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Alu are high copy number interspersed repeats that have accumulated near genes during primate and human evolution.

They are a pervasive source of structural variation in modern humans. Impacts that Alu insertions may have on gene expres-

sion are not well understood, although some have been associated with expression quantitative trait loci (eQTLs). Here, we

directly test regulatory effects of polymorphic Alu insertions in isolation of other variants on the same haplotype. To screen

insertion variants for those with such effects, we used ectopic luciferase reporter assays and evaluated 110 Alu insertion var-

iants, including more than 40 with a potential role in disease risk. We observed a continuum of effects with significant out-

liers that up- or down-regulate luciferase activity. Using a series of reporter constructs, which included genomic context

surrounding the Alu, we can distinguish between instances in which the Alu disrupts another regulator and those in which

the Alu introduces new regulatory sequence. We next focused on three polymorphic Alu loci associated with breast cancer

that display significant effects in the reporter assay. We used CRISPR to modify the endogenous sequences, establishing cell

lines varying in the Alu genotype. Our findings indicate that Alu genotype can alter expression of genes implicated in cancer

risk, including PTHLH, RANBP9, and MYC. These data show that commonly occurring polymorphic Alu elements can alter

transcript levels and potentially contribute to disease risk.

[Supplemental material is available for this article.]

Complex disease risk loci have been identified throughout the ge-
nome, and many of the haplotypes associated with disease occur
in noncoding, presumably regulatory loci (Zhang et al. 2014;
Lowe and Reddy 2015). Now investigators seek to define the caus-
ative variants, which genes they impact, and how they function.
We previously showed that commonly occurring structural vari-
ants caused by insertions of Alu short interspersed elements
(SINEs) frequently occur at disease risk loci (Payer et al. 2017), rais-
ing the possibility that they may alter risk by impacting gene
expression.

Like other interspersed repeats, Alu sequences are retrotrans-
posons, genetic elements that proliferate through a “copy-and-
paste” mechanism with an RNA intermediate (for review, see
Batzer and Deininger 2002; Burns and Boeke 2012; Hancks and
Kazazian 2016; Payer and Burns 2019). There are about 1.1million
copies of Alu in the human genome (Smit 1999; International
HumanGenome Sequencing Consortium 2001), and aminor sub-
set of these are polymorphic in human populations (Stewart et al.
2011;Witherspoon et al. 2013; Sudmant et al. 2015; Gardner et al.
2017), meaning that at a specific loci, some individuals have the
Alu insertion but others have the preinsertion “empty” allele.
Polymorphic Alu elements are prevalent with more than 3200 re-
ported with an allele frequency >5% (Sudmant et al. 2015).
Ongoing research aims to evaluate functional effects of these prev-

alent polymorphic Alu sequences. Recently, we showed that a sub-
set of those mapping to introns can alter mRNA splicing of nearby
exons (Payer et al. 2019), and that is likely just one of many func-
tional consequences of polymorphic Alu elements.

Retrotransposons have intrinsic sequences that regulate ex-
pression of their ownRNAs. These sequences can also affect nearby
genes, with the best-known cases being endogenous retroviruses
and their flanking long terminal repeats (e.g., Chuong et al.
2013, 2016; Dunn-Fletcher et al. 2018; Fuentes et al. 2018; Jang
et al. 2019). Much less is known about Alu regulatory potential.
Some Alu elements that have accumulated point mutations over
time have become enhancers (e.g., Norris et al. 1995; Gombart
et al. 2009; Jacobsen et al. 2009; Zhang et al. 2019). In general,
these evolutionarily older Alu elements that are “fixed” in the
genome, homozygous present in all individuals, can be epigeneti-
cally marked like enhancers including positioned phased nucleo-
somes, active histone marks including H3K4me1 and H3K27ac,
enrichment upstream proximal to genes, and preferential long-
range contacts with promoters (Su et al. 2014). A subset of Alu
elements functions as enhancers for cell-cycle genes through
RNA polymerase III transcription factor C (TFIIIC) recruitment
with subsequent altered chromatin looping and histone acetyla-
tion resulting in gene expression changes in cis (Ferrari et al.
2020). Alu RNA may also play a role in reducing transcription of
RNA polymerase II (Pol II) transcripts in trans (Mariner et al.
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2008). Many of these effects are restricted to Alu sequences that
have existed for long periods of time in the human genome.
Therefore, the question remains as to whether evolutionarily
young, polymorphic Alu insertions have this intrinsic regulatory
potential. More than 250 Alu insertion variants at expression
quantitative trait loci (eQTLs) have been identified (Wang et al.
2017b); similarly, large numbers of Alu insertions map to regions
rich with transcription regulators (Wang et al. 2017b; Goubert
et al. 2020). These eQTLs have not been delimited to the polymor-
phic Alu, and no systematic assessments of regulatory effects of
these Alu have been reported.

To this end, here, we evaluate the regulatory impact of large
numbers of polymorphic Alu elements isolated from other nearby
variants. We also focus onmechanisms of this activity and the po-
tential for Alu-regulated transcript levels to alter disease risk.

Results

Polymorphic Alu elements have regulatory potential

To assess if polymorphic Alu elements alter gene regulation, we
used standard ectopic enhancer reporter assays in 293T cells.
This allowed us to compare Alu insertion and preinsertion alleles
for relatively large numbers of loci in a model that was then tracta-
ble for follow-up studies to dissect sequence requirements. In all,
we tested 110 polymorphicAlu loci (Supplemental Table S1) select-
ed because these are common variants, many of which map to
Genome-Wide Association Studies (GWAS) signals and therefore
may have a role in disease risk (Payer et al. 2017).

For each locus, we cloned the sequence with (∼600 bp) or
without (∼300 bp) the polymorphic Alu element upstream of fire-
fly luciferase driven by a minimal promoter (Fig. 1A). Because ec-
topic assays are designed to detect short range cis effects, we
cloned each locus so that the orientation relative to the nearest
transcription start site in the genomewas retained relative to lucif-
erase in the vector. Each construct was transfected into 293T cells
along with a Renilla luciferase expression plasmid used to normal-
ize for transfection efficiency. Wemeasured the effect of the poly-
morphic Alu on luciferase expression.

These Alu insertions showed a continuum of effects on tran-
scription (Fig. 1B). The Alu resulting in the greatest up-regulation
(Alu-363) caused a 4.46-fold change (log2 = 2.1) (Fig. 1B) when
the Alu is present relative to when it is absent. The polymorphic
Alu with the greatest negative effect on transcript levels (Alu-
534) resulted in a 3.7-fold down-regulation (log2 =−1.9) (Fig. 1B)
when the Alu is present relative to when it is absent. More loci
showed some degree of up-regulation (fold change<0; n= 81)
than down-regulation (fold change<0; n=29) in the presence of
the Alu (P< 0.001, χ2 test). This continuum of effects on transcript
levels was not dependent on the orientation of the Alu relative to
luciferase (P=0.4917, unpaired t-test) (Fig. 1C); this lack of direc-
tionality suggests that interference by the Alu intrinsic RNA
Pol III promoter is not driving the ectopic assay results. Similarly,
we wanted to consider if the orientation of the entire genomic lo-
cus made a significant difference in the assay results. In particular,
at several loci the Alu variant maps near a bidirectional promoter
(e.g., Alu-793) or to a large intergenic region with distal genes on
opposite strands (e.g., Alu-351). For these loci and others (n=62),
we evaluated the genomic locus in the opposite orientation with
respect to luciferase. Overall, we found good correlation between
luciferase expression levels irrespective of the direction of the
cloned locus, although there was some variance (Supplemental
Fig. S1). This ectopic assay allows us to evaluate a large number
of loci and identify the outliers where polymorphic Alu insertions
have the greatest effect on transcript levels in 293T cells. We focus
on these outliers throughout the remainder of this study.

