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USA; Functional Genomics, Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724, USA; 3Department of
Biochemistry and Molecular Pharmacology, University of Massachusetts Medical School, Worcester, Massachusetts 01605, USA

Alu elements are one of the most successful families of transposons in the human genome. A portion of Alu elements is tran-
scribed by RNA Pol Ill, whereas the remaining ones are part of Pol Il transcripts. Because Alu elements are highly repetitive, it
has been difficult to identify the Pol lll-transcribed elements and quantify their expression levels. In this study, we generated
high-resolution, long-genomic-span RAMPAGE data in 155 biosamples all with matching RN A-seq data and built an atlas of
17,249 Pol lll-transcribed Alu elements. We further performed an integrative analysis on the ChlIP-seq data of 10 histone
marks and hundreds of transcription factors, whole-genome bisulfite sequencing data, ChIA-PET data, and functional
data in several biosamples, and our results revealed that although the human-specific Alu elements are transcriptionally re-
pressed, the older, expressed Alu elements may be exapted by the human host to function as cell-type-specific enhancers for

their nearby protein-coding genes.
[Supplemental material is available for this article.]

Transposable elements and other repeats contribute to roughly half
of the human genome (International Human Genome Sequencing
Consortium 2001). Among them, Alu elements represent one of
the most successful families, with 1.2 million copies totaling
~11% of the human genome (International Human Genome
Sequencing Consortium 2001). They belong to the primate-specif-
icshort interspersed nuclear element (SINE) family of retrotranspo-
sons; comparison of primate genomes revealed that the rapid
expansion of Alu elements during primate evolution has contribut-
ed to wide-ranging genetic diversity in humans, including genetic
defects owing to disruption of coding regions and splicing events
(Deininger and Batzer 1999; Kazazian 2004; Ade et al. 2013).
Although more active during the earlier stage of primate evolution,
Alu elements continue to be transcribed (Conti et al. 2015) and in-
serted into modern human genomes (Konkel et al. 2015), poten-
tially making a profound impact on human biology.

A typical Alu element is ~280 nucleotides (nt) long and is
thought to have evolved from the head-to-tail fusion of two dis-
tinct 7SL RNA-derived monomers (left and right arms) (Kriegs
et al. 2007). The left arm has bipartite promoter elements (A-box
and B-box) (Paolella et al. 1983), bound by the RNA polymerase
(Pol) IIT transcription factor TFIIIC, which in turn initiates Pol III
transcription of the Alu element (Orioli et al. 2012). Besides modi-
fying the human genome via retrotransposition, Alu RNAs can also
regulate mRNA transcription (Mariner et al. 2008), protein trans-
lation (Hasler and Strub 2006), and microRNA biogenesis (Gu
et al. 2009; for review, see Deininger 2011; Chen and Yang 2017).

To systematically evaluate the impact of Alu RNAs on gene
regulation and cellular function, it is important to quantify the
transcription levels of individual Alu elements across diverse cell
and tissue types. Previous attempts have been made using RNA-
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seq (Conti et al. 2015), CAGE (Faulkner et al. 2009; Fort et al.
2014; Li et al. 2018), or ChIP-seq of Pol III factors (Barski et al.
2010; Moqtaderi et al. 2010; Oler et al. 2010); however, it is chal-
lenging to assign the short sequencing reads produced by these as-
says among the highly repetitive Alu elements (Goerner-Potvin
and Bourque 2018). Moreover, 58% of the annotated Alu elements
in the human genome are located in the introns or 3’ untranslated
regions of Pol II-transcribed genes, and it is challenging to distin-
guish the primary Alu transcripts resulting from Pol III transcrip-
tion as opposed to the bystander RNAs from Pol II transcription
of the host genes.

RAMPAGE is a §-complete cDNA sequencing assay that
captures the transcription start site (TSS) at single-nucleotide reso-
lution and provides transcript connectivity via paired-end se-
quencing (Batut et al. 2013). These features allowed it to identify
expressed transposons in flies (Batut et al. 2013) and to hold prom-
ise for delineating repetitive Alu RNAs. In this study, we developed
a new computational pipeline for accurately quantifying the ex-
pression levels of individual Alu elements using RAMPAGE data
and characterized genomic and epigenetic signatures associated
with their transcription profile and potential function as cell-
type-specific enhancers.

Results

Identification of primary Alu transcripts using RAMPAGE data

RAMPAGE uses several strategies to enrich for TSSs (Batut and
Gingeras 2013): terminator digestion to remove 5-monophos-
phorylated RNAs, ribo-zero to remove rRNAs, cap trapping to
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enrich for 5-capped RNAs, and template switching to enrich
for 5'-triphosphorylated and 5’-capped RNAs. Like other Pol III-
transcribed RNAs, Alu RNAs have a §'-triphosphorylated end but
lack the S'-cap structure (Reddy 1988; Burke et al. 2016).
Although the cap trapping assay enriches for RNAs with a 5'-cap,
the assay still captures uncapped 5'-triphosphorylated transcripts
(Takahashi et al. 2012). Thus, Alu RNAs are enriched by
RAMPAGE, although not as enriched as Pol II-transcribed RNAs
with 5'-capped ends. Furthermore, with single-nucleotide resolu-
tion for identifying TSS and connectivity between the TSS and
the downstream transcript, RAMPAGE holds great promise for an-
notating repetitive Alu elements.

