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1 | INTRODUCTION
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Prescott Deininger*

Abstract

Alu elements are the most abundant source of nonallelic homology that influences
genetic instability in the human genome. When there is a DNA double-stranded
break, the Alu element's high copy number, moderate length and distance and
mismatch between elements uniquely influence recombination processes. We utilize
a reporter-gene assay to show the complex influence of Alu mismatches on Alu-
related repeat-mediated deletions (RMDs). The Alu/Alu heteroduplex intermediate
can result in a nonallelic homologous recombination (HR). Alternatively, the het-
eroduplex can result in various DNA breaks around the Alu elements caused by
competing nucleases. These breaks can undergo Alt-nonhomologous end joining to
cause deletions focused around the Alu elements. Formation of these heteroduplex
intermediates is largely RAD52 dependent. Cells with low ERCC1 levels utilize more
of these alternatives resolutions, while cells with MSH2 defects tend to have more
RMDs with a specific increase in the HR events. Therefore, Alu elements are ex-
pected to create different forms of deletions in various cancers depending on a

number of these DNA repair defects.
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(Callinan et al.,, 2005; Cordaux & Batzer, 2009; Hedges et al., 2004).
With over 1 million copies in the human genome (about 11% of the

Repetitive elements comprise at least 45% the human genome
(Lander et al., 2001) and cause repeat-mediated deletions (RMDs)
through recombination between nonallelic copies (Deininger &
Batzer, 1999; Gu et al.,, 2015; Mendez-Dorantes et al., 2018; Sen
et al, 2006). The high abundance of Alu elements in the human
genome creates a major source of these nonallelic homologies, which
influence DNA double-strand break (DSBs) repair and lead to altered
forms of genetic instability mediated by Alu-related RMDs

overall mass of DNA), Alu elements are distributed across all chromo-
somes, though they tend to cluster in gene-rich regions (Lander et al,,
2001). This means that Alu element-related instability frequently re-
sults in genomic rearrangements that influence gene function (Kaul
et al, 2017; Sen et al., 2006; Xing et al., 2007). Alu-related RMDs in
germ cells have been linked to many diseases, including Parkinson's
disease, several cancers, and pulmonary artery hypertension (Morales

et al., 2015). These events primarily occur relatively locally within a
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chromosome (Belancio et al.,, 2010; Pavlicek et al., 2004) resulting in
deletion or duplication of exons in a gene, but they also can occur over
larger distances, causing more complex chromosomal abnormalities
(Hu et al., 2019; Mendez-Dorantes et al., 2018).

The primary factor leading to Alu-related RMDs in the human
genome is the occurrence of a DSB near these repetitive sequences
(White et al., 2015). In eukaryotic cells, two broad types of pathways
are known to efficiently repair DNA DSBs: nonhomologous end
joining (NHEJ) and homologous recombination (HR) (Kass & Jasin,
2010; Symington & Gautier, 2011). Homology-based repair generally
requires resection of one DNA strand to expose single strand(s) at
the DSB (Figure 1a). This is followed by either (1) intrachromosomal
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annealing of repetitive sequences in exposed single strands on both
sides of the DSB (Figure 1b) or (2) an invasion into a nearby duplex
region with HR or break induced replication (BIR) (Figure 1d)
(Bhargava et al., 2016). Either of these nonallelic interactions is likely
to lead to an intermediate with two key elements; a 3’ flap and a
300 bp heteroduplex (Figures 1b and 1d). ERCC1/XPF endonuclease
has a suggested role in the repair of DNA DSB with single-strand
annealing (SSA) by cleaving the 3’ flaps and filling in the gaps
(Figures 1c and 1e) (Al-Minawi et al., 2008).

In addition to their repetitive nature, the mismatches between
Alu elements also increase the complexity of their interaction with
DNA repair processes. We have previously shown that nonallelic,
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Double-strand break repair between Alu elements. (a) After a double stranded break (DSB) in DNA, 5'-3’ resection can

