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Transposable elements (TEs) can donate regulatory sequences that help to control the expression
of human genes. The oncogene c-Myc is a promiscuous transcription factor that is thought to
regulate the expression of hundreds of genes. We evaluated the contribution of TEs to the c-Myc
regulatory network by searching for c-Myc binding sites derived from TEs and by analyzing the
expression and function of target genes with nearby TE-derived c-Myc binding sites. There are
thousands of TE sequences in the human genome that are bound by c-Myc. A conservative
analysis indicated that 816-4564 of these TEs contain canonical c-Myc binding site motifs. c-Myc
binding sites are over-represented among sequences derived from the ancient TE families L2 and
MIR, consistent with their preservation by purifying selection. Genes associated with TE-derived
c-Myc binding sites are co-expressed with each other and with c-Myc. A number of these putative

TE-derived c-Myc target genes are differentially expressed between Burkitt’s lymphoma cells
versus normal B cells and encode proteins with cancer-related functions. Despite several lines of
evidence pointing to their regulation by c-Myc and relevance to cancer, the set of genes identified
as TE-derived c-Myc targets does not significantly overlap with two previously characterized
c-Myc target gene sets. These data point to a substantial contribution of TEs to the regulation of
human genes by c-Myc. Genes that are regulated by TE-derived c-Myc binding sites appear to

form a distinct c-Myc regulatory subnetwork.

Introduction

Almost half of the human genome sequence is made up of
interspersed repeat sequences, which are remnants of formerly
mobile transposable elements (TEs).”> These TE sequences
have shaped the structure, function and evolution of their host
genomes in a number of ways.>* For example, TEs are the
source of a variety of regulatory sequences, including
transcription factor binding sites (TFBS), alternative
transcription start sites and small RNAs, that help to control
the expression of host genes.® The gene regulatory properties
of TEs have received a great deal of attention in recent years,
particularly since eukaryotic genome sequences and functional
genomic datasets began accumulating over the last decade.
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The ability of TEs to donate sequences that regulate nearby
genes was first noticed in individual molecular genetic studies
where regulatory elements were found to be located inside of
repetitive sequence elements. In perhaps the first example of
this kind of study, the sex-limited protein (Slp) encoding gene
in mouse was shown to be regulated by androgen response
elements located in the long terminal repeat sequence of an
upstream endogenous retrovirus.® An accumulation of such
anecdotal cases was taken to support the possibility that TEs
may have broad genome-scale effects on gene regulation.”®
In the genomics era, three distinct classes of approaches have
been taken to elucidate the regulatory contributions of TEs on
the genome scale: (i) computational prediction of TE-derived
regulatory sequences, (ii) identification of highly conserved TE
sequences with comparative genomics and (iii) co-location of
experimentally characterized regulatory sequences and TEs.

Computational analyses of TE sequences using position
weight matrices that represent cis-regulatory sequence motifs
have shown that TEs harbour numerous putative TFBS.%!°
These data, taken together with the genomic abundance of
TEs, underscore their potential ability to regulate the expression
of numerous host genes. A problem with this approach is that
the ab initio prediction of cis-regulatory sequence motifs is
prone to numerous false positives. To overcome this limitation,
authors have used sequence shuffling, or simulation, to build
null background sequence sets and then find TFBS that are
over-represented among TE sequences relative to the background
sets.!® Even with such a control for sequence composition in
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place, it is still difficult to know which of these TE-derived
TFBS may actually be functionally relevant in terms of
regulating the expression of host genes. It can also be difficult
to distinguish between sequences that regulate the expression
of the element itself versus those that regulate nearby
host genes.

Comparative genomics studies have been used to help
identify TE sequences that are likely to encode functions for
their host genomes. The rationale behind this approach is that
conserved TE sequences have been preserved by purifying
selection because of their functional, presumably regulatory,
importance to the host organism.'! The comparative genomics
approach to the identification of TE-derived regulatory
sequences was pioneered by Silva et al. who identified
numerous ancient L2 and MIR intergenic TE sequences that
were highly conserved among mammals and therefore likely
to be functionally important.'? Since that time, a number of
studies have turned up thousands of conserved non-coding
sequences that are derived from TEs."*'7 These findings
indicate that a substantial fraction of TE sequences in
mammalian genomes have been conserved by virtue of their
functional (regulatory) relevance.'® However, this evolutionary
approach to the identification of TE-derived regulatory
sequences is overly conservative in some cases because it will
not detect regulatory sequences that are derived from
relatively recently inserted, or lineage-specific, TEs. Indeed,
TEs are the most dynamic and rapidly evolving sequences in
eukaryotic genomes, and most TE insertions are not shared
between evolutionary lineages.'® Accordingly, it has been shown
that numerous experimentally characterized TE-derived
regulatory sequences are not conserved between species.'® !