As part of the ENCODE Project, we produced RAMPAGE and
RNA-seq data in 155 biosamples with high quality and reproduc-
ibility (Supplemental Figs. S1, S2A; Supplemental Table S1;
Supplemental Material). To use RAMPAGE peaks to identify indi-
vidual primary Alu RNAs transcribed by Pol III, we must overcome
two challenges. First, a full-size Alu element contains two repeated
arms both evolved from the 7SL RNA (Supplemental Fig. S2B), and
the 1.2 million copies of Alu elements in the human genome have
highly similar sequences; thus, it is challenging to assign short se-
quencing reads to the bodies of individual Alu elements. Instead,
we relied on the downstream unique sequences captured by
RAMPAGE: Pol III transcription initiates at the 5’-end of each Alu
using the internal promoter elements A-box and B-box located
in the left arm (Supplemental Fig. S2B) and terminates down-
stream from the Alu body because the body lacks internal termina-
tion elements (Erwin et al. 2014). Furthermore, paired-end
RAMPAGE reads link the downstream sequences to the TSSs of
the corresponding Alu elements, so we designed our computation-
al pipeline to capture this information (Fig. 1A; Supplemental
Methods). Second, the Pol IlI-transcribed Alu RNAs are generally
expressed at low levels in somatic cells (Paulson and Schmid
1986; Conti et al. 2015), and these weak signals can be contami-
nated by the typically much stronger Pol II transcription signals
even when they are not near a TSS. We developed two measure-
ments—entropy (E) and effective length (L) to filter out false-pos-
itive RAMPAGE peaks (Fig. 1A; Supplemental Methods). For
GENCODE-annotated genes, TSS-overlapping RAMPAGE peaks
have much higher entropies than the other peaks, and an entropy
cutoff of 2.5 clearly separated the two populations of peaks
(Supplemental Fig. S2C); thus, we applied the same entropy cutoff
to RAMPAGE peaks that annotated Alu elements. As primary Alu
transcripts are generally unspliced (Conti et al. 2015) and the frag-
ment sizes of RAMPAGE libraries are <1 kb (Batut and Gingeras
2013), we used an effective length cutoff of 1000 nt to further filter
out RAMPAGE peaks with improperly long genomic spans
(Supplemental Fig. S2D).

Thus, our computational pipeline took advantage of the two
unique features of RAMPAGE technique (TSS identification and
connection to the downstream transcripts) and the features of pri-
mary Alu elements (unspliced and transcribed past its body). This
pipeline allowed us to comprehensively identify Pol Ill-tran-
scribed Alu elements using only RAMPAGE data. Figure 1B shows
an example intergenic AluSx1 element, which is transcribed by
Pol III from its 5’-end (bound by its main subunits POLR3A and
TFIIIC) to downstream (RNA-seq signal). One RAMPAGE peak
with 19 reads precisely annotates the TSS of this AluSx1 element
with the RAMPAGE read pairs further depicting its transcriptional
profile (Fig. 1B). Supplemental Figure S2E shows four more exam-
ples with unfiltered RAMPAGE reads, two intergenic and two
intronic.

We performed a series of computational tests and confirmed
that the expressed Alu elements identified by our RAMPAGE pipe-
line resulted from Pol III transcription (Fig. 1C,D; Supplemental
Figs. S3A-D, S4; Supplemental Material). We also compared the
expressed Alu elements identified by our RAMPAGE pipeline with
the expressed Alu elements using RNA-seq and ChIP-seq data
(Moqtaderi et al. 2010; Conti et al. 2015), and our method showed
higher sensitivity and specificity than the earlier approaches
(Fig. 1E-G; Supplemental Fig. S3E,F; Supplemental Material).

Transcribed Alu elements show high tissue specificity

We applied our pipeline to the RAMPAGE data in 155 biosamples
(derived from 27 cell lines, 16 primary cell types, and 45 tissues,
with some cell and tissue types having multiple biosamples as
detailed in Supplemental Table S1) and identified 17,249 Alu ele-
ments that were expressed in at least one biosample (Fig. 2A; Sup-
plemental Table S2), which accounted for 1.44% of the 1,194,734
annotated Alu elements in the human genome. This result is con-
sistent with a previous RNA-seq study reporting that only a limited
number of Alu elements were transcribed into primary transcripts
(Conti et al. 2015). Roughly twice as many expressed Alu elements
were detected in tissues than in cell lines or primary cells (median
N=181, 91, 82, respectively) (Supplemental Fig. S5A, left), reflect-
ing the heterogeneous cell type compositions in the tissue sam-
ples. The expression levels of the expressed Alu elements were
slightly higher in primary cells than in cell lines and tissues (medi-
an=0.76, 0.73, and 0.71 RPM, respectively) (Supplemental Fig.
S5A, right). Most of the expressed Alu elements (10,622 of
17,249; 62%) were transcribed in a single biosample (Fig. 2B), and
the Alu elements expressed in multiple biosamples had higher ex-
pression levels than those expressed in a single biosample (Supple-
mental Fig. S5B). We defined Alu elements expressed in three or
more biosamples as robustly transcribed Alu elements henceforth.

Retrotransposons are generally expressed with high tissue
specificity (Faulkner et al. 2009). We asked whether transcribed
Alu elements showed tissue specificity. We first clustered the
104 tissue biosamples by their expression profiles of Alu elements,
and biologically related biosamples clearly grouped together
(Fig. 2C; Supplemental Fig. SSC; Supplemental Table S3). We
then perform a detailed analysis on a subset of 52 RAMPAGE
data sets from 13 tissues of four individuals. Because most of the
expressed Alu elements were transcribed in only one biosample,
the overall correlations between biosamples were low, yet similar
tissues still clustered together (Fig. 2D). For example, gastroesoph-
ageal sphincter, esophagus muscularis mucosa, and sigmoid co-
lon, which are all components of the digestive system, clustered
together with high correlations. Furthermore, biosamples from
the same tissue but different individuals had substantially higher
correlations than biosamples from different tissues of the same
individual (median Pearson correlation coefficient 0.41 vs. 0.10;
P-value=1.10 x 107%) (Fig. 2D). We also observed distinct expres-
sion patterns for Alu elements in specific tissue types (e.g., testis)
(Supplemental Fig. S5D,E) or associated with specific factors (e.g.,
DICER1) (Supplemental Material). Together, these results indicate
that the expression profile of Alu elements reflects the regulatory
programs of the specific tissue type.