occur. It results in single-stranded DNA that provides a platform for recruitment of repair proteins that participate in homology
directed DSB repair. (b) Based on the single strand annealing (SSA)-like model, after end resections, repeats come together to form a
heteroduplex intermediate. One of the main proteins involved in this pathway is RAD52. This intermediate is prone to disassociation by
heteroduplex rejection, which is mediated by proteins including MSH2. (c) Processing by ERCC1/XPF and repair can result in an Alu/Alu
repeat mediated deletions (RMDs). (d) End resections may also be resolved with homologous recombination (HR) or break induced
replication (BIR) DNA repair pathways that involve RAD51. The single-stranded DNA repeat can invade the other repeat in the sister
chromatid to create an Alu/Alu heteroduplex. This could give rise to an identical deletion product seen in the SSA-like repair pathway at
the level of analysis in our assay
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FIGURE 2 (a) Schematic of sleeping beauty FRT Flp-In target site in HeLa parental cell lines. Cells with the integrated sleeping beauty FRT
Blast were blasticidin resistance (Blast"). (b) AARP stable cell lines were created by site specific recombination at the FRT site. The AARP
reporter cassette contains the hygromycin-resistance (Hygro") gene used to select a stable cell line upon Flp-recombinase-mediated integration
of the cassette. The AARP reporter cassette contains a human elongation factor 1a (EF1a) promoter upstream of the neomycin resistance
(Neo") gene. An |-Scel endonuclease cleavage site is positioned between the two Alu elements that are spaced apart by 1.1 kb. Before DNA
repair, the puromycin resistance (puro”) gene was not expressed due to distance from the EFla promoter and interruption by the Neo" gene
and polyadenylation (pA) site, which results in puromycin sensitivity (puro®). (c) Repair of an I-Scel-induced DSB may result in a SSA-like
deletion of the sequence between the two Alu elements after which the cells become neomycin sensitive and expressed the puro” gene. (d) Alu/
Alu RMD gives rise to a breakpoint junction containing an intact Alu. This is mediated by a 3’ flap (ERCC1/XPF endonuclease). (€) Homeology
Induced events (HI-RMD) in the form of alt-NHEJ causes new DNA cleavage in the heteroduplexed Alu elements and alt-NHEJ of these new
ends gives rise to a breakpoint junction with partial Alus. This is mediated by mismatch repair (MMR) and ERCC1/XPF. (f) Another variation of
Alt-NHEJ, homology dependent-RMD (HD-RMD), gives rise to a breakpoint junction with no Alu. This is mediated by a 5’ flap endonuclease.
DSB, double-strand break; NHEJ, nonhomologous end joining; SSA, single-strand annealing
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RMDs relying on HR, referred to as Alu/Alu-related RMDs, occur at
the highest rate when there is no sequence divergence (Figure 2d)
(Morales, White, et al., 2015). As sequence divergence increases, a
homeology-modified form of alt-NHEJ, referred to as homeology-
induced RMDs (HI-RMDs) involving the DNA mismatch repair
(MMR) pathway becomes more predominant (Figure 2e) (Morales
et al., 2015). In this study we introduce a novel DNA repair pathway
referred to as homology-dependent RMDs (HD-RMDs) (Figure 2f)
that occur with increased sequence homology. These findings de-
monstrate that sequence divergence between the involved Alu ele-
ments may be a critical factor influencing the choice between several
competing DNA repair processes.

We are only beginning to understand the complexity of the DNA
repair processes influenced by Alu homeologies. Here we have used our
Alu-related RMD system (Morales et al., 2015) to evaluate the relative
use of different Alu/Alu interaction pathways in the tumor cell lines,
Hela and HEK293, to identify involved DNA repair genes. We show for
the first time that Hela cells expressing low levels of ERCC1 generate a
unique HD-RMD breakpoint junction that eliminates both interacting
Alu elements. In addition, cells deficient in MMR with MSH2 knockout
(KO) show a significant increase on Alu-related RMD rates and shift
their repair from HI-RMD to Alu/Alu RMDs. Strikingly, cells deficient in
RAD52 had a decreased RMD rate in homologous repeats and an in-
crease in RMD rate in divergent Alu/Alu RMDs. RAD52 KO cells also
had a shift in their repair from Alu/Alu RMDs with an intact Alu to
HI-RMDs with a partial Alu. In conjunction, these results show a strong
link between deficiencies in MMR and chromosomal instability asso-
ciated with Alu-related RMDs.

2 | MATERIALS AND METHODS

2.1 | FRT cells and cell culture

We obtained Hela cells from American Type Culture Collection and
Flp-In"m-293 cells with an FRT site from Thermo Fisher Scientific.
HelLa-FRT cells were generated using the Sleeping Beauty cassette as
previously described in (Matés et al, 2009) HelLa-FRT cells were
maintained in minimum essential medium (MEM) with 10% fetal
bovine serum (FBS; Gibco, Invitrogen), nonessential amino acids and
sodium pyruvate (Invitrogen). HEK293-FRT cells were maintained in
DMEM with 10% FBS (Invitrogen).

Briefly, to generate the HelLa-FRT cell lines, one million HelLa
cells were seeded per 75cm? flask. One day after seeding, cells
were cotransfected with pT2/FRT-Blast transposon donor plasmid
and the second plasmid coding for SB100X transposase (Matés
et al., 2009) using Lipofectamine and Plus (Invitrogen) according
to the manufacturer's protocol. In our protocol, the amount of
both pT2/FRT-Blast and transposase coding plasmids were 25 ng
for Hela cell lines. All the transfection reactions were filled up to
1000 ng total DNA using a filler pUC19 plasmid. The plasmids,
upon integration by transposition, yielded cells resistant to the
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antibiotic Blasticidin, allowing measurement of transposition.
Forty-eight hours after transfection, media containing Blast was
added to select for integration events. Blast selection was main-
tained for 14 days until visible colony formation. All cells were
cultured at 37°C in a humidified 5% CO, atmosphere.

