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ABSTRACT Pathological mutations involving noncoding microsatellite repeats are typically located near promoters in CpG islands and
are coupled with extensive repeat instability when sufficiently long. What causes these regions to be prone to repeat instability is not
fully understood. There is a general consensus that instability results from the induction of unusual structures in the DNA by the repeats
as a consequence of mispairing between complementary strands. In addition, there is some evidence that repeat instability is mediated
by RNA transcription through the formation of three-stranded nucleic structures composed of persistent DNA:RNA hybrids,
concomitant with single-strand DNA displacements (R-loops). Using human embryonic stem cells with wild-type and repeat expanded
alleles in the FMRT (CGGs) and C9orf72 (GGGGCCs) genes, we show that these loci constitute preferential sites (hotspots) for DNA
unpairing. When R-loops are formed, DNA unpairing is more extensive, and is coupled with the interruptions of double-strand
structures by the nontranscribing (G-rich) DNA strand. These interruptions are likely to reflect unusual structures in the DNA that
drive repeat instability when the G-rich repeats considerably expand. Further, we demonstrate that when the CGGs in FMR1 are hyper-
methylated and transcriptionally inactive, local DNA unpairing is abolished. Our study thus takes one more step toward the identifi-

cation of dynamic, unconventional DNA structures across the G-rich repeats at FMR1 and C9orf72 disease-associated loci.
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ATHOLOGICAL mutations involving DNA microsatellite

repeat expansions are responsible for over 40 different
neurodevelopmental, neurodegenerative, and neuromuscu-
lar diseases. All result from expanded tracts of repeated DNA
sequences that become unstable beyond a critical length [for
comprehensive reviews see Gatchel and Zoghbi (2005),
Pearson et al. (2005)]. In this group of conditions, one class
arises from particularly large repeat expansions (hundreds to
thousands of repeat copies) such as fragile X syndrome (FXS)
and C9-related amyotrophic lateral sclerosis and/or fronto-
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temporal dementia (C9/ALS-FTD). FXS is one of the most
common heritable forms of cognitive impairment and is
caused by a CGG repeat expansion (>200 repeats) in the
X-linked FMR1 gene (Oberle et al. 1991; Verkerk et al.
1991), whereas C9/ALS-FTD is the most commonly known
cause of amyotrophic lateral sclerosis or frontotemporal de-
mentia and results from a GGGGCC repeat expansion (>30
repeats) in the C9orf72 gene (DeJesus-Hernandez et al.
2011; Dols-Icardo et al. 2014). Large repeat expansions, like
those in FXS and C9/ALS-FTD, are located in noncoding re-
gions of genes (in FMR1 and C9orf72 at the 5'-UTR of the
gene). They are typically positioned next to CpG island pro-
moters, and present extensive repeat instability when suf-
ficiently long. Although the timing, pattern, and tissue
selectivity of somatic repeat instability varies across repeat-
associated pathologies, for each condition, aberrant mispair-
ing between complementary strands as exhibited by
single-strand DNA (ssDNA) displacements is assumed to pro-
vide the initial trigger for instability. There is a general consensus
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that ssDNA displacements promote instability through aberrant
DNA repair, although local disruption in DNA replication
has also been implicated [for comprehensive reviews see
Pearson et al. (2005), Mirkin (2007)]. Regardless of the
mechanism, all repeat instability models are based on the
formation of hard-to-process noncanonical structures gen-
erated by the unpaired DNA (Cleary et al. 2002; Panigrahi
et al. 2005, 2012; Salinas-Rios et al. 2011; Axford et al.
2013; Slean et al. 2013). These structures are then resolved
by the addition (expansions) or deletion (contractions) of
repeats (Usdin and Woodford 1995; Samadashwily et al.
1997; Pearson et al. 1998a; Cleary et al. 2002; Nichol Eda-
mura et al. 2005), eventually leading to repeat size mosai-
cism in the patients’ somatic cells. Furthermore, there is
experimental evidence to support the involvement of
R-loops in mediating repeat instability (Panigrahi et al.
2005; Grabezyk et al. 2007; Lin et al. 2010; Salinas-Rios
et al. 2011; Reddy et al. 2014; Slean et al. 2016; Su and
Freudenreich 2017). R-loops are three-stranded nucleic acid
structures that are composed of persistent DNA:RNA hybrids
(Salinas-Rios et al. 2011). They are formed naturally as the
result of reannealing of nascent RNA transcripts with the
template DNA as soon as they exit the transcription bubble,
concomitantly with the formation of ssDNA displacements
[for a comprehensive review see Jonkers and Lis (2015)].
They are typically formed by sequences with a strong positive
G/C skew (G-clusters in the nontemplate DNA strand) next to
transcriptionally active promoters (Ginno et al. 2012), and
play a central role as key intermediates in a range of funda-
mental cellular processes. However, R-loops can be a threat
to the cell since they can lead to genome instability [reviewed
by Aguilera and Garcia-Muse (2012)]. One model implicat-
ing R-loops in the enhancement of repeat instability argued
that they act by promoting complex noncanonical structures,
such as hairpins and G-quadruplexes (G4) by the unpaired
DNA in the R-loop (Gray et al. 2014). Although studies have
provided evidence for the formation of R-loops at the FMR1
and C9orf72 loci (Colak et al. 2014; Groh et al. 2014; Loomis
et al. 2014; Kumari and Usdin 2016; Esanov et al. 2017), the
existence of hairpins/G4 structures at those regions in vivo
remains undocumented. Here, we finely characterize and
precisely map R-loops and ssDNA displacements across and
near the repeats at the FMR1 and C9orf72 loci in vivo to better
understand the propensity of these loci to become highly un-
stable. The FMR1 and C9orf72 repeats are particularly perti-
nent to this type of study since they constitute preferred sites
for R-loop initiation and are predicted by in vitro studies to
form complex secondary structures when unpaired.