Expression of primary Alu transcripts relies more on the genomic
context than on primary sequences

We asked whether expressed Alu elements tended to be younger
and had stronger regulatory sequence motifs than unexpressed
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Figure 1. Genome-wide identification of expressed Alu elements using RAMPAGE data. (A) A computational pipeline to call RAMPAGE peaks and anno-
tate expressed Alu elements. Paired-end RAMPAGE reads (R1 and R2, black; N, read pairs in total) with uniquely mapping R2 reads were first clustered to call
peaks at the 5'-end of R1, and the resulting peaks (blue bars) were further filtered with entropy (E) and effective length (L) to annotate expressed Alu el-
ements (orange bar) (for more details, see Supplemental Methods). (B) An expressed AluSx1 element in an intergenic region. RAMPAGE peak marks the TSS
of the AluSx1 element precisely, with RAMPAGE read pairs linking the TSS to downstream positions. RNA-seq and ChlIP-seq data sets of POLR3A and TFIIIC
further confirm the expression of this AluSx1 element. (C) POLR3A (left) and POLR2A (right) ChIP-seq signals are shown with respect to the TSS of expressed
Alu elements (orange line), protein-coding and IncRNA genes transcribed by Pol Il (pink line), and unexpressed Alu elements (gray line). The signals were
averaged over all genes in each set. (D) RNA-seq signal in the +100-bp window (in 10-nt bins) centered on the TSSs of robustly expressed Alu elements
identified by RAMPAGE (identified in three or more biosamples). To avoid overlap with the TSSs of Pol ll-transcribed genes, only intronic and intergenic
Alu elements were included. Each row of the heatmap corresponds to one such Alu element in one biosample with 10 or more nonzero RNA-seq signal bins,
and the dot and bars correspond to the median and first and third quartiles of all Alu elements. (£) Only 84 of the 1593 Alu elements that overlap POLR3A
and TFIIIC ChiP-seq peaks (Mogqtaderi et al. 2010) are expressed according to RAMPAGE or RNA-seq data in K562 cells. On the other hand, 297 expressed
Alu elements (by RAMPAGE or RNA-seq; four by both) do not overlap POLR3A and TFIIIC peaks. (F) Heatmap of normalized read densities for POLR3A and
TFIIC ChiP-seq data around the TSSs of expressed Alu elements identified by RAMPAGE, RNA-seq (Conti et al. 2015), or both techniques in K562 cells. ChIP-
seq peaks (Moqgtaderi et al. 2010) are labeled on the right of the corresponding heatmaps. (G) Among the 219 expressed Alu elements (by RAMPAGE or
RNA-seq) that do not overlap POLR3A or TFIIIC peaks, the Alu elements identified by RAMPAGE show significantly higher POLR3A and TFIIIC signals than
the Alu elements defined by RNA-seq. Wilcoxon rank-sum test P-values are shown.
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that Alu elements identified in three or more biosamples were defined as robustly expressed Alu elements (robust Alu elements). (C) Dendrogram resulting
from agglomerative hierarchical clustering of tissue biosamples based on their Alu expression. Each leaf of the tree represents one RAMPAGE tissue sample,
and subtrees dominated by one tissue type are highlighted. (D) Correlation matrix of expressed Alu elements across libraries belonging to 13 tissues of four
individuals. Note that correlations between biosamples in the same tissue but from different individuals are significantly higher than correlations between
biosamples from the same individual but different tissues. Wilcoxon rank-sum test P-values are shown.

elements. Alu elements are classified into three subfamilies with
decreasing evolutionary ages, AluJ, AluS, and AluY, and it has
been proposed that AluY elements, being the youngest and least
degenerated in sequences, might represent the most retrotranspo-
sitionally active subfamily (Bennett et al. 2008). Indeed, AluY is the
only known subfamily currently active in retrotransposition in the
human genome (Konkel et al. 2015).

In contrast to expectation, there was a slight depletion of ex-
pressed AluS and AluY elements compared with the oldest subfam-
ily, AluJ (Supplemental Fig. S6A). Furthermore, we did not observe
any difference in evolutionary divergence between expressed and
unexpressed Alu elements within each subfamily (Supplemental
Fig. S6B). To investigate this problem in greater depth, we classified
expressed Alu elements into five groups, BO-B4, depending on
whether they were in four other primate genomes (chimpanzee,
gorilla, orangutan, or macaque), with B4 defining the human-
specific Alu elements (N=103), i.e., the Alu elements that did