2.2 | Generation of stable Alu/Alu recombination
puro (AARP) cell lines

To develop stable Alu/Alu recombination cell lines, all destination
vectors using 0%, 5%, and 15% Alu sequence divergence were
integrated into the FRT site of each parental cell line. Specifically,
we flipped in 100 ng of each destination vector (0%, 5%, and 15%)
with 900 ng of the flippase recombinase expression plasmid
pOG44 using Lipofectamine and Plus reagent according to man-
ufacturer's protocol (Thermo Fisher Scientific) (Figure 2a,b). For
these experiments, 1.0 x 10° cells for HEK293-FRT and HelLa-FRT
were seeded in a T75 culture flask 24 h before transfection. Forty-
eight hours after transfection, medium was replaced with fresh
medium containing 75 pg/ml of hygromycin for HEK293-FRT cells
and 150 pg/ml of hygromycin for HeLa-FRT cells. The medium was
changed every 3 days. Twelve days after hygromycin selection,
three independent clones were selected for Alu-related RMD
analysis. Individual hygromycin resistant clones were expanded
and maintained in medium containing 500 pg/ml neomycin
(Thermo Fisher Scientific). As a negative control, all Alu/Alu
recombination destination vectors were transfected without the
pOG44 recombinase vector and no hygromycin resistant clones

were detected.

2.3 | AARP recombination assays

The 0%, 5%, and 15% AARP Hela and HEK293 cell lines were
grown in 400 pug/ml G418-MEM + 10% FBS + nonessential amino
acids and sodium pyruvate (Invitrogen) and 600 ug/ml G418-
DMEM + 10% FBS to select against background recombination
events, respectively. The different clonal AARP HEK293 and Hela
cell lines were seeded in T-75 flasks at a density of 1 x 10° cells/
flask. For an exogenous source of DSBs, cells were transfected
16-24-h postseeding with 1.0 ug of I-Scel expression plasmid
pSCBase (Morales et al., 2015), using Lipofectamine and PLUS
Reagents according to manufacturer's protocol (Thermo Fisher
Scientific). After 5h, the transfection medium was replaced by
complete medium. After 48 h, the cells were grown for 2 weeks
using Puromycin selection medium (containing 1.0 ug/ml pur-
omycin for HeLa and 1.3 ug/ml for HEK293) to obtain resistant
(puro") colonies. Cell colonies were fixed and stained for 30 min
with crystal violet solution (0.2% crystal violet in 5% acetic acid
and 2.5% isopropanol). Colonies were counted using a ColCount
automated counter

colony from Oxford Optronix. Each
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transfection was performed a minimum of three times in parallel
using independent clones in duplicates for each construct and cell
type. An additional transfection was performed in parallel to iso-
late genomic DNA from colonies that were grown to analyze the
DNA repair events by PCR and sequencing. A schematic of the
AARP construct and the recombination assay is shown in Figure 2.

2.4 | Analysis of DNA repair events

Genomic DNA from isolated puro” clones was extracted using the
DNeasy Blood and Tissue kit (Qiagen). A total of 200-500ng of
genomic DNA was PCR amplified in a 50 ul GoTaq (Promega) reaction
as per manufacturer recommendations with the addition of 5% di-
methyl sulfoxide. Primers designed to amplify the sequence located
between the EFla promoter and the puro” gene were the following:
EF1 5'-GAGAATCGGACGGGGGTAGT-3" and RP1 5-GCTCGTAGAAG
GGCAGGTTG-3'. PCR amplification with these primers make, a product
of 1508 bp with DNA repair through Alu/Alu RMD with a resulting
intact Alu. A variety of smaller sized products result in cells that have
undergone HI-RMDs and HD-RMDs. PCR products were cloned into
the TOPO TA vector (TOPO TA Cloning Kit; Thermo Fisher Scientific)
and sequenced by chain termination (Elim Biopharmaceuticals) using
AARP sequencing primer previously described in Morales et al. (2015;
Sanger et al., 1997).

2.5 | Generation of ERCC1, MSH2, and RAD52 KO
cells with CRISPR/Cas9-eGFP and flow cytometry

KO of ERCC1, MSH2, and RAD52 was performed by transiently
transfecting with CRIPSR/Cas9 KO plasmids (Cat# sc-400630,
Cat# sc-400966, Cat# sc-401948, respectively; Santa Cruz Bio-
technology). ERCC1, MSH2, and RAD52 KO plasmids were ob-
tained from Santa Cruz Biotechnology. In brief, 1 x 10° (HeLa and
HEK293) cells were seeded at 24 h before transfection in T75
flasks. Cells were transfected with 2.0 uyg of CRIPSR/Cas9 KO
plasmid using Lipofectamine and Plus (Thermo Fisher Scientific).
After 48-h posttransfection, eGFP-positive cells were selected by
fluorescence-activated cell sorting (FACS) using FACS Aria (BD
Biosciences). Single-cells were seeded in 96-well plates by FACS
and expanded. KO cells were confirmed by immunoblotting

analysis.