One of the most promising genome-scale approaches for the
characterization of TE-derived regulatory sequences involves
co-locating experimentally characterized regulatory elements
and TE annotations on genomic sequences. This approach was
first used on a relatively small scale by mapping the locations
of hundreds of TFBS characterized in individual experiments
to human TEs and then extrapolating to the entire human
genome.”” This study suggested that thousands of human
genes may be regulated by TE-derived regulatory sequences,
but it was not possible to know whether this was actually the
case. In order for the co-localization approach to really work
on the genome-scale, high-throughput experimental data on
the locations of regulatory sequences are needed. These data
have become widely available in the last few years thanks to
the invention of techniques like chromatin immunoprecipitation
followed by microarray, ChIP-chip, or high-throughput
sequencing, ChIP-Seq, analysis.”> There are now hundreds-
of-thousands of experimentally characterized TFBS that have
been mapped to the human genome using these techniques,
and recent studies have shown that many of these sites are
derived from TEs.**** Many of these TE-derived TFBS are
lineage-specific and may define recently evolved regulatory
subnetworks that elaborate on previously existing networks
as is the case for p53 binding sites derived from human
endogenous retroviruses.”’

One particularly interesting transcription factor for which
there is a human genome-wide map of binding sites is c-Myc.?®
c-Myc has been reported to regulate a large set of genes,?” %’

and it is considered an oncogene by virtue of its deregulation
in a variety of cancers. For instance, c-Myc is markedly
deregulated in lymphomas where it is over-expressed relative
to normal B cells. A recent report evaluated the contribution
of TEs to c-Myc binding sites on the human genome.** These
authors found that c-Myc bound regions were not statistically
enriched for co-localization with any particular TE family, and
based on this observation concluded that c-Myc TFBS do not
reside on repeats. However, our own preliminary data revealed
that numerous c-Myc bound regions were in fact derived from
human TE sequences, and we wanted to further explore the
relationship between c-Myc binding and TEs to address this
discrepancy.

Despite the lack of enrichment for c-Myc binding sites in a
particular TE class or family observed previously, we found
thousands of TE-derived c-Myc binding sites in the human
genome using a conservative approach that integrated data
from the experimental characterization of c¢-Myc bound
regions with c-Myc binding site motif prediction. Gene
expression and gene set enrichment analyses indicate that
many of these TE-derived c-Myc binding sites are likely to
be functionally relevant with respect to the regulation of
human gene expression. However, most genes associated with
TE-derived c-Myc binding sites do not correspond to genes
previously characterized as targets of c-Myc regulation. This
raises the possibility that TE-derived c-Myc targets define a
distinct c-Myc regulatory subnetwork.

Results and discussion
TE-derived c-Myc binding sites

We integrated experimental data on c-Myc bound genomic
sequences, probabilistic transcription factor binding site
(TFBS) analysis and TE genome-annotations to identify
TE-derived c-Myc binding sites in the human genome. The
locations of c-Myc bound human genome sequences were
previously determined using genome-wide chromatin
immunoprecipitation (ChIP) and paired-end-ditag (PET)
sequencing on P493 B cells.>® We co-located these c-Myc bound
human genome sequences with TE sequences annotated by
RepeatMasker (http://www.repeatmasker.org). This analysis
resulted in a set of 259294 TE sequences co-located with
c-Myc bound regions. The precise locations of TE-derived
c-Myc binding sites were then determined by running the
program Clover®® on the c-Myc bound TE sequences. Clover
was run using two c-Myc position—frequency matrices
(Fig. S1, ESIf) with P-value thresholds of 0.01 and 0.001.
This analysis resulted in a total of 4564 TE-derived c-Myc
binding sites for P < 0.01 and 816 TE-derived c-Myc sites for
P < 0.001. Thus, there is a substantial potential for human TE
sequences to contribute to c-Myc gene regulatory networks.
Here it should be noted that the use of Clover for the
identification of specific c-Myc binding sites represents a
conservative approach that eliminates many c-Myc bound
human TE sequences that do not contain canonical c-Myc
binding site sequence motifs. In fact, running Clover resulted in a
two orders-of-magnitude reduction in the number of
TE-derived c-Myc bound regions identified in the human genome.
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Table 1 Number of TEs that contain c-Myc binding sites for each TE class/family