not exist in the other four primate genomes, and BO-B3 were col-
lectively designated nonhuman-specific (Fig. 3A; Supplemental
Fig. S6C; Supplemental Table S4; Supplemental Methods). As ex-
pected, the majority of human-specific Alu elements (88%) were
in the AluY class (Fig. 3B); nevertheless, these human-specific
AluY elements (N=91) had significantly lower sequence diver-
gence than the remaining AluY elements (median=1.6 vs. 6.7;
P-value=2.42x107%% (Fig. 3C), whereas the differences were
much less apparent for the AluS and AluJ subfamilies (Fig. 3C). In-
deed, the human-specific Alu elements were expressed at signifi-
cantly lower levels than nonhuman-specific Alu elements (P-
value=0.04) (Supplemental Fig. S6D, left), and our results become
more significant when we contrasted human-specific AluY ele-
ments against nonhuman-specific AluY elements (P-value=1.83
x107%) (Fig. 3D, left) or human-specific AluS and AluJ elements
(P-value=1.15x107%) (Fig. 3D, right). To test whether our map-
ping strategy might be biased against younger elements, we
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(C) Sequence divergence distributions of human-specific (solid lines) and nonhuman-specific (dashed lines) Alu elements in each Alu subfamily. Note
that human-specific AluY elements show lower sequence divergence than nonhuman-specific AluY elements. (D) Human-specific AluY elements showed
lower expression levels (measured by RPM) than nonhuman-specific AluY elements (left) and human-specific AluS/] elements (right). Wilcoxon rank-sum
test P-values are shown. (E) Robustly expressed (red) and expressed (orange) Alu elements are closer to the TSS of Pol lI-transcribed genes than are unex-
pressed (gray) Alu elements. Wilcoxon rank-sum test P-values are shown. (F) Robustly expressed (red) and expressed (orange) Alu elements are more likely to
be located in gene-rich regions than are unexpressed (gray) Alu elements. Wilcoxon rank-sum test P-values are shown. (G) Receiver operating characteristic
(ROC) curve of random forest classifiers for distinguishing robustly expressed or expressed against unexpressed Alu elements using genomic context and
sequence features. (AUC) Area under the curve. (H) The top 20 most important features of the random forest classifiers for distinguishing robustly expressed
(red bars) or expressed (orange bars) Alu elements against unexpressed Alu elements, ordered by feature importance.

modified our pipeline by permitting multiple-mapping reads. The
results still showed that human-specific Alu elements showed low-
er expression levels than nonhuman-specific ones (P-value=0.02)
(Supplemental Fig. SOE, left), especially in the AluY subfamily (P-
value=3.54x 1075%) (Supplemental Fig. S6E, right). These results
suggest that compared with other expressed Alu elements, hu-
man-specific AluY elements are relatively repressed in human cells.

Furthermore, our BO-B4 classification can better capture the po-
tential activities of Alu elements than the subfamily classification,
as we did not detect a significant difference between AluY and
AluS/J subfamilies (Supplemental Fig. S6D, right).

To understand whether expressed and unexpressed Alu ele-
ments were regulated differently, we performed de novo motif
finding on these two sets of elements separately (Supplemental

1406 Genome Research
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.249789.119/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.249789.119/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.249789.119/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.249789.119/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 7, 2026 . Published by Cold Spring Harbor Laboratory Press

Pol IllI-transcribed Alu elements

Methods). We identified highly significant A-box and B-box mo-
tifs, but they were nearly identical between the two sets of ele-
ments (Supplemental Fig. S6F,G). Thus, we concluded that the
primary sequence of an Alu element is not a strong determinant
of its transcriptional activity.

Oler et al. (2010) reported that for Pol IlI-transcribed genes,
especially tRNA genes, genomic context was an important factor
for determining whether they could be efficiently transcribed
and that expressed tRNA genes generally resided near the TSSs of
Pol II-transcribed genes. We tested whether expressed Alu ele-
ments also showed such characteristics. Indeed, 65% of robustly
expressed, 60% of expressed, and only 45% of unexpressed Alu el-
ements reside within 10 kb of the TSSs of Pol II-transcribed genes,
and the differences among the three groups are highly significant
(Fig. 3E). Furthermore, there are significantly more genes around
robustly expressed and expressed than around unexpressed Alu el-
ements (Fig. 3F). Robustly expressed Alu elements tend to have
more nearby Alu elements (regardless of their expression; within
10 kb) than unexpressed Alu elements do (Supplemental Fig.
S6H), likely because the former congregate around genes. When
we performed this analysis on a per-biosample basis, the difference
was significant in 39 of the biosamples (Wilcoxon rank-sum test
FDR-adjusted P-value<0.05). These results are consistent with
our results that expressed Alu elements are enriched in the introns
of Pol Il-transcribed genes (Supplemental Material).

To discern the relative importance of the various aforemen-
tioned sequence and genomic context features in determining
the transcription status of an Alu element, we trained random for-
est classifiers using these features (in total 42 features) (Supplemen-
tal Methods) to discriminate expressed from unexpressed Alu
elements. We could distinguish robustly expressed or expressed
Alu elements from unexpressed Alu elements at the area under
the receiver operating characteristic (ROC) curve (AUC) of 0.74
and 0.69, respectively (AUC=0.5 for random performance) (Fig.
3G). The top two most important features for the random forest
classifiers were the distance to nearby genes (gene distance) and
the number of nearby genes (gene count) (Fig. 3H), consistent
with our analysis described above concluding that the genomic
context, but less of the primary sequence, of an Alu element deter-
mines whether it is expressed.

Alu expression corresponds to open chromatin and active histone
modifications

As described above, most Alu elements were expressed in only one
biosample. Figure 4A shows the overlaps among Alu elements that
were expressed in the three cell lines K562, GM12878, and PC-3;
nine elements were expressed in all three cell lines, whereas 416
elements were expressed in only one cell line. To explore possible
mechanisms for this cell-type-specific expression, we examined
chromatin accessibility (DNase-seq), ChIP-seq of the histone
variant H2AZ1 (previously known as H2AZ) and 10 histone mod-
ifications, and whole-genome bisulfite sequencing of DNA meth-
ylation in these three cell lines (DNA-methylation data were not
available in PC-3).

Low DNA methylation has been associated with active tran-
scription of Alu elements (Jorda et al. 2017). Indeed, the levels of
DNA methylation at expressed Alu elements in K562 or
GM12878 cells were significantly lower than the levels at unex-
pressed Alu elements (Fig. 4B). However, it is intriguing that the
levels at Alu elements expressed in other samples were even higher
than the levels at Alu elements unexpressed in any of the 155 bio-

samples (Fig. 4B), suggesting that DNA methylation is a mecha-
nism that actively represses Alu elements in a cell-type-specific
manner.