Alu variants are associated with changes in gene transcription

To gain additional evidence of polymorphic Alu roles in regulating
gene expression, we compared results of the ectopic reporter assay
to previously published expression quantitative trait loci (eQTL).
Because most eQTL studies are based on SNPs and do not consider
polymorphic Alu elements, we found the best proxy SNP for the
Alu at each locus. To determine if there are eQTL already reported
for genes near the Alu variants assayed, we looked for a precalcu-
lated cis-eQTL in the Genotype-Tissue Expression (GTEx) database
associated with that proxy SNP. For 90 of the 110 Alu variants eval-
uated, we identified a strong proxy SNPwith r2 > 0.8 (r2 range 0.81–
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Figure 1. Polymorphic Alu elements have a continuum of effects on luciferase expression in an ectopic enhancer assay. (A) A genomic locus (black box)
with or without the polymorphic Alu element (red) present was cloned upstream of a minimal promoter (triangle) in firefly luciferase (green) expression
vector that had been modified to use Gateway cloning. (B) Luciferase measurements shown as the fold change for each locus when the Alu is present com-
pared to when it is absent. Polymorphic Alu loci highlighted in subsequent figures (figure number in parentheses) are shown in red with chromosomal
location indicated. (C) Effect of Alu orientation was evaluated by sorting results based on the orientation of the Alu with respect to luciferase in each eval-
uated construct. Alu orientation does not drive luciferase expression (t-test).
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1, average=0.97). Of these 90 loci, 57 (63%) have at least one eQTL
reported in at least one tissue (average P-value of the eQTL= 9.18×
10−6, range 1.8 ×10−4 to 1.6 ×10−49). The number of genes differ-
entially expressed at each locus varies from one to 11 genes (aver-
age =3, median=2, mode=1). For each eQTL, the number of
tissues with differential expression ranges from a single tissue to
44 tissues (average=4, median=2, mode=1). The entire list of
Alu eQTLs are in Supplemental Table S2. Comparing our ectopic
enhancer reporter data with these reported eQTLs, 71.9% (41/57)
of Alu eQTLs show a concordant directional effect. That is, addi-
tion of Alu to the luciferase reporter has the same effect, either
up- or down-regulation, as is associated with the Alu-containing
haplotype for at least one gene in the single tissue eQTLs. When
focusing on the outliers in our luciferase assay, those with
>1.5-fold change in expression, 75.8% of those with associated
eQTLs agree in direction of effect with the GTEx eQTL. Further,
the strength of effect seen in the luciferase assay corresponds
well to whether there is agreement between GTEx eQTL and lucif-
erase results (P<0.01, unpaired t-tailed t-test). Overall, these find-
ings suggest that some outliers in our ectopic assay may affect
transcript levels at the endogenous loci.

Of particular interest are those polymorphic Alu elements
that map to disease risk loci identified by GWAS. One such Alu,
Alu-355, maps to 1q24.2 an atrial fibrillation risk locus (P= 8×
10−14) (Fig. 2A; Ellinor et al. 2012). There is moderate linkage
disequilibrium (LD) between the Alu and the GWAS signal
(rs3903239, r2 = 0.4, D′ =0.93) (Payer et al. 2017), indicating that
any functional effects of the Alu could have been detected in the
GWAS but not necessarily that the Alu is the causative variant
for atrial fibrillation risk at this locus. TheAlumaps 29 kb upstream
of the paired related homeobox 1 (PRRX1) gene. Decreased expres-
sion of PRRX1 is associated with increased risk of atrial fibrillation
(Tucker et al. 2017). A SNP, rs1048923, which is a strong proxy for
the Alu variant (r2 = 1), is an eQTL of PRRX1 in two tissues, includ-
ing the heart (Supplemental Table S2), where the higher expres-
sion of PRRX1 occurs from Alu-containing haplotype than the
haplotype with no Alu present (Fig. 2A). This is consistent with
our ectopic luciferase assay, where the Alu increases luciferase ex-
pression (fold change=2.69, log2 = 1.43) (Fig. 1B). At the endoge-
nous locus, the Alu may be responsible for affecting PRRX1

expression levels. Thus, more PRRX1 expression directed by the
Alu, or other variant on the same haplotype, may decrease the
chance of atrial fibrillation.

Another similar example is Alu-330, which maps to 4p16.1,
a region linked to uric acid levels and gout risk (P=2×10−65 and
P =4×10−26) (Fig. 2B; Okada et al. 2012; Köttgen et al. 2013). The
Alumaps to an intron of SLC2A9, a gene that encodes solute carrier
family 2member 9 protein that is involved in transmembrane trans-
port of urate and fructose. A SNP, rs4235346, which is a strong
proxy for theAlu variant (r2 =1), is an eQTL of SLC2A9 in 11 tissues,
and the Alu-haplotype-associated SNP allele is associated with up-
regulation in eight of those tissues (Supplemental Table S2). In
our luciferase assay, the Alu up-regulates luciferase expression
(fold change=1.84, log2 =0.88) (Fig. 1B). At the endogenous locus,
the Alu may be responsible for increased SLC2A9 expression levels
and ultimately the risk of developing gout.

Polymorphic Alu elements can disrupt other regulators

We hypothesized that Alu variants can alter transcript levels by ei-
ther disrupting other regulators or by introducing new regulatory
sequences. To identify cases in which the Alu insertion may dis-
rupt an enhancer, we sought instances in which the preinsertion
allele showed high activation of luciferase in the ectopic enhancer
assay, and the presence of the Alu decreased luciferase expression.
Two loci with the most reduced luciferase expression in the pres-
ence of the Alu, Alu-530 and Alu-534 (3- and 3.7-fold decrease, re-
spectively), both fit these criteria.Alu-534maps to the tenth intron
of CLEC16A (Fig. 3A) and is in weak LD (r2 = 0.37, D′ =0.77) with a
GWAS SNP (rs8038465) associated with type 1 diabetes (P=1×
10−9) (Hoffman et al. 2012), indicating it is a candidate, albeit un-
likely, causative variant leading to disease risk.Alu-350maps to the
first intron of CD276 (Fig. 3B) and is in strong LD (r2 = 0.82, D′ =
0.98) with a SNP (rs12708716) associated with liver enzyme levels
(P=3×10−18) (Todd et al. 2007).