2.6 | ERCC1, MSH2, RAD52 transient
complementation in cells

HEK293 and Hela cells were seeded at 1.5 x 10° cells per T75 flask
and transfected 16-18h later with 1.0 ug of the human ERCC1,
MSH2, or RAD52 expression vector.

Transfections with the empty vector, pCCAG, were used as
controls (Servant et al., 2017). After 5h, serum-free media was

replaced with serum-containing media, and the cells were harvested
at 48 h after transfection for western blot. For colony assays and the
rescue of DSB breakpoint junctions, cells were grown for 2 weeks
using puromycin selection medium (containing 1.0 ug/ml puromycin)
to obtain puro” colonies.

2.7 | Immunoblotting analysis of the KO cells and
complementation vectors

Protein was extracted from cell lysates using tissue lysis buffer-
SDS buffer (0.5% (wt/vol) SDS, 0.5% (vol/vol) Triton X-100,
150 mM NaCl, 10 mM ethylenediaminetetraacetic acid, 50 mM
Tris pH 7.2). Protein was separated on a 4%-12% Tris-Glycine gel
(Thermo Fisher Scientific) and blotted using a mouse monoclonal
antibody specific to ERCC1, MSH2, and RAD52 (Santa Cruz Bio-
technology). ERCC1, MSH2, and RAD52 detection was done using
a goat anti-mouse horseradish peroxidase conjugated antibody
(Santa Cruz Biotechnology) and visualized and quantified on a
ChemiDoc (BioRad).

2.8 | Statistical analysis

For comparing means of two groups, statistical evaluation was per-
formed with two-tailed, Student's t tests using GraphPadPrism 8
software. SE of the mean (SEM) of at least three independent ex-
periments was calculated to understand variability. For comparing
observed versus expected categorical groups, significance was cal-
culated using the ¥ tests. The p values were considered significant
if p<.05.

3 | RESULTS

3.1 | Integration of the AARP system and its
different types of breakpoint junctions

We have developed an Alu/Alu recombination reporter system
that integrates Alu variants into a recombination cassette into a
unique FRT site in the genome using FRT recombinase (Figure 2a)
(Morales, Servant, et al., 2015). This allows us to assess altera-
tions in recombination rate within a consistent chromatin en-
vironment. To generate stable parental cell lines with a single
FRT site, we used a Sleeping beauty transposon-based system
carrying a FRT site (Figure 2a) (Matés et al., 2009). We then
introduced our AARP cassette into the FRT site following the
protocol listed in Morales et al. (2015). We stably integrated
AARP into the genome of HelLa FRT cells and isolated individual
hygromycin- and neomycin-resistant clones (Figure 2b). Three
independent FRT-integrated cell clones for each AARP variant
were selected and transiently transfected with an [|-Scel en-
donuclease expression vector to induce formation of DNA DSBs



MORALES ET AL

605
~WI LEY—‘—

between the two Alu elements (Figure 2c). Recombination was
determined by the transition from neomycin to puromycin
resistance (Figure 2d-f) that allows for a colony-based
assay.

One key feature of our AARP cassette is that it allows for the
selection of a variety of deletion junctions involving the sequence
in the vicinity of the two Alu elements. This occurs because the
junctions are not within coding regions, which permits imprecise
junctions. Any deletion of the neomycin resistance gene and
polyadenylation signal brings the Puro® gene into proximity of
the EF1a promoter to confer Puro” (Figure 2c-f). We have shown
that the AARP recombination system was able to resolve a tar-
geted DSB between the Alu elements using different DNA repair
processes: (1) An Alu/Alu RMD, which gives rise to a breakpoint
junction containing an intact Alu (Figure 2d), (2) homeology In-
duced event in the form of alt-NHEJ (HI-RMD) which causes
deletions in the vicinity of the two Alu elements and gives rise to
a breakpoint junction with partial Alus (Figure 2e), and (3) An-
other variation of Alt-NHEJ, homology dependent-NHEJ (HD-
RMD), which gives rise to a breakpoint junction with no Alu

(Figure 2f).