We further observed that the levels of DNase, H2AZ1, and
four histone marks (H3K4me2, H3K4mel, H3K27ac, and
H3K9ac) were higher at the Alu elements specifically expressed
in each cell line than at the Alu elements specifically expressed
in the other two cell lines (Fig. 4C). These epigenetic marks are typ-
ically enriched at enhancers and promoters (Heintzman et al.
2007; Calo and Wysocka 2013). The differences were weaker or
insignificant for the other six histone marks (H3K4me3,
H3K79me2, H3K36me3, H4K20mel, H3K9me3, and H3K27me3)
(Supplemental Fig. S7), which are enriched at transcribed promot-
ers, gene bodies transcribed by Pol 11, or repressed promoters, but
not at enhancers (Barski et al. 2007). Thus, our results suggest
that expressed Alu elements show open chromatin and epigenetic
signatures of active enhancers.

To quantify the relative importance of these epigenetic sig-
nals in predicting cell-type-specific expression of Alu elements,
we constructed random forest classifiers using these signals as
features (Supplemental Methods), supplemented by the five best-
performing genetic features identified in the previous section: in
total, 18 features for K562 and GM12878 and 17 features for PC-
3 (sans DNA methylation). These classifiers achieved highly accu-
rate predictions (AUC=0.91, 0.88, and 0.93 for K562, GM12878,
and PC-3, respectively). The relative importance of the features is
shown in Figure 4D, with enhancer features ranked at the top, fur-
ther supporting our hypothesis that expressed Alu elements have
enhancer-like chromatin signatures.

Expressed Alu elements may act as cell-type-specific enhancers
for nearby genes

As shown above, Alu elements are expressed in a tissue-specific
mannet, and the expressed Alu elements show epigenetic signa-
tures consistent with active regulatory elements in the correspond-
ing cell types; furthermore, expressed Alu elements tend to be near
the TSSs of Pol II genes. Thus, we asked whether expressed Alu el-
ements might function as enhancers for their neighboring Pol 11
genes in a cell-type-specific manner.

Across the 116 biosamples with at least 50 expressed Alu ele-
ments each, the Pol II genes near (TSS located at <10 kb) the ex-
pressed Alu elements in a biosample were significantly more
highly expressed than were the genes near the Alu elements not ex-
pressed in that biosample but were expressed in another biosample
with RAMPAGE data (median fold-change across 116 biosamples =
2.01) (Fig. SA). The conclusion remained the same when only the
nearest gene was used (Supplemental Fig. S8A). Accordingly, the
genes near expressed Alu elements showed significantly higher
DNase signals at their TSSs than genes near Alu elements unex-
pressed in that biosample but expressed in other biosamples (me-
dian fold-change across 38 biosamples also with DNase-seq data=
1.76) (Supplemental Fig. S8B). To understand the potential func-
tions of these nearby genes, we performed Gene Ontology (GO)
analysis on the genes near expressed Alu elements in five tissues
by combining the RAMPAGE data in the biosamples that belonged
to each of these tissues (Supplemental Table S3). Our analysis re-
vealed GO terms highly specific to each tissue: axon and neuronal
projection for the brain, cardiac muscle for the heart, metabolic
processes for the liver, alveolar lamellar body for the lung, and im-
mune responses for the spleen (Fig. 5B; Supplemental Table S5).
We further performed motif enrichment analysis on the Alu
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Figure 4. Cell-type-specific Alu expression corresponds to cell-type—specific histone modifications. (A) Cell-type—specific Alu expression in K562 (blue),
GM12878 (red), and PC-3 (yellow) cells. (B) DNA methylation profile of expressed and unexpressed Alu elements. Wilcoxon rank-sum test P-values are
shown. (C) Average signal of DNase-seq as well as ChIP-seq signals of H2AZ1, H3K4me2, H3K4me1, H3K27ac, and H3K%ac per cell type (rows) in the
+1-kb regions centered on the TSSs of Alu elements specifically expressed in each of the three cell types. Student'’s t-test P-values are shown for comparing
the average signals in the corresponding cell type against the other two cell types (e.g., DNase signals in K562 cells for K562-specific Alu elements against
DNase signals in K562 cells for GM12878-specific and PC-3-specific Alu elements). (D) Features in random forest models for distinguishing cell-type-spe-
cific Alu expression in K562 (blue), GM12878 (red), and PC-3 (yellow) cells against 150 randomly sampled Alu elements expressed in other cell types. The

features are ordered by their importance.

elements expressed in each of the five tissues and detected some
master transcription factors known to be involved in the biological
processes that largely define the identities of the respective tissues
(Supplemental Fig. S8C; Supplemental Table S6; Supplemental
Material). These results are compatible with the hypothesis that
expressed Alu elements may contribute to the transcriptional reg-

ulation of neighboring genes that have essential functions for
the specific tissues.

Next, we investigated whether expressed Alu elements were
enriched in annotated cis-regulatory elements, especially enhanc-
ers (Supplemental Table S7). We first considered the ENCODE
Registry of 1.31 M candidate cis-regulatory elements (cCREs),
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Figure 5.