Using human embryonic stem cells (hESCs) with wild-type
and expanded alleles in the FXS or C9/ALS genes (which most
resemble early human embryonic cells and are often tran-
scriptionally active; Eiges et al. 2007; Avitzour et al. 2014;
Cohen-Hadad et al. 2016), we provide in vivo evidence that
FMR1 and C9orf72 repeats are hotspots for local unpairing
of DNA regardless of repeat tract length. Furthermore, we
show that in FMR1 when R-loops are formed, DNA unpairing
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is more extensive, and is coupled with the induction of double-
strand DNA (dsDNA) interruptions on the nontranscrib-
ing (G-rich) DNA strand. These structures are predicted to
drive instability when the repeats expand. Finally, we provide
evidence that when the CGGs in FMR1 are hyper-methylated
and transcriptionally inactive, local DNA unpairing is abol-
ished. This study thus takes an additional step toward the
identification of dynamic, unconventional DNA structures
across the G/C-rich repeats at the FMR1 and C9orf72 genes
in vivo. Their potential involvement in promoting repeat in-
stability is discussed.

Materials and Methods
Southern blot analysis

Genomic DNAs (10-25 pg) were digested with EcoRI and the
methylation sensitive restriction enzyme Eagl [New England
Biolabs, Beverly, MA (NEB)], separated on 0.8% agarose gels,
blotted onto Hybond N+ membranes (Amersham, Piscat-
away, NJ), and hybridized with a PCR Dig-labeled probe (pri-
mers: 5'-GCT AGC AGG GCT GAA GAG AA-3’ and 5'-CAG
TGG AGC TCT CCG AAG TC-3').

Real-time quantitative RT-PCR/PCR

Total RNA was isolated from the cells by TRI Reagent extrac-
tion, then 1 wg RNA was reverse-transcribed by random hex-
amer priming and MultiScribe reverse transcriptase (Applied
Biosystems, ABI). For pre-messenger RNA expression levels,
amplification was performed according to Avitzour et al.
2014.

Real-time quantitative RT-PCR by TagMan

Custom made TaqMan-based expression assays (ABI) for
FMR1 (HS00924540) and GUS (HS99999908) were used
according to manufacturer’s protocol. GUS was used as
housekeeping gene control for normalization of AACt mean
values.

DNA:RNA immunoprecipitation assay

DNA:RNA immunoprecipitation (DRIP) assay was performed
as previously described (Boque-Sastre et al. 2017). Briefly,
total nucleic acids were extracted by SDS/Proteinase K treat-
ment at 37°, followed by phenol-chloroform extraction and
ethanol precipitation. DNA was fragmented using HindlIIl,
EcoRI1, BsrGlI, Xbal, and Sspl, and pretreated, or not, with
recombinant RNase H (#B0297S; NEB) overnight. Then,
4 pg of digested DNA was immunoprecipitated with 10 pg
of §9.6 antibody (kindly provided by Clinton E. Leysath, Na-
tional Institutes of Health, or commercially available from
Kerafast) overnight. The pulled-down material (with and
without RNase H treatment) and 1% input DNA were then
subjected to quantitative PCR analysis. EGR1 and RPL13A
were used as negative and positive controls, respectively.
Fold enrichments are calculated by the 272¢T formula after
adjusting input Ct values. Adjusted Ctypyr was calculated by



Ctinpur — 6.644 (where 6.644 represents the correction
for 1:100 dilution of input sample relative to bound mate-
rial). ACt = Ctgounp — Adjusted Ctypyr. For each cell type
(+/— RNAse H1), mean values were determined based on at
least three independent DRIP experiments. Quantitative PCR
assay was performed in triplicate. All designed primers were
calibrated to ensure optimal conditions for amplification. Re-
al-time PCR was performed using Power SYBR Green Master
Mix (ABI), on an ABI 7900HT instrument (primers are listed
in Table S2).