T
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3.2 | Hela cells have decreased Alu-related
RMD rates and give rise to a unique type of
breakpoint junction

We have previously characterized Alu-related instability with our
reporter system in HEK293 and HCT116 cells and observed dif-
ferences in the types of resolution of mismatched Alu elements
(Morales et al., 2015). We chose to look further at HelLa cells as
another example of a cancer cell likely to exhibit altered DNA
repair properties. The 0%, 5%, and 15%-mismatch AARP cassettes
containing Alu sequences were integrated in the HelLa FRT cells.
Figure 3a,b show that 0%, 5%, and 15%-AARP Hela cells repair
the |-Scel-generated DSB resulting in puromycin-resistant co-
lonies in a pattern similar to HEK293 cells (Morales et al., 2015).
As expected, we observed a significant drop in Alu-related RMD
rate in 5% AARP relative to the homologous Alu elements with 0%
AARP (Figure 3a). Further, the 15% AARP construct showed a
significant increase in Alu-related RMDs when compared to the
5% AARP (Figure 3a). This significant increase is the result of a
shift in DSB DNA repair pathways from homology-dependent
mechanisms to Alt-NHEJ (Figure 3c,d). Repair via NHEJ was
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FIGURE 3

(a) The average number of puro” colonies is plotted for AARP Hela cells. Data from at least three independent experiments

using at least three independently isolated clones for each AARP cell line are averaged. Error bars denote standard error and statistical
significance is shown using student t test. (b) The average number of puro” colonies is plotted for the indicated AARP HEK293 cells. Data from
at least three independent experiments using at least three independently isolated clones for each AARP cell line are averaged. Error bars
denote standard error and statistical significance is shown using student t test. (c, d) Depicted are the percentages of Alu/Alu RMDs (in black),
HD-NHEJ (in gray), and HI-NHEJ (in white) as determined by sequence analysis of DNA repair products from isolated puro” colonies.
AARP, Alu/Alu recombination puro; NHEJ, nonhomologous end joining; RMD, repeat-mediated deletion
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FIGURE 4 (a) The average number of puro” colonies is plotted for 0% AARP Hela and HEK293 cells. Data from at least three independent
experiments using at least three independently isolated clones for each AARP cell line are averaged. Error bars denote SE and statistical
significance is shown using student t test. (b) The percentage of Alu/Alu RMDs and HD-RMDs as determined by sequence analysis of DNA
repair products from isolated puro” colonies in HeLa and HEK293 WT cells. The western blots of ERCC1 levels are shown in HeLa and HEK293
cells. These bands come from a single Western blot probed separately with the appropriate antibodies and only the relevant lanes from that
blot are presented. (c) The percentage of Alu/Alu RMDs and HD-RMDs as determined by sequence analysis of DNA repair products from
isolated puro” colonies in HeLa WT+EV and HeLa WT +ERCC1 cells. Western blots of ERCC1 levels are shown in HeLa WT +EV and HeLa WT
+ERCC1 cells. (d) The percentage of Alu/Alu RMDs and HD-RMDs as determined by sequence analysis of DNA repair products from isolated
puro" colonies in HEK293 ERCC1 KO +EV and HEK293 ERCC1 KO +ERCC1 cells. The western blots of ERCC1 levels are shown in HEK293

ERCC1 KO +EV and HEK293 ERCC1 KO +ERCC1 cells. AARP, Alu/Alu recombination puro; KO, knockout; RMD, repeat-mediated deletion

responsible for the vast majority of products that involve two Alu
elements with 15% sequence divergence in Hela cells (Figure S1).
Interestingly, when the Alu elements both match one another
perfectly (0% mismatch), there appear to be fewer colonies than
with HEK293 cells (Figures 3a,b, and 4a). More surprisingly, se-
quence analysis of the Hela repair junctions did not represent the
typical intact Alu/Alu RMD products seen in HEK293 cells
(Morales et al., 2015), but instead represented relatively precise
deletion of both Alu elements and the sequences between them
(Figures 3c,d, and 5).

Based on the observed products, we hypothesized that the
Hela cells were deferring to a 5’ flap cleavage of the nonallelic
duplex intermediate (Figures 2f and 4) rather than the typical 3’
flap cleavage (Figure 2d). To test this hypothesis we carried out
western blots for the ERCC1 protein that is part of the ERCC1/
XPF 3’ flap endonuclease complex. We chose ERCC1 because of

its tendency to vary extensively in cancer cells (Liu et al., 2013;
McGurk et al., 2006; Vaezi et al., 2011). We confirmed that our
HelLa cells express a lower level of ERCC1 by immunoblotting and
had a significant increase in HD-RMD products compared to
HEK293 cells (Figure 4b). For confirmation, we transfected an
empty vector and the ERCC1 expression vector to the 0% AARP
Hela cells (Figure 4c). We found that expression of ERCC1 caused
a 53% increase of Alu/Alu RMDs when compared to the empty
vector control (Figure 4c). These results indicate that low ERCC1
expression in these cells gives rise to this unique breakpoint
junction that does not contain an Alu (Figure 2f).