Specifically expressed Alu elements may function as cell-type-specific enhancers. (A) Genes within 10 kb of Alu elements expressed in a bio-

sample tend to be more highly expressed in the same biosample than genes within 10 kb of Alu elements expressed in other biosamples. Only biosamples
with more than 50 expressed Alu elements were included in this analysis. Wilcoxon rank-sum test FDR-adjusted P-values are reported. (B) Gene Ontology
(GO) terms enriched in genes near tissue-specific expressed Alu elements are shown with color intensities corresponding to their FDR values. (C) Compared

with unexpressed Alu elements annotated in the human genome (dashed line), expressed and robust
ments in cCREs (left; P-value < 2.2 x 1076, chi-squared test) and cCREs-ELS (right; P-value <2.2 x 107"

expressed Alu elements showed significant enrich-
. (D) Alu elements expressed in K562 or GM12878

5

cells were enriched in K562-specific (top; P-value =8.05 x 10~%¢, chi-squared test) or GM12878-specific (bottom; P-value=4.27 x 10~8") cCREs-ELS, respec-
tively. (E) K562 (top) and GM12878 (bottom) cCREs-ELS Alu elements were enriched in the strong enhancer chromatin state annotated by ChromHMM in
the respective cell types (K562, P-value =1.89 x 107%”; GM12878, P-value = 2.69 x 10732, chi-squared tests). (F) cCREs-ELS Alu elements expressed in K562
or GM12878 cells were more frequently linked to nearby promoters in the corresponding biosample than non-cCREs-ELS Alu elements expressed in the
corresponding biosample (P-values < 7.17 x 1072, chi-squared test), Alu elements expressed in other biosamples (P-values < 3.40 x 10~7), and unexpressed
Alu elements (P-values <1.61 x 10™'%), with links measured by Pol Il ChlA-PET interactions.
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which were defined using DNase-seq and H3K4me4, H3K27ac,
and CTCF ChIP-seq data in hundreds of human biosamples and
contained 125,798 and 90,692 cCREs predicted to be active in
K562 or GM 12878 cells, respectively. Compared with unexpressed
Alu elements, expressed and robustly expressed Alu elements
showed 1.84- and 2.03-fold enrichment for cCREs, and similar lev-
els of enrichment were observed when the subset of cCREs with
enhancer-like signatures (cCREs-ELS) was considered (P-values<
2.2x107'%) (Fig. 5C). When comparing Alu elements expressed
in K562 or GM12878 cells with Alu elements expressed in other
biosamples, we observed 12.3- and 15.7-fold enrichment for
cCREs-ELS annotated in the corresponding cell types (P-values <
4.27 x1078Y) (Fig. 5D). We next considered the strong enhancers
in K562 and GM12878 defined by ChromHMM with a large panel
of histone modifications (Ernst et al. 2011) and observed a 7.74-
and 6.82-fold enrichment for Alu elements expressed in K562 or
GM 12878 cells, respectively, versus Alu elements expressed in oth-
er biosamples (chi-squared test P-value=1.89 x 107" and 2.69 x
10732 for K562 and GM12878, respectively) (Fig. SE).

To assess the likelihood that expressed Alu elements might act
as enhancers for their nearby genes, we further examined whether
Alu elements expressed in K562 or GM12878 formed chromatin
interactions with their neighboring genes using Pol II ChIA-PET
data in these two cell types. Compared with Alu elements ex-
pressed in other biosamples or unexpressed Alu elements, there
is a significant enrichment for expressed Alu elements in these
two cell types to form chromatin interactions with neighboring
protein-coding genes, especially those expressed Alu elements
that were also cCREs-ELS in the corresponding cell type (Fig. 5F).
Moderate enrichment of POLR2A ChlIP-seq signals was also ob-
served at these expressed Alu elements in the corresponding cell
types where they were also cCREs-ELS (Supplemental Fig. S8D).
Taken together, these results suggest that expressed Alu elements
might act as enhancers to regulate neighboring genes that func-
tion specifically in the corresponding cell types.

Specific binding of TFs associated with cell-type-specific
expression of Alu elements

Having observed that expressed Alu elements had characteristic
chromatin features of active enhancers and were enriched in chro-
matin interactions with their nearby genes, which were also
expressed and functioned specifically in the corresponding tissues,
we asked whether these expressed Alu elements were bound
by transcription factors in the corresponding cell types. The
ENCODE Consortium had performed ChIP-seq experiments on a
large number of TFs, including 275 TFs in K562 cells and 141 TFs
in GM12878 cells. Thus, we tested whether there was a significant
enrichment of TF binding in Alu elements expressed in each of
these two cell types compared with Alu elements expressed in oth-
er biosamples.

We observed significant enrichments at the upstream regions
of expressed Alu elements for most of the TFs with ChIP-seq data
(260 TFs in K562 cells [Fig. 6A, left]; 130 TFs in GM12878 cells
[Supplemental Fig. S9A, left]). However, only a small subset of
these TFs also showed enrichment for their motifs at expressed
Alu elements (21 TFs in K562 cells [Fig. 6A, middle]; 16 TFs in
GM12878 cells [Supplemental Fig. S9A, right]; Supplemental
Table S6). We reasoned that the TFs with enriched motifs bind spe-
cifically to the expressed Alu elements, whereas the other TFs may
cobind via protein-protein interactions or bind nonspecifically fa-
cilitated by the favorable chromatin conditions; thus, we focused

our subsequent analysis on the subset of TFs with enriched motifs.
Previous studies provided evidence that some of these TFs could
enhance the transcription of Alu elements (Ullu and Weiner
1985; Chesnokov and Schmid 1996; Conti et al. 2015). YY1, SP1,
and the MEF2 family of TFs were shown to bind Alu elements dur-
ing developmental processes (Oei et al. 2004) and macrophage re-
sponses to tuberculosis infection (Bouttier et al. 2016). AP-1
(heterodimer of FOS and JUN) binds to Pol III genes (Raha et al.
2010; Ahuja and Kumar 2017) and recruits EP300 to increase his-
tone acetylation and stabilize TFIIIC at their core promoters
(Mertens and Roeder 2008; Ahuja and Kumar 2017), promoting
Pol III transcription at these genes. Thus, AP-1 and EP300 may
also activate Alu transcription. Indeed, we detected enriched
ChlIP-seq signals for FOS and EP300 at the Alu elements specifically
expressed in K562 or GM12878 cells (Supplemental Fig. S9B). We
stratified expressed Alu elements into three sets—with high, medi-
um, and low FOS ChlIP-seq signals, and the EP300 levels scaled pos-
itively with FOS occupancy (Supplemental Fig. S9C), providing
evidence that AP-1 might recruit EP300 to regulate cell-type—spe-
cific expression of Alu elements. In addition to activating Pol III
transcription at these Alu loci, these TFs may activate Pol II tran-
scription at nearby genes.