TE class/family” Observed number”

Observed percent (%) Expected percent? (%)

L1 940
L2 546
LINE other 47
Alu 994
MIR 733
SINE other 27
DNA 411
LTR 866
Total 4564

20.60 21.9
11.96 9.7
1.03 1.6
21.78 28.1
16.06 13.9
0.59 0.1
9.01 9.3
18.97 15.5
100.00 100.0

“ Name of TE classes or families. ” Observed number of TEs in each class/family. ¢ Observed percent: the observed number of TEs in each class/
family divided by the total observed number (4564) of TEs containing c-Myc binding sites. ¢ Expected percent: the total number of TEs in each
class/family in human genome divided by the total number of all TEs in human genome.

While this approach may result in the loss of some bona fide
TE-derived c-Myc binding sites, it also yields increased
confidence in the functional relevance of the smaller set of
TE-derived sites we identified.

In order to evaluate the contribution of distinct TEs to
c-Myc binding sites, we divided human TEs into 8 classes/
families based on the Repbase database®! classification system:
L1, L2, LINE other, Alu, MIR, SINE other, DNA and LTR.
The observed numbers of individual TE insertions with c-Myc
binding sites for each class/family are shown in Table 1
(P < 0.01) and Table S1, ESIi (P < 0.001), and a comparison
of the observed versus expected percentages for each TE
class/family are shown in Fig. 1A (P < 0.01) and Fig. S2,
ESIf (P < 0.001). Members of the abundant L1 and Alu
element families have lower observed than expected percentages,
while L2 and MIR elements have higher than expected
percentages. The relative ages of these families can be estimated
by calculating the sequence divergence between individual
elements and subfamily consensus sequences; younger elements
have lower divergence since they inserted in the genome more
recently. L1s and Alus are younger element families, many of
which are primates-specific, whereas L2 and MIR are more
ancient families that radiated early in mammalian evolution
(Fig. 1B). In other words, relatively older TE families contribute
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more c-Myc binding sites than expected based on their
percentage in the genome, whereas younger families contribute
fewer c-Myc binding sites than expected. A similar pattern
was found in a recent study that analyzed experimentally
characterized human TE-derived binding sites from numerous
distinct transcription factors.>’ The enrichment of c-Myc
TFBS in more ancient TEs is consistent with the notion that
these sequences have been conserved in the genome by purifying
selection based on their functional relevance.'? Nevertheless,
Alu elements show the highest number of c-Myc binding sites,
since they are the most numerous elements in the genome.
TFBS derived from relatively young, even polymorphic in
some cases, elements like Alu are of interest since they may
impart lineage- or condition-specific regulatory properties on
nearby genes.'® 212> We explore this possibility later in the
manuscript.

Regulatory effects of TE-derived c-Myc binding sites

In order to evaluate the potential regulatory effects of
TE-derived c-Myc binding sites, we mapped the TE-derived
sites to the vicinity of human genes and analyzed these genes’
tissue-specific expression patterns. Human genes with
TE-derived c-Myc binding sites within +-10 kb were considered
as potential c-Myc regulated target genes. This resulted in a
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Fig. 1 Family origins and relative ages for human TEs bound by c-Myc. Observed versus expected percentages of c-Myc binding sites derived
from different TE classes/families. (A) The observed percentages (blue) of TEs containing c-Myc binding sites in each TE class/family are plotted
along with the expected percentages (maroon) of TEs in each class/family based on their background percentages in the human genome.
(B) Percent divergence from subfamily consensus sequences for human TEs that are bound by c-Myc. The relative percentages of each of the six
TE families are shown for each percent divergence bin. Younger elements have lower divergence from their consensus sequences, and older
elements have higher divergence.
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Table 2 Pearson correlation coefficients (PCC) of gene expression within each target gene class

Target gene class’ Number of probes” Average PCC* Z score? P-value®

L1 357 0.027 31.17 3.85 x 107213
L2 297 0.031 29.63 7.96 x 107193
LINE other 20 0.033 2.29 0.022

Alu 550 0.044 73.06 0

MIR 390 0.021 26.10 4.64 x 1071%°
SINE other 17 0.055 2.32 0.021

DNA 205 0.028 17.57 404 x 1079
LTR 257 0.021 16.63 4.13 x 1072

“ Name of TE classes or families. * Number of Affymetrix probes corresponding to genes with c-Myc binding sites derived from TE of specific
classes/families. © Average of Pearson correlation coefficients (PCC) of each pair of probes within specific TE classes/families. ¢ Z-transformation

of PCC values. ¢ P-values indicate the significance levels of Z scores.

total set of 1550 human genes with proximal TE-derived
c-Myc binding sites. The expression patterns of these putative
target genes over 79 human tissues and cell lines were
compared to each other, and to the expression patterns of
c-Myc, using the Novartis human gene expression atlas of
Affymetrix microarray data.*?

