining Cs not belonging to a CpG dinucleotide)
after bisulfite treatment of the genomic DNA. This avoids considering several
PCR-amplified sequences from the same template molecule (provided by
a single cell). All sequences had a conversion rate >95%. Sequences were an-
alyzed with Quma free online software (74). Tables S1–S4 list the primers used.

Cell Culture. The DLBCL-derived cell lines SUDHL4, SUDHL5, SUDHL6, and
NUDUL1 were obtained from the German Collection of Microorganisms and
Cell Cultures and propagated according to standard conditions (DSMZ; www.
dsmz.de). The cell line MedB-1 was a kind gift from S. Brüderlein and
P. Möller, University of Ulm, Germany and propagated as published (41).
SUDHL9 were obtained from M. Dyer, University of Leicester, Leicester, UK.
The Karpas 422 cell line was obtained from A. Karpas, Cambridge Enterprise
Limited, University of Cambridge, Cambridge, UK (75). The EBV-transformed
lymphoblastoid cell line (LCL) was kindly provided by U. Steidl, Einstein
College of Medicine, New York. Cells were grown in RPMI media/10% FBS/1%
penicillin/streptomycin (PS). OCl-Ly3 (a gift from A. Wang, BC Cancer Agency,
Vancouver) and L591 cells were cultured in Iscove’s modified Dulbecco’s
medium/20% FBS/1% PS/1% nonessential amino acids. The HepG2 and
JEG3 cell lines were grown in EMEM/10% FBS/1% PS. U251 cells (a gift from
Roseline Godbout, University of Alberta, Edmonton, Canada) were cultured
in DMEM/10% FBS/1% PS. Cells were maintained at 37 °C, 5% CO2.
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SDS/PAGE, Western Blotting, and Isoelectric Focusing. For standard Western
blotting, cells were lysed with RIPA buffer with protease inhibitors. Forty
micrograms of protein/sample were separated using 4–12% Bis-Tris gels and
CAPS transfer buffer (Invitrogen). Western blotting was carried out as de-
scribed (76). For isoelectric focusing, cells were lysed in RIPA buffer and 500 μg
protein processed using ReadyPrep 2D cleanup kit (Bio-Rad). Samples were
resuspended in rehydration buffer, and 40 μg per lane loaded onto Criterion
IEF pH 3–10 gel (Bio-Rad) and run according to the manufacturer’s instructions.
Proteins were transferred in 0.7% acetic acid onto PVDF membrane. Mem-
brane was blocked in 5% milk-TBST, incubated with FABP7 antibody (AbCam)
and anti-rabbit-HRP (Sigma), and visualized with X-ray film.

Antibodies. Lamin A (Ab8980) and FABP7 (Ab104952) were from AbCam;
GAPDH and β-actin were from Sigma; PCNA (610664) was from BD Trans-
duction laboratories; rabbit IgG was from Millipore; and anti-rabbit HRP and
anti-mouse-HRP were from Sigma.

Immunohistochemistry. Human DLBCL tissue microarray (Pantomics) was
subjected to citrate antigen retrieval, permeabilized with 0.2% Triton-X-100,
blockedwith normal rabbit serum, and then incubated overnight with rabbit-
FABP7 antibody. Normal rabbit IgG was used as a control. Sections were then
incubated with anti-rabbit HRP, and immunoreactivity was visualized using
NovaRED reagent (SK-4800; Vector Laboratories). Sections were mounted
using glycergel (C0563; Dako Canada, Inc.) and micrographs taken at 40×
zoom. Semiquantitative analysis of FABP7 staining intensity was conducted,
compared with an image scale of IgG control intensity as 0, low (1), or
medium (2) staining intensity levels displaying increasing staining and mouse
brain positive control having maximum intensity of 3.

Immunofluorescence. U251, SUDHL4, or DB cells were plated in serum-free
media and allowed to adhere to poly-L-lysine–coated glass coverslips for 24 h.
Cells were treated as appropriate, fixed with 4% (wt/vol) paraformaldehyde,
permeabilized with 0.2% triton-X-100 in PBS, blocked in 2% (wt/vol) BSA-
PBS and stained with phalloidin-Texas Red (Sigma), FABP7 antibodies or IgG
control, anti-Rabbit-FITC and Dapi. Images were captured at the same Z
section (0.5 μm) using a confocal microscope (Zeiss) and processed using
ImageJ. Briefly, a single line vector was drawn from one side of the cell to the
other (as defined by actin staining), through the nucleus (as defined by DAPI
staining). FABP7 and nuclear staining intensity across this line was quantified.

Representative plots of single cells are shown. To display average data from over
30 cells, mean FABP7 staining intensity was quantified in nuclear and perinuclear
areas (as defined by actin and DAPI staining) and expressed as mean nuclear
FABP7 fluorescence intensity/ perinuclear FABP7 fluorescence intensity, as de-
scribed previously (77).

BrdU Incorporation Assay. Cultured cells were pulsed with 10 μM BrdU for 1 h
(DB cells) or 30 min (SUDHL4 cells) in vitro before harvest. Staining was
performed according to the manufacturer’s instructions (APC-BrdU kit; BD
Biosciences). Acquisition was performed using a FACSCalibur (BD Bio-
sciences) and data analyzed using FlowJo software (TreeStar).

pLKO.1 Plasmid Generation and Nucleofection. shRNA sequences were gener-
ated by The RNAi Consortium (TRC) targeting FABP7 (744, TRCN0000059744;
745, TRCN0000059745; 746, TRCN0000059746) into the pLKO.1puro or
pLKO.1GFP lentivector as previously described (78). The scrambled shRNA
control (shScramble) in pLKO.1puro or pLKO.1GFP vector was a gift from
A. Weng. All constructs were verified by sequencing. SUDHL4 or DB cells
were nucleofected using Amaxa Cell line kit L (Lonza), program C-005 or
O-017, respectively. Stably transduced cells were selected with puromycin,
as applicable.

FA Treatment. Stock solutions of DHA and AA were prepared in FA-free BSA–
PBS vehicle as previously described (43, 79). Cells were treated with a final
concentration of 60 μM FA, or vehicle alone, in serum-free media for 24 h.
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