To build support for the presence of an enhancer element
at the Alu insertion site in each case, we used data published by
the Encyclopedia of DNA Elements (ENCODE) project (Ernst and
Kellis 2010; Hoffman et al. 2012; The ENCODE Project
Consortium 2012) and ChromHMM annotation (Supplemental

Table S3; Ernst and Kellis 2010).
ChromHMMannotates both loci as tran-
scriptionally active in most cell lines.
Further, the Alu insertion sites are
marked by H3K27ac and H3K4me3,
which are associated with regulatory re-
gions, in at least some cell lines (Fig. 3).
In all cases, these annotated epigenetic
marks most likely come from the prein-
sertion empty allele for two reasons.
First, for these polymorphic Alu loci,
the presence of the Alu is the minor al-
lele, that is, the Alu-containing allele is
less common. Second, the Alu is not in-
cluded or annotated in the reference
genome, meaning that most standard
read mapping pipelines would discard
Alu-containing reads from this locus.
Therefore, these results are consistent
with these Alu elements potentially
disrupting active regulatory regions.
Although this supported a model
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Figure 2. Polymorphic Alu outliers in the enhancer assay are associated with known eQTLs. Two exam-
ple loci are shown, drawn to scale, with GWAS trait-associated SNPs (TAS) and Alu element (red) location
marked. GTEx identified eQTLs, including the SNP used as a proxy for the polymorphic Alu element (red
triangle), are annotated as well as the extent of the linkage disequilibrium (LD) surrounding the proxy
SNP (red bar). The presence (+) or absence (−) of the Alu was phased with the proxy SNP genotype,
and GTEx genotype-dependent expression is shown for two example tissues. (A) Polymorphic Alu at
PRRX1 is candidate causative variant in atrial fibrillation risk GWAS (TAS = rs39033239, r2 = 0.4, D′ =
0.93). A GTEx eQTL, rs10489231, is a perfect proxy for the Alu (r2 = 1). (B) Polymorphic Alu at SLC2A9
maps to uric acid and gout GWAS signals (TAS = rs3775948 and rs4475146). GTEx eQTL rs4235346
is a perfect proxy for the Alu (r2 = 1).
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wherein the Alu disrupts regulatory elements, we wanted to
directly test this hypothesis.

Such a disruption would not rely on sequence-specific fea-
tures of an Alu insertion. To test this prediction, we scrambled
the Alu sequence within the cloned genomic sequences
(Supplemental Table S4); the length and GC content of the Alu
were retained, but any regulatory sequences intrinsic to the Alu se-
quence would be disrupted (Fig. 3). For both loci tested, the prein-
sertion allele results in higher luciferase expression than when the
Alu is present (P<0.0001, t-test). At either, replacing the Alu with
scrambled sequence yields similar results to the Alu being present
(adjusted P<0.01, t-test) (Fig. 3). Thus, the change associated with
the Alu genotype is consistent with the Alu insertion disrupting an
enhancer-like regulator. It is unclear what specific regulator is dis-
rupted by the presence of theAlu at these loci because no ENCODE
ChIP-seq transcription factor binding is annotated precisely at the
Alu insertion site nor are any putative transcription factor binding
sites disrupted by the presence of the Alu. Wemight speculate that
the regulatory change is caused by changes in the relative spacing
of known or putative regulatory features that flank the Alu inser-
tion site.

Polymorphic Alu elements have intrinsic

ability to alter transcript levels

An alternative mechanism by which Alu
variants can alter transcript levels would
be through regulatory functions encoded
by the retrotransposon. Older Alu ele-
ments, now fixed in human populations,
have acquired nucleic acid substitutions
that have made them tissue-specific en-
hancers (e.g., Norris et al. 1995; Gombart
et al. 2009; Jacobsen et al. 2009). It has
been suggested that evolutionarily youn-
ger Alu elements may also introduce en-
hancer functions (Wang et al. 2017a).
To evaluate one of the youngest and
most commonly polymorphic Alu sub-
families, AluYa5, we used PROMO and
TRANSFAC (Messeguer et al. 2002; Farre
et al. 2003) to identify 14–109 putative
transcription factor binding sites (TFBS)
for 9–40 transcription factors (Fig. 4A).
Using this method, we identify highly
stringent (0% dissimilarity) YY1 binding
sites, as previously reported in Alu ele-
ments (Humphrey et al. 1996; Oei et al.
2004; Polak and Domany 2006). In all,
the putative TFBS are well conserved
across AluY consensus sequences (Sup-
plemental Table S5); of the 14 sites iden-
tified in AluYa5 using the most stringent
criteria, all but one are highly conserved
across other AluY subfamily sequences
(Supplemental Table S5). This could sug-
gest that all AluY subfamily elements
would behave similarly in our assay.

To experimentally evaluate the abil-
ity of commonly polymorphic AluY sub-
families to alter transcript levels, we
tested isolated Alu sequences (i.e., with-
out surrounding genomic context) in

the ectopic luciferase reporter assay.We evaluated 12AluY subfam-
ily consensus sequences including the four most highly represent-
ed in the tested polymorphic loci.Alu elements were tested both in
sense (Fig. 4B) and antisense (Supplemental Fig. S2) orientation
with respect to luciferase with similar results in 293T cells
(Supplemental Fig. S2). Again,Alu sequences showed a continuum
of effects in this ectopic assay (Fig. 4B). The strongest up-regulation
in luciferase expression by polymorphicAluY consensus sequences
approaches that of the evolutionarily olderAluY (Alu06) that is epi-
genetically marked consistent with enhancer function (Fig. 4B; Su
et al. 2014). Overall, these AluY consensus sequences have effect
sizes in the luciferase assay that are much smaller than the stron-
gest Alu sequence with reported enhancer function, an AluSc
(Alu05) (Su et al. 2014) or the well-characterized SV40 enhancer
(Fig. 4B). AluYk13 results in a fourfold up-regulation (log2 = 1.98)
of luciferase expression relative to a control sequence, whereas
on the other extreme, AluYb11 results in a 0.75 reduction (log2 =
−0.47) in luciferase expression. AluYk13 and AluYb11 share 288
of 309 bp (93%); there are also 8 bp specific to AluYb. Although
these two sequences share 12 high confidence (0% dissimilarity)
putative transcription factor binding sites, there are four sites
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Figure 3. Polymorphic Alu elements mapping to epigenetic marks disrupt other genomic regulators.
Genomic loci drawn to scale with layered chromatin marks from ENCODE tracks on UCSC Genome
Browser and trait-associated SNPs (TAS) annotated. A magnified view (gray box) highlights the location
of thepolymorphicAlu (red) relative to chromatinmarks. Ectopic luciferase reporterassay results are shown
as relative luciferase units for each construct relative to a control vector. Comparisonsweremade between
the locus with the Alu, without any insert, or with a scrambled Alu sequence (Scr) (t-test, adjusted for three
comparisons). Error bars are the standard deviation of two clones tested in triplicate in two experiments
(n =12). (A) Polymorphic Alu element mapping to intron of CLEC16A, a region associated with type 1 di-
abetes. (B) PolymorphicAlu elementmapping to an intronofCD276, a region linked to liver enzyme levels.