To further test the model that low ERCC1 expression can give
rise to this unique HD-RMD repair, we tested the 0% AARP reporter
in ERCC1 KO HEK293, which were confirmed as lacking ERCC1
protein by immunoblotting (Figure 4d). We observed that HEK293
cells predominantly gave rise to HD-RMD when ERCC1 was knocked
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Schematic of AARP system with I-Scel induction causing DSBs. The shaded greyscale box represents Alu elements, the purple

box represents the EF1a promoter, the red boxes represent polyA tails, and the blue circles represent hypothesized 5’endonuclease
cleavage. Examples of recovered HD-RMD repair junctions in isolated puro” HeLa 0% AARP cells. Note that these junctions all map just outside
both Alu elements in each case. AARP, Alu/Alu recombination puro; DSB, double-strand break; RMD, repeat-mediated deletion

out (ERCC1 KO +EV) (Figure 4d). When we complemented ERCC1,
we observed a significant shift to Alu/Alu RMDs with an intact Alu as
seen in WT HEK293 cells (Figures 4b and 4d). Together, these
findings confirm that ERCC1 plays a role in SSA-like repair
(Figure 2d) (Al-Minawi et al., 2008).

3.3 | The influence of MSH2 on Alu-related RMD
rate and DSB breakpoint junction

The early stages of the MMR pathway, particularly involving MSH2,
are not only involved in MMR, but also recruit factors for hetero-
duplex rejection (Bhargava et al., 2016; Chakraborty & Alani, 2016;
Mendez-Dorantes et al., 2018; Sugawara et al., 2004). The reduction
in RMD rate between mismatched repeats seen in Figure 3a,b is
almost certainly influenced by heteroduplex rejection mediated by
MSH2. To test this hypothesis, we compared an MSH2 KO parental
cell line to WT (confirmed by immunoblot analysis shown in
Figure 6b and Figure S2b) in HEK293 and Hela cells. The number of
HEK293 and HeLa MSH2 KO puro" colonies from our AARP vector

increased significantly with 0%, 5%, and 15% mismatch between the
Alu elements compared to WT (Figure 6a and Figures S2a and S3).
Surprisingly, HeLa MSH2 KO cells showed a 10-fold increase in
Alu-related RMD rate across all AARP vectors indicating a strong
influence of heteroduplex rejection (Figure S2). These results
are consistent with previously shown data from the Stark lab
(Mendez-Dorantes et al., 2018; 2020) and indicate that MSH2 sup-
presses the formation of Alu-related RMDs.

We previously observed that HCT116 cells, with an MLH1 MMR
defect, had more homeologous Alu/Alu RMDs (intact Alu) and less
HI-RMD (partial Alu) of DSBs compared to HEK293 cells (Morales
et al., 2015). This led us to also hypothesize that the resolution of the
homeologous heteroduplex intermediate is dependent on MMR
(Figure 2e). When comparing MSH2 KO to WT HEK293 cells in the
5% AARP, sequence analysis of the breakpoint junction revealed a
30% increase in Alu/Alu RMDs (intact Alu) and a 24% decrease in HI-
RMD (partial Alu) (Figures 6d and 7c). This shift away from HI-RMD
became even greater in the 15% AARP constructs with a 62% de-
crease (Figures 6e and 7d). Additionally, these trends were observed
in Hela cells (Figures S2c-e and S4). This decrease in HI-RMD
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(a) The average number of puro” colonies is plotted for AARP WT and MSH2 KO HEK293 cells. Data from at least three

independent experiments using at least three independently isolated clones for each AARP cell line are averaged. Error bars denote SE and
statistical significance is shown using student t test. Loss of MSH2 increases the rate of Alu/Alu RMDs between divergent repeats. (b) The
immunoblot analysis confirming MSH2 KO in HEK293s. These same lanes are repeated in Figure 7a for reference. (c-e) Depicted are the
percentages of Alu/Alu RMDs (in black) and HI-RMD (in white) as determined by sequence analysis of DNA repair products from isolated puro”
colonies in WT and MSH2 KO HEK293 cells. AARP, Alu/Alu recombination puro; KO, knockout; RMD, repeat-mediated deletion

provides evidence that MSH2 and MMR play a role in resolving

heteroduplex intermediates that give rise to partial Alus.

34 | The influence of RAD52 on Alu-related RMD
rate and DSB breakpoint junction

RAD52 is a DNA binding protein that mediates the annealing of
DSBs between repeat sequences like nonallelic Alus through SSA-like
repair (Figure 1b) (Brouwer et al., 2017; Grimme et al., 2010;
Rothenberg et al., 2008). Previously using an siRNA approach, our
lab showed that the knockdown of RAD52 resulted in a notable
decrease in Alu-related RMDs between homologous Alu elements
(Morales, Servant, et al., 2015). To replicate these findings in a more
stable approach, we genetically knocked out RAD52 in HEK293 and
Hela cells (confirmed by immunoblot analysis shown in Figure 8b
and Figure Séb). Notably, RAD52 KO with 0% AARP resulted in a
marked fourfold and twofold decrease in Alu-related RMD rate