For each class/family of TEs, the expression patterns of all
putative c-Myc target genes were compared using the Pearson
correlation coefficient (PCC). Table 2 shows the number of
target gene Affymetrix probes for each TE class/family along
with the average PCCs, Z scores and P-values. All 8 TE
classes/families have sets of putative c-Myc target genes that
are positively and significantly co-expressed, on average,
across human tissues. Target genes with Alu-derived c-Myc
binding sites, the most numerous class, show the highest levels
of average co-expression and the greatest statistical significance.
It should be noted that while the average co-expression levels
for the distinct TE class/family target gene sets are all positive
and, for the most part, highly statistically significant, the
average PCC values are still quite low (i.e. close to 0).
This suggests that while there is certainly an enrichment for
co-expressed gene pairs among the TE-derived c-Myc target
genes, the total set of target genes for each class has a broad
range of tissue-specific expression patterns. This is consistent
with the fact that genes with proximal TE-derived c-Myc
binding sites are also likely to be regulated by additional
transcription factors as well as different classes of regulators
such as epigenetic modifications and/or small RNAs.

In order to further explore the relationship between human
gene expression and the presence of TE-derived c-Myc binding
sites, tissue-specific expression levels of putative target genes
were compared to the expression of the regulator c-Myc. This
allowed us to more directly investigate whether those target
genes are actually regulated by c-Myc. To do this, we
calculated the target genes’ average expression levels in each
tissue and compared them with the c-Myc expression data by
calculating pairwise PCCs across tissues between the TE
classes/families and c-Myc. The results of the PCC analysis
are shown in Table 3, and the average expression levels for TE
classes/families and c-Myc across 79 tissues are shown in
Fig. 2. 7 out of 8 TE class/family target gene sets show
statistically significant co-expression with c-Myc. Furthermore,
for these 7 TE classes/families, the average PCC values
between the putative target genes with TE-derived binding
sites and c-Myc are an order of magnitude greater (Table 3)

Table 3 Pearson correlation coefficients (PCC) between expression
levels of TE-derived target genes and c-Myc

Target gene class? PCC’ t P-value?

L1 0.37 3.45 9.18 x 107
L2 0.35 3.28 1.57 x 1079
LINE other —0.10 —0.87 0.39

Alu 0.48 4.79 7.95 x 107%
MIR 0.41 3.93 1.86 x 107%
SINE other 0.62 7.00 8.17 x 1071°
DNA 0.34 3.14 241 x 1079
LTR 0.32 2.94 436 x 1079

“Name of TE classes or families. * Pearson correlation coefficients
(PCC) between the average tissue-specific expression levels of all target
genes with a TE class/family and c-Myc. © PCC transformed into
t-values by 1 = PCC x sqrt(df/(1—PCC?)) where df = 77. ¢ P-values
indicate the significance levels of ¢ scores (following Student’s
t distribution).

than the average PCC values among all pairs of target genes
(Table 2). This indicates that the target genes’ tissue-specific
expression patterns are distributed around the expression
pattern of c-Myc in such a way as to be more similar to
c-Myc, on average, than they are to each other. This can be
visually appreciated by comparing the average tissue-specific
expression levels of the TE class/family target genes to the
expression pattern of c-Myc (Fig. 2). Target genes with
TE-derived c-Myc binding sites are clearly more highly
expressed, on average, in the same tissues where c-Myc is also
highly expressed. The most striking cases of c-Myc-to-target
gene co-expression can be seen for both normal and cancerous
T cells and B cells, including CD4 " and CD8 " T cells, CD19 "
B cells and several lymphoma and leukemia cell lines (Fig. 2).