Alu insertion variants alter gene transcript levels

Genome Research 2239
www.genome.org

http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.261305.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.261305.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.261305.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.261305.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.261305.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.261305.120/-/DC1


that are specific to AluYb11 and one high confidence site in
AluYk13 that is less conserved in AluYb11 (Supplemental Table
S5). The 8 bp insertion common toAluYb subfamilymembers can-
not be the only determinant because although AluYb11 shows the
most down-regulation of luciferase, another AluYb subfamily
member, AluYb8, resulted in the second most up-regulation in
the ectopic assay (afterAluYk13).Despite different results in the ec-
topic assay, these two AluYb family members, AluYb11 and
AluYb8, are nearly identical (306/309 bp, 99%) and share 16
high confidence putative transcription factor sites (Supplemental
Table S5). In all, these findings indicate that, despite similar se-
quence content, different Alu subfamilies can have highly distinct
effects on gene regulation.

To evaluate Alu sequences that may have intrinsic enhancer-
like effects, we focused on the five subfamily consensus sequences
that up-regulate luciferase expression where we had tested repre-
sentative polymorphic Alu loci (Fig. 4B, colored bars). We com-
pared the putative TFBS between consensus Alu sequences
looking for distinguishing features (Supplemental Table S5). For
example, of these consensus sequences, AluYb8 and AluYb9 are
most distinct from AluYa5 and AluYa8. AluYa5/8 consensus se-
quences have 11–14 TFBS absent in AluYb8/9, and AluYb8/9

have 20 unique TFBS including a highly stringent (0% dissimilar-
ity) CEBPB (also known as C/EBP-beta) site. Although these differ-
ences may account for the degree of luciferase up-regulation,
AluYa5, AluYa8, AluYb8, and AluYb9 consensus sequence all in-
crease luciferase expression. Thus, sequences that distinguish
AluYb from AluYa subfamily members are unlikely to be the key
enhancer-like regulatory sequences.

We next evaluated the presence or absence of each predicted
TFBS in the specific polymorphic Alu sequences evaluated in this
study. Most Alu elements are ∼300 bp in length, but occasionally
on insertion, 5′ truncations of the Alu occur. In particular, two
polymorphic AluYb8 elements, Alu-103 and Alu-253, are missing
∼175 bp and ∼190 bp of the 5′ end of the consensus sequence, re-
spectively, and one AluYa8 sequence, Alu-411, is missing ∼180 bp
of 5′ Alu sequence (Supplemental Table S5). For all three of these
5′ truncated loci, the presence of the Alu in its genomic context re-
sults in up-regulation of luciferase relative to when the Alu is ab-
sent (Fig. 1B; Supplemental Table S1), consistent with the effect
seen with the consensus sequence. Because of their truncated
size,Alu-103,Alu-253, andAlu-411 contain only 38, 30, and 26 pu-
tative TFBS, respectively, compared to ∼100 in a full-length Alu se-
quence. All three truncated elements contain just four highly
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Figure 4. Alu elements have intrinsic regulatory potential. (A) AluYa5 has 14 high confidence putative transcription factor binding sites. (B) Ectopic lu-
ciferase assay results with isolated Alu consensus sequences. Cladogram shows the approximate evolutionary relationship between the 12 commonly poly-
morphic AluY subfamily consensus sequences, including five (colored) represented in our evaluated polymorphic Alu loci. Ectopic assay results for non-
polymorphic, evolutionarily older Alu elements (∗) previously evaluated in Su et al. (2014), and the strong SV40 enhancer are also shown (black). (C)
Results from Figure 1B separated based on the Alu subfamily present at each locus. In cases where the consensus sequence was evaluated in B (matching
colors), results for the consensus are shown as triangles (Alu tested sense with respect to luciferase) and diamonds (Alu consensus tested antisense with
respect to luciferase). Alu subfamily does not drive the locus-specific results, as only the AluYd8 subfamily gave consistently distinct results (∗) P=0.02,
ANOVA. (D, left) Genomic locus for Alu-609 drawn to scale with annotated epigenetic marks as in Figure 3. The AluYa5 (red) does not map to any notable
epigenetic marks. This region was identified in GWAS as associated with obesity and body mass index (GWAS trait-associated SNPs [TAS]). Right, luciferase
assay results for the locus with (+) and without (−) the Alu present compared to the isolated Alu-609 sequence (Alu). (∗) Adjusted P<0.05, t-test. Error bars
are the standard deviation of two clones tested in triplicate in two experiments (n=12).
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stringent shared TFBS, including one of the YY1 sites previously re-
ported in Alu sequences (e.g., Humphrey et al. 1996; Oei et al.
2004; Polak and Domany 2006). Because these sequences are pre-
sent in even the shortest elements with enhancer-like effects, they
make attractive candidates for being key regulatory sequences.
However, additional studies will be necessary to fully dissect the
sufficient and necessary sequences.

To test whether the subfamily of the Alu would be an impor-
tant determinant of regulatory effects, we subsetted the luciferase
results for the evaluated polymorphic loci (Fig. 1) based on the sub-
family of theAlu at the locus (Fig. 4C).We compared the results for
all loci with a specific Alu subfamily present against the subfamily
consensus sequence evaluated in isolation. In all cases, we ob-
served a range of effects for loci within each Alu subfamily not
tightly correlated to the subfamily sequence tested in isolation
(Fig. 4C). Further, comparing across subfamilies, the Alu effects
on luciferase expression for different subfamilies overlapped sig-
nificantly. The AluYd8 subfamily is notable in that all loci tested
show very similar up-regulation; however, a small sample size
was considered here. Excluding this AluYd8 subfamily, there
is no statistical difference between the subfamilies evaluated
(P = 0.946, ANOVA) (Fig. 4C). Thus, some Alu sequences have in-
trinsic regulatory function (Fig. 4B), but this alone does not ac-
count for all of the regulatory effects captured in luciferase assays
that include a locus-specific Alu sequence and surrounding se-
quences. It is likely that a complex combination of molecular
mechanisms occurs at each of these loci.