When we compared the TFs that showed enrichments of both
ChIP-seq signals and sequence motifs at expressed Alu elements in
K562 versus GM12878 (Fig. 6A vs. Supplemental Fig. S9A), some
TFs (e.g., GATA1::TAL1 in K562 cells and PAXS5 in GM12878 cells)
were enriched in one cell type but not in the other, and such
TFs were ranked as top master transcription factors associated
with cell proliferation and lineage commitment (Supplemental
Material), suggesting these cell-type-specific Alu elements can
attract the binding of master TFs, which in turn activate lineage-
specific transcriptional programs.

Functional data support enhancer activities at expressed
Alu elements

We further looked for self-transcribing active regulatory region se-
quencing (STARR-seq) and massively parallel reporter assay
(Sharpr-MPRA) data supporting that expressed Alu elements may
function as active enhancers. Barakat et al. (2018) performed
STARR-seq on the regions bound by NANOG, POUSFI,
H3K4me1l, or H3K27ac, identified by ChIP-seq, in primed and na-
ive embryonic stem cells (ESCs). The Alu elements expressed in
ESCs (Supplemental Methods) had significantly more STARR-seq
reads than did Alu elements expressed in other biosamples
(Wilcoxon rank-sum test P-value=2.42x107> in primed ESCs
and 1.19x 107 in naive ESCs) and unexpressed Alu elements (P-
value=2.17 x 10~ in primed ESCs and 1.12 x 107° in naive ESCs)
(Supplemental Fig. S10A, top). When we overlapped Alu elements
expressed in ESCs with active enhancers defined by Barakat et al.
(reads per plasmid [RPP] >138), we observed 4.1- and 4.6-fold en-
richment over Alu elements expressed in other biosamples (chi-
squared test P-value=3.00x 1077 and 1.11x 1077 in primed and
naive ESCs, respectively) and 5.9- and 6.6-folds of enrichment
over unexpressed Alu elements (P-value=1.76 x 107'* and 6.17 x
107" in primed and naive ESCs, respectively) (Supplemental Fig.
S10A, bottom). These functional data support that expressed Alu
elements may function as enhancers in ESCs.

In another study, Ernst et al. (2016) developed the Sharpr-
MPRA technique to test more than 15,000 regions (4.6 million
nt in total), which were annotated as enhancers by ChromHMM,
at 5-nt resolution in K562 cells. Five Alu elements expressed in
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Enrichment of transcription factor binding at expressed Alu elements reveals the potential to function as cell-type-specific enhancers. (A) The

left heatmap shows the fold changes of TF ChIP-seq signals in the £500-bp window centered on the TSSs of Alu elements specifically expressed in K562 cells
compared with Alu elements expressed in other biosamples. Each row is a TF, and all 275 TFs with ChIP-seq data in K562 are included in the heatmap and
sorted by their fold changes. The top left heatmaps indicate the TFs with enriched signals and motifs, with the motif logos shown at top right. (B) crisprQTL
data (Gasperini et al. 2019) showed that two Alu elements expressed in K562 functioned as enhancers with significant regulatory effects on the expression

of nearby genes.

K562 were among the regions tested by them, and four showed
positive Sharpr-MPRA activity scores, indicating that they could
activate the transcriptional activity of the reporter. Three of these
Alu elements had strong activity scores near their TSSs (one or
more averaged over the +50-bp window centered on the TSS, de-
fined as primarily activating with false-discovery rate <5%) (Ernst
etal. 2016), and two are shown in Supplemental Figure S10B (top).
Compared with Alu elements expressed in other biosamples and
unexpressed Alu elements, Alu elements expressed in K562 cells
showed significantly stronger Sharpr-MPRA activity scores at their
promoter region (P-value=1.98 x 1073! and 2.03 x 107®") (Supple-
mental Fig. S10B, bottom). Together, these results suggest that
some expressed Alu elements have enhancer activities, especially
at the regions near their TSSs.

To further evaluate how expressed Alu elements may function
as enhancers to regulate the expression of nearby genes, we ana-

lyzed the recent crisprQTL data (Gasperini et al. 2019), which
yielded 664 enhancer—gene pairs by introducing random combi-
nations of CRISPR/Cas9-mediated perturbations into 5920 pre-
dicted enhancers and measuring their effects by single-cell
transcriptome profiling in K562 cells. Fifteen of Alu elements ex-
pressed in K562 were located in the enhancer regions they sur-
veyed, and two Alu elements showed significant regulatory
effects on the expression of neighboring genes (Fig. 6B).

Discussion

We produced RAMPAGE data in 155 biosamples as part of the
ENCODE Project and built an atlas of expressed Alu elements using
this large collection of data. We identified 17,249 Alu elements
that were expressed in at least one of the 155 biosamples, a mere
1.44% of the 1.2 million Alu elements annotated in the human
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genome, and 61.6% of these 17,249 Alu elements were expressed
in only one biosample. These results indicate that Pol Ill-tran-
scribed Alu expression is overall very low and highly cell-type spe-
cific. Contrary to the expectation that the youngest Alu elements
—those AluY elements that only exist in the human genome,
which are the least divergent from the consensus Alu sequence—
should be most expressed, these youngest Alu elements are signifi-
cantly less expressed than older Alu elements. With the caveat that
our results might be influenced by the read-mapping strategy in
our pipeline (although we did test allowing multiple-mapping
reads and still obtained the same conclusion), these results suggest
that humans are highly effective in suppressing young Alu ele-
ments, which may still possess the capability of retrotransposition.
One active mechanism for repressing Alu expression is DNA meth-
ylation (Kochanek et al. 1993, 1995; Bakshi et al. 2016), and ac-
cordingly, we found that the Alu elements that were not
expressed in a particular biosample (but were expressed in other
biosamples) had significantly higher DNA methylation levels in
that biosample than did Alu elements that were not expressed in
any of the 155 biosamples that we surveyed.