We performed a permutation test to more precisely identify
the specific tissues where both c-Myc and the target genes with
TE-derived c-Myc binding sites are over-expressed. To do this,
the average tissue-specific expression levels of all target genes
were computed and compared to 1000 randomly permuted
(over the same gene set) tissue-specific average expression level
vectors. The same analysis was done using c-Myc tissue-
specific expression levels as the test set. For each tissue, the
observed test set average, or c-Myc, expression level was then
compared to the distribution of permuted values. There are
22 significantly (P < 0.05) over-expressed tissues among the
TE c-Myc binding site target genes including the aforementioned
normal and cancerous T and B cells as well as several brain
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Fig. 2 Average expression levels of TE-derived c-Myc target genes, and c-Myc expression levels, across 79 tissues/cell lines. Average tissue-specific
expression levels are shown for TE-derived c-Myc target genes from 8 TE classes/families, and tissue-specific gene expression levels are shown for
c-Myc. High expression levels are shown in red and low expression levels are shown in blue.

tissues (Table S2 and Fig. S3, ESIT). When the c-Myc expression
levels were similarly compared to the permuted expression
levels, 6 tissues were identified as significantly over-expressed,
all of which were over-expressed in the TE-derived c-Myc
target gene set. Taken together, the data comparing the
expression patterns of the target genes and c-Myc provide an
additional, and more compelling, line of expression evidence in
support of the functional relevance of TE-derived c-Myc
binding sites.

A TE-specific c-Myc regulatory network

To further explore the functional relevance of the human genes
with TE-derived c-Myc binding sites, we compared the set of
putative TE-derived c-Myc target genes to two previously
published sets of genes identified to be regulated by c-Myec.
Basso et al. characterized a set of 2063 c-Myc target genes
by reverse engineering a c-Myc regulatory network from
high-throughput gene expression data.?’ Zeller er al. used
literature mining to create the Myc target gene database
(http://www.myccancergene.org) reporting 1697 experimentally
characterized c-Myc target genes.”’ We computed the overlap
of these two c-Myc target gene sets with each other and the
overlap of each with our own TE-derived target gene set; the
statistical significance levels of the c-Myc target gene set
overlaps were assessed using the hypergeometric distribution
(Fig. 3). The two previously available c-Myc target gene
sets have a substantial, and highly statistically significant
(P < 1.8 x 107'1?), overlap of 434 genes. This indicates that
the distinct expression and literature-based c-Myc target gene
search protocols converge on a shared core of c-Myc regulated
target genes. On the other hand, the 1550 TE-derived c-Myc
target genes we identified have a low, and non-significant
(0.81 < P < 0.99), overlap with the previously characterized
sets of genes. This result can be interpreted in two ways. It
could mean that the TE-derived c-Myc target genes we
identified do not represent a functionally relevant set of genes
that are in fact regulated by c-Myec. This interpretation is not
consistent with the expression data we report here indicating
that genes with TE-derived c-Myc binding sites are
co-expressed with each other and with c-Myc. The low overlap
between our TE-derived target gene set and the previously
published sets could also be taken to indicate that TE
sequences yield a distinct and specific c-Myc regulatory

c-Myc target gene sets

A - Basso ef. al n=2,063
B - Zeller et, al n=1,617
C - TE-derived targets n=1,550
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Fig. 3 Overlap between TE-derived c-Myc target genes identified
here and two previously characterized c-Myc target gene sets. Circle A
represents the c-Myc target gene dataset from Basso er al.,”’ circle B
represents the c-Myc target gene dataset from Zeller ef al.,”? and circle
C represents the putative TE-derived c-Myc target genes identified
here. The numbers above the diagonal of the matrix are the number of
genes that overlap between two different datasets, and the numbers
below the diagonal of the matrix are the significance levels (P-values)
of the overlap calculated by the hypergeometric test.

network. This interpretation is consistent with previously
published results indicating that TEs can provide lineage-
specific regulatory sequences.'® 2%

In order to try and discriminate between these two possible
scenarios, (i) functional irrelevance of the TE-derived c-Myc
binding sites versus (i) a TE-specific c-Myc regulatory network,
we evaluated the overlap of the TE-derived c-Myc target gene
set with a series of gene set collections from the molecular
signatures database (MSigDB) (http://www.broad.mit.edu/
gsea/msigdb/index.jsp). The MSigDB gene sets represent
groups of genes with similar features or properties such
as co-regulated genes, genes with similar cis-regulatory motifs
and genes with similar gene ontology (GO) functional
annotations.*® Thus, gene set enrichment analysis with the
MSigDB can be used to evaluate whether the TE-derived
c-Myc target genes have similar biological functions or
regulation. The TE-derived c-Myc target genes were broken
down into class/family-specific sets and run against MSigDB.