When a naturally occurring Alu variant affects transcript lev-
els by an intrinsic mechanism, we might predict that the geno-
mic locus without the Alu does not alter transcript levels
relative to a control empty vector, and when the Alu is present,
a significant change in luciferase expression occurs relative to
the control. Alu-609 is one of these examples. Alu-609 is an
AluYa5 that maps to 2p25.3 and is in strong LD (r2 = 1) with eight
GWAS signals for phenotypes such as body mass index (BMI) and
obesity (e.g., best P=3× 10−49) (Fig. 4D; Speliotes et al. 2010). The
Alumaps downstream from TMEM18, a gene long associated with
energy levels and BMI although the molecular mechanism is not
well understood (e.g., Almén et al. 2010; Larder et al. 2017). The
downstream region containing the GWAS signals and Alu variant
is void of epigenetic marks across diverse cell types (Fig. 4D). We
believe this annotation most likely reflects the preinsertion allele
because the Alu variant is not included in the reference genome,
making mapping of Alu-containing reads difficult for most stan-
dard pipelines. Consistent with this, in our luciferase assay, the
Alu-609 locus with no Alu present had very little activation of lu-
ciferase compared to a large increase in luciferase expression
when the Alu was present (fold change=1.65, log2 = 0.724) (Fig.
1B). We hypothesized that the increase in luciferase expression
was intrinsic to the Alu sequence. To test this, we cloned the spe-
cific Alu from this locus into the luciferase reporter construct in-
dependent from the context of its genomic locus. The Alu from
this locus has intrinsic ability that almost completely recapitu-
lates that of the Alu in the context of its genomic locus; both
are significantly different from the genomic locus with no Alu
(adjusted P< 0.05, t-test) (Fig. 4D). The Alu-609 is 99.65% identi-
cal to the AluYa5 consensus sequence with only 1 bp mismatch.
Both yield similar up-regulation, approximately twofold, when
tested in isolation (P=0.611, t-test). Therefore, the polymorphic
AluYa5 mapping to TMEM18 has intrinsic enhancer function in
the ectopic assay consistent with that of the AluYa5 consensus
sequence.

Breast cancer risk loci have Alu variants with regulatory potential

Wenext wanted to evaluate the function of the Alu insertions that
were both associatedwith disease and “outliers” in their regulatory
impact using relevant cellular models. Informed by our initial lu-
ciferase assays, we chose to focus on four polymorphic Alu ele-
ments all associated with breast cancer risk. At two of these loci,
Alu-098 located at 6p23 and Alu-103 located at 8q24.21, the pres-
ence of the Alu results in up-regulation of luciferase expression
compared to when the Alu is absent, a 4.28 (log2 = 2.10) and 3.32
(log2 = 1.73) fold change, respectively (Fig. 1B). At the other two
loci, Alu-271 mapping to 12p11.22 and Alu-274 mapping to
2q35, the presence of the Alu results in a decrease in luciferase lev-
els compared to when the Alu is not present, 0.46 (log2 =−1.11)
and 0.53 (log2 =−0.92) fold change, respectively (Fig. 1B).

Because enhancers can be tissue specific, we repeated the ec-
topic luciferase assays in two cell lines derived from mammary
gland, T-47D and MCF10A. The presence of the Alu resulted in
similar changes in luciferase expression in all cell lines tested for
each of the four loci evaluated (Supplemental Fig. S3A).

We next determined the mechanism by which the Alu alters
luciferase expression using a series of ectopic reporter constructs
like previous experiments (Fig. 5). For two loci, Alu-098 and Alu-
103, the effect of the Alu in genomic context (increasing luciferase
expression) is recapitulated when the Alu is evaluated indepen-
dently (adjusted P<0.05, t-test) (Fig. 5A,B). Further, scrambling
the Alu sequence within the genomic context did not increase lu-
ciferase expression. Together, this indicates that the effects of Alu-
098 and Alu-103 on expression are intrinsic to the Alu. Alu-098 is
an AluYd8 (98.9% identity) and Alu-103 is an AluYb8 (100% iden-
tity); both Alu subfamily consensus sequences have intrinsic abil-
ity to up-regulate luciferase (Fig. 4B). Alu-103 is truncated yet
shares a similar level of up-regulation when tested in isolation to
the full-lengthAluYb8 consensus sequence (Figs. 5A, 4B). This sug-
gests that the intrinsic sequences directing this altered luciferase
expression occur in the 114 bp common to the two sequences
(see the previous section for putative TFBS in this region).

For the other two loci, Alu-274 and Alu-271, where the pres-
ence of the Alu results in a decrease in luciferase expression, our
findings suggest a more complex molecular mechanism. For Alu-
274, low luciferase expression is recapitulated when the Alu is test-
ed in isolation (adjusted P< 0.05, t-test), indicating that regulatory
featuresmaybe intrinsic. However, a scrambledAlu also results in a
significant decrease in luciferase expression (adjusted P<0.05, t-
test), albeit to a lesser extent than the Alu (Fig. 5C). Based on these
findings, we postulate that Alu-274 contains regulatory potential,
but also interacts with regulators at the integration site. Similarly,
Alu-271 effects in the luciferase assay are complex and depend
both on sequences intrinsic to the Alu and the surrounding locus
as each construct evaluated produces a different level of luciferase
expression (adjusted P<0.05, t-test) (Fig. 5D). Altogether, these
data shed light on the molecular mechanism by which Alu might
regulate gene expression at these loci.

Polymorphic Alu elements at breast cancer risk loci are eQTLs

Because enhancer effects can be sensitive to broader genomic con-
text, we wanted to evaluate Alu regulatory effects at these breast
cancer–associated loci in their endogenous context. We used
CRISPR to edit 293T cells to generate isogenic cell lines that were
identical at the locus of interest except for the Alu genotype. We
generated lines that were homozygous for the presence of the
Alu and homozygous for the “empty” preinsertion allele with no
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Alu. These cell lines were sequence verified to be perfect edits, and
we maintained the original 293T haplotypes with the only excep-
tion being theAlu presence or absence (Supplemental Table S6). In
this way, we isolated the effects of the Alu from other variants that
naturally occur on the same haplotype. For two of these loci, Alu-
098 and Alu-103, we also used CRISPR to edit the endogenous lo-

cus in the mammary derived cell line, T-
47D-Cas9. At both these loci, the paren-
tal T-47D cell line is heterozygous for
the presence of theAlu.Wedeleted either
Alu-098 or Alu-103 resulting in cell lines
that were homozygous for noAlu present
and compared these to the heterozygous
cell line.

Alu-274 is in strong LDwith a breast
cancer GWAS signal (Michailidou et al.
2013), rs16857609, at 2q35 (r2 = 0.953).
Fine mapping studies at this locus have
narrowed the GWAS signal to a 20-kb
region that contacts the IGFBP5 promot-
er (Wyszynski et al. 2016) and have
identified a likely causative variant,
rs4442975, that maps to an enhancer
and is an eQTL for IGFBP5 (Ghoussaini
et al. 2014; Fachal et al. 2020). Because
Alu-274 does not map to this region and
IGFBP5 is not well expressed in 293T
cells, we focusedon the other three breast
cancer risk loci for these studies.

We performed genome editing at
one locus where presence of the poly-
morphic Alu, Alu-271, reduced luciferase

expression levels in the ectopic reporter assay (Fig. 1B).Alu-271 is a
full-length (292 bp) AluYb8 that maps to intergenic region be-
tween, and upstream of both, CCDC91 and PTHLH at 12p11.22
(Fig. 6A). This region has been associated with breast cancer risk
(P=8×10−31, OR=1.16) (Michailidou et al. 2013), and we previ-
ously determined that Alu-271 is a good causative variant because

BA

C D

Figure 5. Mechanisms for how Alu insertion polymorphisms associated with breast cancer affect gene
expression levels. For each of four loci (A–D), a series of ectopic reporter constructs were tested: the Alu in
the genomic locus (+Alu); the locus with no Alu present (−Alu); the isolated locus-specific Alu sequence
(Alu); and the genomic locus with a scrambled Alu sequence (Scr). (∗adjusted P<0.05, t-test). Error bars
are the standard deviation of two clones tested in triplicate in two experiments (n=12).