Are the few expressed Alu elements escapees of the active re-
pressive mechanism in the host human cells, or alternatively,
can they possibly serve some biological functions? We performed
a series of analyses, and our results suggest the latter: Expressed Alu
elements may, in some instances, function as cell-type-specific en-
hancers for nearby protein-coding genes. Expressed Alu elements
are significantly more likely to be intronic and exonic than inter-
genic with respect to genomic Alu elements (2.17% vs. 0.43%,
P-value<2.2x107'%). We compared the genetic and epigenetic
features at expressed and unexpressed Alu elements and found
that distance to Pol II genes, chromatin accessibility, and active
histone marks characteristic of active enhancers were predictive
of cell-type—specific Alu expression. Furthermore, biosamples in re-
lated tissues clustered together by their Alu expression profiles, and
the protein-coding genes near expressed Alu elements tended to
be expressed and function toward the tissue specificity of the
corresponding biosamples. We also observed that expressed Alu
elements were significantly enriched in enhancers defined using
epigenetic signals and that ChIA-PET data further supported the
chromatin interaction between expressed Alu elements and their
neighboring genes in the matching cell types. Expressed Alu
elements are significantly bound by many transcription factors
that work with RNA Pol II, and the binding is cell-type specific.
Finally, we found some functional data (STARR-seq, Sharpr-
MPRA, and crisprQTL) in ESCs and K562 cells, indicating that
some Alu elements expressed in these cell types functioned as
enhancers to regulate expression of nearby genes. Because Alu
elements are highly repetitive, there have been few studies on in-
dividual elements. The atlas of expressed Alu elements that result-
ed from our study will stimulate more studies targeting individual
elements.

A recent study showed that Alu elements could explain a sig-
nificant amount of disease heritability, especially blood traits
(Hormozdiari et al. 2018). Another study analyzed nucleosome oc-
cupancy, histone modification, and sequence motif features at Alu
elements genome-wide and concluded that Alu elements showed
characteristics of enhancers (Su et al. 2014). These studies did
not investigate whether these potentially functional Alu elements
were expressed in the corresponding cell type and consequently
did not distinguish Alu elements transcribed by Pol III versus by
Pol II. Here, we focused on the Alu elements transcribed by Pol
III and further concluded that the Alu elements transcribed in a

biosample by Pol III are more likely to be enhancers than are Alu
elements not transcribed by Pol III in the corresponding biosam-
ple. Does Pol III play a role in the enhancer functions of these
Alu elements that they transcribe? Policarpi et al. (2017) showed
that in cortical neurons a subset of SINEs recruited Pol III transcrip-
tion in a stimulus-dependent manner. They performed in-depth
experiments on one such enhancer-like SINE near the Fos gene
in the mouse and showed that its Pol III transcript interacted
with Pol II at the Fos promoter and was required for the functions
of cortical neurons. Thus, we propose that the expressed Alu ele-
ments that we identified in this study could act in a similar manner
to enhance the transcription of neighboring protein-coding genes.
This model is further supported by ChIP-seq data that showed
Pol II occupancy at Pol III loci, although that study did not inves-
tigate Alu elements (Barski et al. 2010). On the other hand, the
moderate enrichment of Pol II ChIP-seq signals at expressed Alu
elements in the specific cell types (Supplemental Fig. S8D) suggests
that Pol II may facilitate Pol III in its transcription of Alu elements
by modifying the local chromatin structure as proposed for other
Pol IlI-transcribed genes (Barski et al. 2010; Raha et al. 2010).

In summary, we have identified 17,249 Pol IlI-transcribed Alu
elements that were expressed in at least one of 155 biosamples. Our
integrative analyses showed that although the approximately 100
human-specific Alu elements are actively repressed in transcrip-
tion, the older expressed Alu elements may have been exapted
by the human host to function as enhancers for their neighboring
protein-coding genes.

Methods

A computational pipeline for annotating primary Alu transcripts
using RAMPAGE data

We developed a new computational pipeline by combining the
unique features of the RAMPAGE assay and primary Alu elements
to precisely annotated the TSSs of Pol Il transcribed Alu elements.

Characterization of Pol lll-transcribed Alu elements

Tissue specificity, evolutionary conservation, genomic context,
and sequence features were systematically characterized and
compared between expressed and unexpressed Alu elements.
DNase-seq, ChIP-seq of the histone variant H2AZ1 and 10 histone
modifications, and whole-genome bisulfite sequencing of DNA
methylation were used to profile the cell-specific expression of
Pol Ill-transcribed Alu elements. Random forest classifiers were im-
plemented to train models for predicting the transcriptional states
of Alu elements.

Functional analysis of expressed Alu elements as active enhancers

Expressed Alu elements were overlapped with cCREs and ENCODE
ChromHMM annotations (Ernst et al. 2011). STARR-seq (Barakat
etal. 2018) and Sharpr-MPRA (Ernst et al. 2016) data were analyzed
to assess the enhancer activity of expressed Alu elements. Pol II
ChIA-PET data (Li et al. 2012; Tang et al. 2015) and crisprQTL
data (Gasperini et al. 2019) were used to evaluate the regulatory im-
pacts of expressed Alu elements on the expression of nearby genes.

Software availability

The source code of our Alu identification pipeline is included
in the Supplemental Material as Supplemental Code and can
also be accessed at the GitHub (https://github.com/kepbod/
rampage_alu).
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