This journal is © The Royal Society of Chemistry 2009

Mol. BioSyst., 2009, 5, 1831-1839 | 1835



This analysis resulted in numerous statistically significant gene
set enrichments (Table S3, ESIf), the most relevant of which
include a number of cancer related gene modules. These data
suggest that many of the TE-derived c-Myc target genes are
functionally related and associated with cancer. For instance,
c-Myc target genes with L2-derived binding sites are enriched
for a cluster of genes with expression patterns indicative of
lymphoma and immune response, based on their tissue-specific
expression levels. Both MIR and LTR elements donate c-Myc
binding sites to genes classified as being involved in B cell
lymphoma via so-called clinical annotations, which associate
microarrays with known clinical attributes. In other words,
TE-derived c-Myc target genes that are from different families,
and are identified with different methodologies, converge on
genes that function in B cells and in cancer. In addition, DNA
element-derived c-Myc target genes are enriched for genes
involved in the MAPK signalling pathway, which regulates
cellular response to growth factors and mediates the action of
many oncogenes.

Differential expression in Burkitt’s lymphoma versus
normal B cell

c-Myc is a well known oncogene that is over-expressed in a
number of different cancers, particularly lymphomas.®®
In light of its role in cancer, we asked whether TE-derived
c-Myc target genes showed differential expression between
cancer and normal cells. To do this, we used a microarray
gene expression dataset, from the Oncomine database,
comparing Burkitt’s lymphoma (r = 31) versus normal B cell

Burkitt’s lymphoma

(n = 25).*” We identified 53 TE-derived c-Myc target genes
that show statistically significant (P < 0.05) differential
expression between normal and cancer (Fig. 4); 16 of the
c-Myc binding sites that map to these genes are derived from
Alu elements. c-Myc is also known to be over-expressed in
Burkitt’s lymphoma cells, and we calculated the PCC across
the 56 cancer and normal cell lines for these 53 genes’ expression
data with c-Myc’s to see if the differentially expressed target
genes are co-regulated with c-Myc (Table S4, ESIZ). There are
32 TE-derived c-Myc target genes that show positive correlations
(0.23 < PCC < 0.80) with c-Myc and 21 target genes with
negative correlations (—0.66 < PCC < —0.38); all PCC are
statistically significant (P < 0.05). These data indicate
that TE-derived c-Myc binding sites contribute to the
cancer-related expression of c-Myc regulated genes. TE-derived
c-Myc target genes are both up-regulated and down-regulated
in cancer, while c-Myc is over-expressed in lymphoma relative
to normal B cells. This finding may be attributed to the fact
that c-Myc can both positively and negatively regulate the
expression of its target genes.”® The fact that the majority of
correlations are positive is consistent with our results showing
the overall average positive correlation between TE-derived
c-Myc target genes and c-Myc (Table 3 and Fig. 2).

In order to further evaluate the function of these differentially
expressed genes, gene set enrichment analysis was performed
on the set of 53 TE-derived c-Myc target genes that are
deregulated in Burkitt’s lymphoma. To do this, the genes were
sorted according to the TE class/family of their c-Myc binding
sites and each set was evaluated against the MSigDB gene sets.
A number of statistically significant enrichments for

Normal B cells

Positively
regulated

genes

Negatively
regulated

genes

Fig. 4 Differential expression of TE-derived c-Myc target genes in Burkitt’s lymphoma versus normal B cells. Each row shows the expression
levels of a gene in Burkitt’s lymphoma cells (n = 31 on the left) and normal cells (z = 25 on the right); over-expression is shown in red and

under-expression in green.
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cancer-related gene sets were detected, particularly for MIR
and L1 elements (Table S5, ESIf). For instance, the genes
encoding ITPR1 and AKT2 bear MIR-derived c-Myc binding
sites and show up in several enriched gene sets including
members of the B cell antigen receptor signalling pathway
genes and the gene set related to the PIP3 signalling pathway
in B lymphocytes. For instance, AKT genes encode
serine—threonine protein kinases that promote cell prolifera-
tion by phosphorylating targets that lead to the activation of
the anti-apoptotic transcription factor NF-kB. ITPR1 encodes
an intracellular channel that mediates release of calcium from
the endoplasmic reticulum, which can also lead to cell proliferation
via stimulation of theCALMLG6 protein upstream in the
calcium signalling pathway. In addition, the genes LRPPC
and PRKCBI1 both have L1-derived c-Myc binding sites and
are known to be deregulated in B cell lymphoma.