B

A

C

Figure 6. Polymorphic Alu are eQTLs at breast cancer risk loci. Loci, drawn to scale with the trait-associated SNPs (TAS) annotated, were edited by CRISPR
to create cell lines that differed in genotype at the indicated Alu (red). qRT-PCR was performed on cell lines homozygous for the Alu insertion and lines
homozygous for the absence of the Alu. Error bars are the standard deviation from 12 qRT-PCR measured ratios (two lines homozygous for the Alu relative
to two lines homozygous for no Alu, each tested from two different cultures, in technical triplicate). (A) The presence of Alu-271 reduces PTHLH (red) ex-
pression. (B) The presence of Alu-098 increases RANBP9 (red) expression. (C) The presence of Alu-103 results in MYC (red) and PVT1 (blue) up-regulation
compared to when Alu-103 is absent.
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it is in strong linkage disequilibrium with the GWAS identified
SNP (r2 = 0.918 with rs10771399) (Payer et al. 2017). Finemapping
of this region identified three independent disease risk signals
(Zeng et al. 2016). Alu-271 maps to a ∼65 kb implicated region
(Signal 2) (Zeng et al. 2016) with no candidate causative variant
previously reported (Zeng et al. 2016; Fachal et al. 2020).
Further, each of the three signals contributes to disease risk and
the effects are cumulative, but the largest effect is seen for the re-
gion to which the Alu variant maps. This region interacts with
the nearby PTHLH gene (Zeng et al. 2016). PTHLH encodes the
parathyroid hormone like hormone protein, which is required
for embryonic development of the breast and secreted during lac-
tation (Wysolmerski 2012). It is less clear the role PTHLH transcript
and protein play in breast tumors; it may be involved in cell turn-
over, tumor growth, or clinical outcome, although conflicting re-
sults have been reported (e.g., Yin et al. 1999; Fleming et al.
2009; Li et al. 2011; Luparello 2011). Regardless, multiple breast
cancer GWAS have highlighted this locus. Based on the ectopic lu-
ciferase assay, we hypothesized that theAlu reduces expression of a
nearby gene, potentially PTHLH, which in turn leads to cancer risk.
Wemeasured expression of the genes near the Alu insertion site in
the CRISPR-edited 293T cell lines by qRT-PCR. The presence of the
Alu results in a 0.49-fold change in PTHLH expression relative to
when the Alu is absent; CCDC91 expression is essentially un-
changed (1.13-fold change) by theAlu genotype (Fig. 6A). These re-
sults indicate that the polymorphic Alu alters transcript levels of
PTHLH in the endogenous context.

We also edited a locus where presence of the polymorphic
Alu,Alu-098, increased luciferase expression in the ectopic reporter
assay (Fig. 1B). Alu-098 is a polymorphic full-length (270 bp)
AluYd8 that maps upstream of the RAN binding protein 9 gene,
RANBP9 (Fig. 6B). A GWAS associated this region with breast can-
cer risk (P=8 ×10−9, OR=1.05) (Michailidou et al. 2013). The role
of RANBP9 in breast cancer development and/or progression is not
well understood. RANBP9 is expressed in normal breast tissue and
up-regulated in cancer (Wang et al. 2002). The RANBP9-encoded
protein interacts with androgen receptor (Cochrane et al. 2014)
and tumor associated genes (Yan et al. 2015) and has been impli-
cated in activating cell signaling pathways (Wang et al. 2002), in-
cluding proapoptotic pathways in response to DNA damage
(Atabakhsh et al. 2009). We previously determined that the poly-
morphic Alu-098 was a good causative variant for the GWAS
because it is in strong LD with the GWAS SNP (r2 = 1 with
rs204247) (Payer et al. 2017). We therefore hypothesized that
Alu-098 increases expression of RANBP9,which ultimately increas-
es the risk of breast cancer. We measured expression of RANBP9
and another gene near the Alu insertion site, NOL7, in the 293T
and T-47D CRISPR-edited lines using qRT-PCR. In 293T, the pres-
ence of the Alu on both alleles resulted in a 2.6-fold change in
RANBP9 expression relative to when the Alu is absent; NOL7 ex-
pression is unchanged (fold change=1) between the cell lines
(Fig. 6B). In T-47D, a 1.5-fold change in RANBP9 expression was
detected between the parental line with one Alu-containing allele
relative to the edited line with no Alu present; NOL7 expression
was unchanged (Supplemental Fig. S3B). These results indicate
that the polymorphic Alu enhances RANBP9 expression.

Polymorphic Alu at 8q24 alters MYC expression and is associated

with breast cancer risk

PolymorphicAlu-103 increased luciferase expression in the ectopic
reporter assay (Fig. 1B). Alu-103 is a 114-bp 5′ truncated AluYb8

that maps to 8q24, a region associated with different types of can-
cer risk (Ghoussaini et al. 2008). In particular, Alu-103 maps to a
region of breast cancer susceptibility (P=1 ×10−27 OR=1.09)
(Michailidou et al. 2013). Fine mapping studies have identified
five independent signals for breast cancer risk within a ∼1 Mb re-
gion at 8q24 (Shi et al. 2016). Candidate causative variants have
been identified for two of these signals as SNPs rs7815245 and
rs11780156 that map at enhancers, alter TFBS motifs, and are
eQTLs (Shi et al. 2016). However, the strongest signal in the region
is tagged by rs13281615, and a strong causative variant at this lo-
cation has yet to be identified. We previously showed that Alu-
103 is a good genetic candidate for the GWAS signal (r2 = 0.77
with rs13281615) (Payer et al. 2017).

8q24hasmanynoncoding transcripts that show tissue specif-
icity and have only been identified in cancers. PVT1 is a long non-
coding RNA (lncRNA) that is overexpressed in many cancers,
including breast cancer, although its function is not well under-
stood (Colombo et al. 2015); it maps >500 kb away from the poly-
morphic Alu. At 391 kb away from the Alu variant maps MYC, a
highly studied and important oncogene that is up-regulated in
many cancers (for review, see Lancho and Herranz 2018).

The Alu could alter expression of any number of genes at this
locus. Therefore, in our qRT-PCR analysis of the 293T CRISPR-ed-
ited lines, we included all genes mapping to this locus that are ex-
pressed in 293T cells. We used qRT-PCR to measure expression
levels in cell lines homozygous for either the presence or absence
of Alu-103. The Alu genotype did not affect expression levels of
most genes (Fig. 6C). However, in the presence of the Alu, MYC
was ∼2.5-fold up-regulated and PVT1 was ∼1.8-fold up-regulated.
Given the distance between this Alu and MYC, we confirmed the
results by evaluating gene expression in additional 293T CRISPR-
edited lines (Supplemental Fig. S4). We next evaluated gene ex-
pression changes in T-47D CRISPR-edited cell lines. MYC was
∼1.9-fold up-regulated and PVT1 was ∼1.8-fold up-regulated in
the parental T-47D line, heterozygous for the presence of Alu-
103 relative to the edited line with no Alu-103 present
(Supplemental Fig. S3B).