compared to WT with 0% AARP in both HEK293 and Hela cells,
respectively (Figure 8a and Figures S5a and Séa). RAD52 KO cells
with 5% AARP resulted in a threefold and sevenfold increase in Alu-
related RMD rate when compared to WT with 5% AARP in both
HEK293 and Hela cells, respectively (Figure 8a and Figures S5a and
Séa). These findings demonstrate that RAD52 mediates the forma-
tion of the Alu/Alu heteroduplex for the majority of the events.
Next we analyzed the sequences of breakpoint junctions re-
covered from the RAD52 KO puro" isolated colonies in HEK293
and Hela cells. Interestingly, RAD52 KO cells with identical Alu
sequences resulted in 20% HI-RMD breakpoint junctions com-
pared to 0% HI-RMD breakpoint junctions in HEK293 WT cells
(Figure 8c and Figure S7b). HeLa RAD52 KO cells with 0% AARP
also gave rise to HD-RMDs (Figures Sé6c and S8). If RAD52 were
the only annealing factor to form SSA-like breakpoint junctions,
we would have expected the majority of breakpoint junctions to
be resolved with NHEJ. The 5% and 15% mismatched constructs
had no significant changes in the apparent resolution of the
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FIGURE 7 (a) The immunoblot analysis
confirming MSH2 expression in WT, MSH2 KO,
MSH2 KO +EV, and MSH2 complementation
vector in HEK293s. The WT and MSH2 KO lanes
are included for reference from Figure 6b. (b-d)
Tables summarizing the percentage of Alu/Alu
RMDs, HI-RMDs, and HD-RMDs for the WT,
MSH2 KO +EV, and MSH2 complementation
vector in HEK293 cells isolated from puro”
colonies in the different AARP constructs.
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heteroduplexes, in WT and RAD52 KO in HEK293 or Hela
(Figure 8d,e and Figure Séd,e), despite apparently large differ-
ences in heteroduplex formation. RAD52 complemented RMD
breakpoint junctions were similar to WT in HEK293 and Hela cells
(Figures S7 and S8).

3.5 | Changes in the Alu/Alu RMD (intact Alu)
breakpoint junctions in AARP HEK293 and Hela
RAD52 and MSH2 KO cells

It has been shown that Alu/Alu RMD junctions preferentially re-
combine in the first 100 bps of the Alu element in disease-causing
and evolutionary deletions (Bondurand et al., 2012; Kataoka et al.,
2013; Kolomietz et al., 2002; Morales et al., 2015; Nozu et al.,, 2014;
Rudiger et al.,, 1995; Sen et al., 2006; Wada et al., 2014). In 2015, we
also observed the same pattern of recombination in our AARP re-
combination system using HEK293 WT cells (Figure S9b) (Morales
et al.,, 2015). We further established this recombination pattern in
Hela cells (Figure S9a). To determine if Alu/Alu RMD junctions si-
milarly cluster to a particular region of the participating diverged Alu
elements when DNA repair processes are altered, we mapped the
recombination junctions of MSH2 and RAD52 KO HEK293 and Hela

cells. In both MSH2 KO cell lines, we observed a statistically sig-
nificant increase in the number of recombination junctions occurring
within the first 100 bps of the Alu elements when compared to the
remaining portions of the Alu (Figure 9b). In both RAD52 KO cell
lines, we observed for the first time a statistically significant increase
in the number of recombination junctions occurring within the last
100 bps of the Alu elements when compared to the remaining por-
tions of the Alu (Figure 9c). These findings imply that RAD52 plays a

role in the typical pattern of Alu recombination junctions.

4 | DISCUSSION

Alu elements represent the highest copy number of repetitive
DNA sequences interspersed throughout the human genome
(Lander et al., 2001). Thus, Alu elements provide one of the most
active sources of nonallelic homologous sequences that can lead
to recombination and related forms of RMDs. For Alu elements to
contribute to RMDs, they must first be brought together, either
as exposed single-strands following excision at a DSB (Figure 1a)
or through a strand-invasion of another nonallelic Alu (Figure 1b)
(McVean et al., 2012; Morales et al., 2015; Song et al., 2018). In
either case, the nonallelic Alu elements form a heteroduplex. This
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(a) The average number of puro” colonies is plotted for AARP WT and RAD52 KO HEK293 cells. Data from at least three

independent experiments using at least three independently isolated clones for each AARP cell line are averaged. Error bars denote SE and
statistical significance is shown using student t test. (b) The immunoblot analysis confirming RAD52 KO in HEK293 cells. The two lanes shown
are from different locations that were not adjacent within the same blot and they are also provided for reference in Figure S7a. (c-e) Depicted
are the percentages of Alu/Alu RMDs (in black) and HI-RMD (in white) as determined by sequence analysis of DNA repair products from

isolated puro” colonies in WT and RAD52 KO HEK293 cells. AARP, Alu/Alu recombination puro; KO, knockout; RMD, repeat-mediated deletion

Alu/Alu heteroduplex can vary from almost perfect homology to
as much as 30% divergence depending on the evolutionary age of
the Alu elements (Batzer & Deininger, 2002). Depending on
homology, various DNA repair pathways (MMR, NER) compete
with one another to resolve Alu/Alu heteroduplexes (Morales
et al., 2015).