Alu elements are the single most abundant class/family of
TEs that provide c-Myc binding sites to human genes, and
Alu-derived c-Myc binding sites are also over-represented
among the set of target genes differentially expressed between
Burkitt’s lymphoma and cancer. As alluded to previously, we
were particularly interested in Alu elements since they have
inserted relatively recently in the human genome, are poten-
tially polymorphic, and have a known role in several cancers.**
We investigated the Alu-derived c-Myc target genes shown to
be differentially regulated between Burkitt’s lymphoma versus
normal B cells and found a small set of Alu c-Myc target genes
that were tightly coherent with respect to several different
characteristics (Fig. 5). These genes all have Alu-derived
c-Myc binding sites that are located around the 5’ transcription
start site, three of which are located within the proximal £2 kb
promoter region (Fig. SA). All of these genes are up-regulated
in Burkitt’s lymphoma and positively correlated with c-Myc
expression (Table 4 and Fig. 5B). The specific c-Myc binding

sites in these Alu sequences are all derived from one particular
location in the element suggesting that the c-Myc TFBS
evolved in an ancestral sequence and was distributed by
transposition, as opposed to evolving in situ after the elements
inserted (Fig. 5C and Fig. S4, ESIT). Two of the five genes
have c-Myc binding sites derived from AluSg subfamily
sequences and the other three have c-Myc binding sites derived
from the AluSx subfamily. AluSg and AluSx are particularly
young Alu subfamilies that are polymorphic (i.e. show
insertion site differences) among human populations.®® Tt is
possible that polymorphic Alu elements change the regulatory
network of c-Myc between individual humans and/or between
cell types. Furthermore, if a gene is brought under the control
of c-Myc by an Alu insertion it could lead to changes in
expression of that gene associated with oncogenesis. These
recently evolved Alu-derived c-Myc binding sites exemplify TE
contributions to a specific c-Myc subnetwork, consistent with
our characterization of numerous novel c-Myc target genes
that are associated with TE-derived binding sites.

Materials and methods
Identification of TE-derived c-Myc binding sites

The locations of experimentally characterized c-Myc bound
regions, characterized previously by genome-wide chromatin
immunoprecipitation (ChIP) and paired-end-tag (PET) sequencing
on P493 B cells,?® were taken from the GIS ChIP-PET track
in UCSC genome browser (http://www.genome.ucsc.edu/).*®
The positions of TEs were taken from the RepeatMasker
track in UCSC genome browser. TE and c-Myc bound
regions were co-localized using the UCSC table browser
1.37 TE-derived c-Myc bound regions were analyzed with

tool.
the program Clover,*® using two c-Myc binding site motif

Burkitt's lymphoma Normal B cell
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Fig. 5 Target genes with Alu-derived c-Myc binding sites. (A) Approximate illustration of relative positions of Alu-derived c-Myc binding sites
compared with target genes’ transcriptional start sites (TSS). (B) Differential expression of Alu-derived c-Myc target genes, and c-Myc, in Burkitt’s
lymphoma versus normal B cells. (C) Multiple sequence alignment of the Alu element insertions with c-Myc binding site locations indicated.
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Table 4 Differential expression of Alu-derived c-Myc target genes

Gene symbol Differential expression (z-value)”

Differential expression (P-value)”

Correlation with c-Myc® P-value of correlation?

SLC29A1 11.98 1.4 x 10716
LSM1 6.54 23x 1078
OIPS 5.78 1.9 x 107°
AKAP1 11.21 1 x 1071

DKCl 5.45 1.3 x 107°

0.77 1.92 x 10712
0.50 470 x 1073
0.48 9.39 x 1073
0.79 142 x 10713
0.64 527 x 1078

@ Gene’s differential expression in Burkitt’s lymphoma cells versus normal B cells. T-values computed by the Student’s r-test. © Significance levels
(P-values) of the differential expression. ¢ Pearson correlation coefficients between cancer versus normal expression of Alu-derived c-Myc target

genes and c-Myc. ¢ Significance levels (P-values) of the correlation.

position—frequency matrices from the TRANSFAC database®®
(VSMYC_01 and VSMYC _02 see Fig. S1, ESI}) to precisely
locate c-Myc binding sites. Clover uses non-parametric approach
with 1000 randomizations of the search sequence to generate
a score and associated P-value. Clover was run using a
conservative score threshold of 6 with two P-value thresholds
P < 0.0l and P < 0.001.

Human TE sequences were divided into 8 classes/families
using the Repbase classification system®' implemented with
RepeatMasker: L1, L2, LINE-other (LINE elements excluding
L1 and L2), Alu, MIR, SINE-other (SINE elements excluding
Alu and MIR), DNA and LTR. Alu elements were further
divided into subfamilies and members of individual subfamilies
bound by c-Myc were aligned using ClustalW>° to identify the
relative locations of c-Myc binding sites.