TheMYC locus is a classic example of a gene controlled by sev-
eral long-distance acting enhancers, some located >1 Mb away
(Herranz et al. 2014; Bahr et al. 2018). The three-dimensional
structure of the MYC locus has been dissected using chromosome
conformation capture techniques such as Hi-C. Most of the long-
range contacts that theMYC promoter engages in arewith enhanc-
ers downstream from the MYC gene (for review, see Lancho and
Herranz 2018). Alu-103 maps >390 kb upstream of the MYC pro-
moter in a distinct topologically associating domain (TAD) from
MYC, suggesting that contacts to this region occur less frequently.
However, contacts betweenMYC and upstream loci decoratedwith
enhancer marks do occur (e.g., Petrovic et al. 2019), and contacts
between this region and MYC were observed in MCF-7 cells
(Ahmadiyeh et al. 2010). Furthermore, enhancers located in the
same TAD as this Alu have been previously identified (Haiman
et al. 2007; Yashiro-Ohtani et al. 2014; Gekas et al. 2016), suggest-
ing that even if theMYC promoter is engaging here less often than
with its downstream vicinity, contacts established with these up-
stream enhancers can affect MYC expression.

Discussion

We evaluated the possibility that polymorphic Alu insertions alter
gene transcript levels. In particular, wewere interested in function-
al effects of polymorphic Alu elements we previously identified as

Alu insertion variants alter gene transcript levels

Genome Research 2243
www.genome.org

http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.261305.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.261305.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.261305.120/-/DC1


candidates to contribute to human disease risk through a common
disease–common variant paradigm (Payer et al. 2017). We identi-
fied a subset of these polymorphic Alu elements associated with
disease risk that alter luciferase expression in an ectopic assay
and confirmed thatmanyof these are eQTLs. These results are con-
sistent with the disproportionate number of disease haplotypes as-
sociated with enhancer sequences (Ernst et al. 2011; Cowper-Sal
lari et al. 2012; Maurano et al. 2012; Schaub et al. 2012;
Corradin and Scacheri 2014; Wu and Pan 2018) and eQTLs (Nica
et al. 2010; Nicolae et al. 2010; Hernandez et al. 2012). To further
understand how polymorphic Alu elements alter transcript levels,
we identified the molecular mechanism at some of the “outlier”
loci where this effect was largest. Testing effects of Alu elements
isolated from surrounding sequence, and replacing Alu with ran-
dom sequence, we find that an Alu may alter transcription either
by disrupting other regulators or by introducing intrinsic regulato-
ry sequence.Wenext focused on three polymorphic Alu insertions
that were outliers in our ectopic assay and associated with breast
cancer risk. We used CRISPR editing to generate cell lines that dif-
fered only in the Alu genotype at the locus of interest, and this
showed that presence or absence of the Alu impacts the expression
of genes associated with breast cancer and accounts for the report-
ed eQTL. Collectively these data show that Alu insertion variants
alter gene transcript levels.

Using ectopic assays that incorporate small intervals of sur-
rounding genomic sequence allowed us to easily manipulate Alu
variants, and thus differentiate betweenAlu insertions that disrupt
preexisting regulators and thoseAluwith intrinsic regulatory prop-
erties. Another aspect of our approach is that we did not only focus
on sites with known epigenetic features. Epigenetic states deter-
mined by aligning ChIP-seq reads to the reference genome often
represent the state of the preinsertion allele (i.e., with no Alu pre-
sent), becausemany Alu polymorphisms are not incorporated into
the reference genome and there is inherent difficulty in mapping
short reads that contain Alu sequence. An early focus on these
would lead to an underappreciation ofAlu that introduce regulato-
ry functions. Our results directly show the ability of some young
Alu elements to alter transcript levels in this manner, both by con-
sensus sequences for AluY subfamilies (Fig. 4B) and at specific in-
sertion loci (Figs. 4D, 5). This was previously hypothesized for
young AluY elements (Wang et al. 2017a) and documented for
fixed, older Alu elements on a locus-specific level (e.g., Norris
et al. 1995; Gombart et al. 2009; Jacobsen et al. 2009) or through
genome-wide surveys (Su et al. 2014).

This intrinsic potential of Alu sequences could have broad
consequences for gene regulation. Retrotransposons distribute
regulatory sequences throughout the genome. This so-called
plug-and-play regulation has been well documented for human
endogenous retroviruses (HERVs), which have strong RNApol II
promoters and enhancer functions (Chuong et al. 2016), but any
retrotransposon might similarly disperse regulatory sequence.
Given the rate ofAlu expansion that has taken place in primate lin-
eages, the overall effects of Alu on gene regulation is potentially
very significant. Some effects will be indirect. A previously report-
ed polymorphic Alu is a cis-eQTL of the transcription factor gene,
PAX5, and a trans-eQTL for several PAX5-target genes (Wang et al.
2017b).

Intrinsic functions delivered to a locus by an Alu insertion are
likely mediated through transcription factor binding to Alu se-
quences. We identify putative binding sites within young Alu se-
quences that have intrinsic function in our luciferase reporter
assay (Fig. 4A). Despite the high similarity of Alu sequences tested,

we observed varying effects in this assay. A single base pair differ-
ence at a key site or combinatorial effects of a few base pair substi-
tutions may be underlying sometimes significant differences in
regulatory potential between Alu sequences. Previous analysis of
binding motifs in older Alu sequences shows that these sites
tend to occur in clusters (Polak and Domany 2006). It is likely
that locus-specific context and this precise transcription factor
binding compliment dictate the regulatory potential of a particu-
lar Alu sequence. For older, fixed insertions—where there has
been time for a single ancestral allele to diversify into an allelic se-
ries—additional functional variants may exist in human popula-
tions. This is an important, but technically challenging, question
that long-read sequencingmayhelp to address. Long-read technol-
ogies will also enable characterizations of the epigenetic status of
polymorphic Alu elements, which may be complex and variable.
Detailed studies of Alu DNA methylation patterns and associated
histone marks may reveal implications for gene regulatory func-
tions and are highly interesting future directions to pursue.