The formation of the Alu/Alu heteroduplexes is dependent on
either 5’ excision of the DNA strand at both ends of a DSB or ex-
posure of a single-ended break by replication up to a single-strand
nick (Figure 1b). It is thought that RAD52 is a critical partner in
assembling the Alu/Alu heteroduplex if both Alu elements are ex-
posed by excision (Rothenberg et al., 2008). RAD51 is critical for
invasion by single-ended breaks, but RAD52 may also facilitate some
of those interactions (Bhowmick et al., 2016; Sotiriou et al., 2016).
The measurements in this paper utilize I-Scel to generate a DSB and
our findings in both HeLa and HEK293 cells suggest that most of the
Alu-related RMDs utilize RAD52, as the majority of the colonies are
lost when RAD52 is knocked out (Figure 8a and Figures S5a and Séa).
Our studies are carried out with a 1.1 kb spacing between the Alu

elements (see Figure 2), which is a typical spacing in the genome.
However, it is also likely that the location of the DSB relative to the
Alu elements and the spacing of the elements will affect factors such
as resection and the details of which mechanisms (i.e., SSA vs. BIR)
are utilized to bring the Alu elements together (Mendez-Dorantes
et al., 2018; Hu et al., 2019).

Once the Alu/Alu heteroduplex forms, we propose that there
are different DNA repair processes that compete to resolve it.
The first process could be heteroduplex rejection mediated
through MSH2 and helicases. ERCC1/XPF could also cleave the
3’ tails necessary for resolution (Figure 2d). Then MMR with
nucleases could cleave at the mismatches to create new DNA
ends, which are then repaired by alt-NHEJ resulting in HI-RMDs
(Figure 2e). Finally, when levels of ERCC1/XPF are reduced,
other nucleases could cleave at the 5’ flaps of the Alu/Alu het-
eroduplex, which are repaired by alt-NHEJ to form HD-RMDs
(Figure 2f). The resulting repairs reflect which pathways are
more efficient for Alu/Alu heteroduplex resolution in that par-

ticular cell DNA repair background.
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FIGURE 9 (a-c) The distribution of Alu/Alu
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in combined WT, MSH2 KO, and RAD52 KO
HEK293 and Hela cells. The Alu/Alu RMD
product is divided into three equal segments
(100 bps), with each contain the same extent of
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We found that the Hela cells routinely used in our laboratory
have only low levels of ERCC1 expression, resulting in the apparent
use of a 5’ flap endonuclease on the perfectly matched heteroduplex
(Figure 4b). These results in removal of both Alu elements and the
DNA between them when the new ends generated by the 5’ flap
endonuclease are cleaved (Figures 2f and 4). Here we show for the
first time HD-RMD (alt-NHEJ) that gives rise to a unique breakpoint
junction. Expressing increased levels of ERCC1 in these Hela cells
resulted in a return to the more classic SSA-like resolution using the
3’ endonuclease (Figure 4c). When the heteroduplex has mismatches,
endonuclease cleavage at the mismatches seems to be prioritized
over the 5’ endonuclease cleavage in Hela cells, producing the
HI-RMDs product (Figure 3c).

Other cells with typical cancer-related mismatch-repair defi-
ciencies, like MSH2 and MLH1, will also differ in how they resolve the
nonallelic, Alu/Alu heteroduplexes. Because of the loss of hetero-
duplex rejection, both HEK293 and Hela cells showed a significant
increase in Alu-related RMDs when MSH2 was knocked out. Not
surprisingly, these influences were proportionately greater when
mismatches were present between the Alu elements (Figure 6b,c).
Studies in RMD events in MSH2 KO mouse embryonic stem cells had
previously shown similar stimulation of RMDs (Mendez-Dorantes
et al,, 2018; 2020) suggesting that Alu elements are likely to play a

bigger role in resolution of DSBs in this specific cell background.
MLH1 deficiency, which does not effect heteroduplex rejection, will
have a much smaller, deleterious role with decreased formation of
Alu-related RMDs (Morales et al., 2015).

Our data demonstrate that the level and types of DNA re-
arrangements to which Alu elements contribute should be ex-
pected to vary tremendously from one cancer to another
depending on the relative activity of many DNA repair factors. The
density of Alu elements and the level of mismatch between them
will influence types of Alu-related RMDs described in this study in
different regions of the genome. Many hotspots for Alu/Alu re-
combination have been reported from genome analysis. Here we
add to the Alu-related RMD studies using a reporter gene system
that allows measurement of rate differences to detect less precise
processes, such as HI-RMDs and HD-RMDs. These processes with
unique breakpoint junctions are integral in understanding the
contribution of Alu elements to mutagenic deletions and re-
arrangements that could lead to disease.
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