Analysis of TE-derived c-Myc target genes

Human Refseq®” genes were identified as putative TE-derived
c-Myc regulatory targets if they had TE-derived c-Myc
binding sites within 10 kb of the gene boundaries. Microarray
gene expression data were taken from the Novartis mammalian
gene expression atlas version 2 (GNF2),*? and Affymetrix
probes from GNF2 were mapped to TE-derived c-Myc target
genes using the UCSC genome browser annotations.
Co-expression among TE-derived c-Myc target genes, and
between target genes and c-Myc, was evaluated by calculating
Pearson correlation coefficients (PCC) between pairs of genes
across 79 different tissues or cell lines. Statistical significance
levels (P-values) of PCC values, and averages, were computed
using the Z transformation. A permutation test was used to
identify sets of tissues that are over-expressed for c-Myc and
among all TE-derived c-Myc target genes. To do this, tissue-
specific gene expression vectors were randomly shuffled for
each gene and average tissue-specific expression values were
calculated for all randomly shuffled genes. 1000 sets of average
tissue-specific expression values were used to compute null
background expression level distributions for each tissue
against which the observed values were compared. All P-values
were corrected for multiple tests using the Benjamini—Hochberg
false discovery rate.

Differential expression of target genes in cancer versus normal
cells

TE-derived c-Myc target genes were mapped to the Burkitt’s
lymphoma and normal B cell microarray dataset compiled by
Basso et al.>” The Oncomine database*! was used to select genes
from this dataset that were determined to be differentially

expressed between cancer (Burkitt’s lymphoma n = 31) versus
normal B cells (z = 25) using the Student’s ¢-test. Co-expression
values between these differentially expressed TE-derived
c-Myc target genes and c-Myc, across the 56 cancer and
normal B cell lines, were computed using the PCC as described
previously.

Gene set enrichment and c-Myc target gene analyses

Sets of TE-derived c-Myc target genes for each TE class/family
were searched against a series of gene set collections from the
molecular signatures database (MSigDB)** to evaluate their
shared functional and/or regulatory features. The extent and
significance of the overlaps between the set of TE-derived
c-Myc target genes identified here and two previously
characterized c-Myc target gene sets were evaluated using
the hypergeometric distribution:

where £ = number of overlapping target genes, N = number
of TE-derived c-Myc target genes, n = number of previously
characterized c-Myc target genes, and m = human genes not
previously characterized as c-Myc targets.

Conclusions

Recently, Bourque et al. analyzed the ability of human TEs to
provide transcription factor binding sites genome-wide.>*
They considered high-throughput binding site data for seven
transcription factors, including c-Myc analyzed here, and
concluded that five of these transcription factors bind to
distinct families of human TEs. However, c-Myc was not
one of the families identified in their study to bind to human
TEs. This can be attributed to the enrichment criteria used to
characterize transcription factors as binding human TEs.
Specifically, they only considered transcription factors that
bind to families of TEs with higher than expected frequency
based on the abundance of the TE in the genome. This
approach makes sense from a quantitative perspective, but it
may be overly conservative if it misses bona fide functional
transcription factor binding sites derived from TEs. We found
that hundreds-of-thousands of human TEs have experimental
evidence of being bound by c-Myc. Furthermore, many of
these TE sequences harbor canonical c-Myc binding site
sequence motifs, suggesting that the binding of ¢c-Myc to the
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elements is not spurious. In addition, our own functional
analysis of human genes with proximal TE-derived c-Myc
binding sites suggests that many of these sites may indeed be
functional with respect to mediating gene regulation by c-Myc.
However, definitive proof of such function will have to await
experimental characterization. Hopefully, the list of gene
targets and TE-derived c-Myc binding sites uncovered by
our analysis can be used to stimulate investigation of the
regulatory properties of human TEs.

TE sequences in the human genome provide thousands of
c-Myc binding sites, and genes that bear nearby TE-derived
sites show evidence for regulation by c-Myc. TE-mediated
regulation of human genes by c-Myc includes changes in
expression that are characteristic of the difference between
cancer versus normal B cells, and TE-derived target genes
encode proteins with cancer-related functions. Nevertheless,
the TE-derived c-Myc target genes identified in this study do
not overlap, for the most part, with previously characterized
c-Myc target genes. This suggests that expansion of TE
sequences may provide a mechanism for the emergence of
distinct lineage-specific regulatory subnetworks.?
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