The ectopic reporter assay we used allows for semi-high-
throughput analyses of many loci in a selected cell type, and sim-
ilar systems have been used to evaluate other transposable element
sequences for enhancer function (Su et al. 2014; Nguyen et al.
2018; Cao et al. 2019). Another type of SINE, the mammalian-
wide interspersed repeat (MIR), and a long interspersed element
(LINE) L2 can function as enhancers, and in a tissue-dependent
manner reduce luciferase expression when present (Cao et al.
2019). Overall, these elements show a continuum of effects (Cao
et al. 2019) similar to the polymorphic Alu elements evaluated in
this study and consistent with the idea that repeats are often
proto-enhancers (Su et al. 2014). When evolutionarily older,
non-polymorphic AluJ and AluS elements that are epigenetically
marked similar to an enhancer were tested in a luciferase assay, lu-
ciferasewas up-regulated 1.2- to 207-fold (Su et al. 2014). Although
the polymorphic Alu elements evaluated in our study fall on that
lower end of that range, a 1.5-fold change is often considered sig-
nificant (e.g., Cao et al. 2019). Fifty-four of the polymorphic Alu
elements we evaluated (49%) reach this threshold with 47 up-reg-
ulating and seven down-regulating luciferase expression. Of the
polymorphic Alu elements we assessed, the one with the strongest
effect induces a 4.5-fold up-regulation of luciferase. Although it is
not possible to equate the absolutemagnitude of effect of a variant
in an ectopic expression assay with differential gene expression at
the endogenous locus, we view the assay as a means to identify
“outliers” with greater likelihood to have biologic effect.
However, the assay also has limitations. Some of the Alu elements
with little or no effect on this reporter may alter transcription in
the context of the endogenous locus, or show large effects that
depend on cell type or developmental stage (Heintzman et al.
2009; Creyghton et al. 2010; Whyte et al. 2013; Huang et al.
2016) not captured in our experimental system.

A strength of our study is that we corroborate some of the ec-
topic assay results at endogenous loci. This is a significant step for-
ward, building on our own results and previously published
ectopic (e.g., Su et al. 2014; Nguyen et al. 2018; Cao et al. 2019)
and computational analyses (Wang et al. 2017b; Goubert et al.
2020) that stopped short of assigning regulatory effects to the
transposable element at the endogenous locus. We see excellent
correspondence between the effect of theAlu in the ectopic report-
er assay and at the endogenous locus in our three genome editing
experiments.

In some cases, gene expression appears to reflect both Alu se-
quence properties and insertion site properties (i.e., Alu-271) (Fig.
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5D). Regulation at any locus is likely complex and will encompass
more than one enhancer or silencer over a larger distance than is
included in our ectopic assays. Similarly, the combined effect of
several variants on the same haplotype, that is, the Alu and sur-
rounding SNPs in LD, may act synergistically to alter gene expres-
sion level. Further, the repetitive nature of Alu elements in the
genome may also lead to interactive effects. For example, at
CD8A, an Alu harboring transcription factor binding sites, espe-
cially GATA3, acts as an enhancer (Hambor et al. 1993), while a
nearby inverted, truncated Alu causes a cruciform structure to
form encompassing the enhancer Alu and impairs transcription
factor binding (Hanke et al. 1995), so overall regulation of CD8A
expression is a balance between these two Alu-derived regulators.

We have previously shown that Alu elements near exons can
interfere with mRNA splicing (Payer et al. 2019), and our current
work highlights the potential for Alu insertions to impact gene
function through regulatory mechanisms that may be more far-
reaching. Because intrinsic regulatory potential resides in young,
polymorphic Alu elements and because Alu elements have accu-
mulated near genes during primate evolution, their functional im-
pact may be significant. Collectively, these Alu may be important
determinants of species-specific traits and, within our species, of
phenotypic variation and differences in heritable disease risk.

Methods

Genome editing

We edited three loci in 293T cells (Alu-103, Alu-098, Alu-271) and
two loci in T-47D (Alu-098 and Alu-103). Guide RNAs (gRNAs)
were cloned into a vector with Cas9 and a GFP marker (pSpCas9
(BB)-2A-GFP). gRNA-Cas9 vectors were cotransfected with repair
templates (Supplemental Methods; Supplemental Table S6).
Single cell outgrowths from genome editing were screened for per-
fect edits with no extra or missing sequence at the edited site.
When possible, at least two perfectly edited lines were derived
(Supplemental Table S6). Gene expression was measured by qRT-
PCR, with primers listed in Supplemental Table S7, calculated by
the 2−ΔΔCt method and normalization to the housekeeping gene
actin beta (ACTB) (Supplemental Methods). Results are shown as
expression in the 293T cell lines with the Alu present to when it
is absent (Fig. 6) or in T-47D cell lines as when the Alu is heterozy-
gous to the homozygous no Alu present cell lines (Fig. 3B).

Enhancer assays

Each genomic region of interest was cloned into a modified
pGL4.26 (Promega) vector upstream of the minimal promoter
and luciferase. Primers flanking each polymorphic Alu insertion
site amplified ∼300 bp of genomic DNA (Supplemental Table
S1). Additional cloning details can be found in Supplemental
Methods. Although the Alu-containing allele (∼600 bp) and the
preinsertion allele (∼300 bp) are different sizes, we saw no indica-
tion that this difference in size consistently affected reporter ex-
pression. Further, for some outlier loci, we include a scrambled
Alu placeholder in place of theAlu so that constructs for each allele
are the same size. As other controls, at some loci, we replaced the
Alu sequence with two scrambled Alu sequence (scr1, scr3)
(Supplemental Table S4; Supplemental Fig. S5A,B). In other cases,
we tested the locus-specific Alu or consensus Alu sequence, in iso-
lation in our ectopic luciferase assay; the specific sequences tested
are in Supplemental Table S4.

All clones were sequence verified and, in most cases, two in-
dependent clones were evaluated for each construct. Luciferase

levels were measured using Dual-Glo Luciferase Assay System
(Promega) and the GloMax-Multi Detection System (Promega)
per manufacturer’s protocol. Additional normalization details
can be found in Supplemental Methods and in Supplemental
Figure S5C. T-tests were performed to compare different
constructs.

Epigenetic analysis

The ENCODE genome segmentations using ChromHMM (Ernst
and Kellis 2010) for each of the six analyzed cell lines
(GM12878, H1-hESC, K562, HeLa-S3, HepG2, and HUVEC)
were downloaded from UCSC Genome Browser (https://genome
.ucsc.edu, hg19). The Alu polymorphism coordinates were inter-
sected with this data using BEDTools intersect (Quinlan and Hall
2010). Results are in Supplemental Table S3. To examine epigenet-
ic state at some loci more carefully, we viewed the ChromHMM
tracks and Integrated Regulation from ENCODE tracks on UCSC
Genome Browser. We viewed the layered H3K4me1, H3K4me3,
and H3K27ac tracks as well as DNase Clusters and Transcription
Factor ChIP E3 (The ENCODE Project Consortium 2011, 2012;
Gerstein et al. 2012; Wang et al. 2012,2013). Because both the
ENCODE data (e.g., The ENCODE Project Consortium 2011,
2012) and The 1000 Genomes Project annotation of Alu polymor-
phisms (The 1000Genomes Project Consortium2015; Sudmant et
al. 2015) were performed on the GRCh37/hg19 human reference
genome build, we used this build throughout our analysis and
manuscript. Prediction of transcription factor binding sites in
Alu sequences were determined with PROMO utilizing
TRANSFAC version 8.3 (Messeguer et al. 2002; Farre et al. 2003).
We considered high quality calls, to be those with a 0% dissimilar-
ity rate. Supplemental Table S5 contains all putative binding sites
with <15% dissimilarity rate.
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