Colony bisulfite footprinting analysis

Bisulfite footprinting was carried out using a previously re-
ported method (Yu et al. 2003). Native genomic DNA (1 pg)
was modified by bisulfite treatment (EZ DNA methylation
Kit; Zymo Research), with a slight modification. DNA was
treated with sodium bisulfite under nondenaturing condi-
tions (37° overnight, in dark conditions). Putative R-loop
regions were PCR-amplified with FastStart DNA polymerase
(Roche), using a pair of converted and unconverted primers
(for R-loops boundary detection) or two unconverted primers
(for ssDNA displacement detection). All primers and primer
melting temperatures (Tm) are listed in Table S2. For ssDNA
displacement at FMR1, GC-RICH solution was added to the
PCR mix, according to the manufacturer’s instructions
(Roche). Amplified products were cloned, and single colonies
were analyzed for cytosine conversions by direct sequencing
(ABI 3130), using the BigDye Terminator v3.1 Cycle Se-
quencing Kit.

Bisulfite footprinting by deep-sequencing

Library construction and run: First, PCR products were
purified using SPRI beads (X1), and then a second PCR was
performed to add Illumina adapters with the indices. PCR
products were cleaned again using SPRI beads (X1), and eluted
ina 25 pl elution buffer. To confirm the length and purity of the
library, 1 nl was loaded onto an Agilent TapeStation 2200 us-
ing the D1000 ScreenTape assay (Agilent Technologies, Santa
Clara, CA). Library concentration was measured using the
Qubit dsDNA High Sensitivity Assay Kit. The libraries were
normalized to 4 nM and loaded on a MiSeq (Illumina, San
Diego, CA) using the MiSeq Reagent Kit v2 (500 cycles) with
the following conditions: 250 X 2 in a final concentration of
8 pM and 20% phiX spike-in.

Data analysis: To align each read to a reference sequence, we
wrote a simple Perl script, which first filtered out PCR errors
with reads containing inaccurate repeat numbers. The refer-
ence sequences were manually prepared according to the
known repeat tractlength for each sample. Next, we separated
templates from nontemplate reads (based upon the conver-
sion pattern at the repeats) to generate two separate matrices
containing coded information on each nucleotide accord-
ing to the reference sequence. In addition, a third matrix
was generated, containing the remaining reads. The coded
information is as follows: non-C nucleotide marked as 0;

unconverted C (dsDNA structure) marked as 1; converted
C (ssDNA structure) marked as 2 if the conversionwas to T
(correct conversion), and marked as 3 if the conversion
was to A or G, most probably due to sequencing errors,
which were found to be uncommon. Reads with over
10 sequencing errors (marked as 3) were excluded. For
clustering and heatmaps, we randomly selected 10,000
reads using the R statistical gplots library, and generated
heatmaps using the heatmap.2 function. At FMR1, the
total number of compatible reads was <10,000, and
therefore the heatmaps were generated from the entire
population of molecules.

Data and software availability

Supplemental File S1 contains Southern blot analysis of
unmethylated FX hESC lines, (Figure S1A) and relative ex-
pression levels of FMR1 RNA in the hESCs by TagMan quan-
titative RT-PCR (Figure S1B). File S2 contains bisulfite DNA
sequencing data at the boundaries of the ssDNA displacements
in XY hESC with premutation (55 < CGGs < 200; PM-ES-2)
and unmethylated full mutation (CGGs > 200 repeats; uFM-
ES-3) alleles. File S3 contains methylation-sensitive quanti-
tative assay of skewed X-inactivation test in uFM-ES-2 hESCs.
File S4 contains bisulfite footprinting analysis by deep-
sequencing across the C9orf72 repeats in wild-type hESCs. File
S5 contains bisulfite footprinting analysis around the tran-
scription start site (TSS) in other loci. Table S1 contains all
the required data regarding the different hESC lines used.
Table S2 contains the sequences of all primers used for DRIP,
colony bisulfite footprinting, next-generation sequencing bi-
sulfite footprinting, and SNP analyses.

Supplemental files are available at National Center for
Biotechnology Information, Gene Expression Omnibus (NCBI
GEO) and GitHub. The raw (fastq files) and analyzed (text
files) data for the bisulfite footprinting analysis by deep-
sequencing in FMR1, C9orf72, and RPL13A, were deposited
at the NCBI GEO under accession number GSE111743. Code
used to generate the simulated data can be found at GitHub
(https://github.com/RachelEiges/Bisulfite_Footprinting). The
derivation and use of mutant hESCs was performed in com-
pliance with protocols approved by the Ethics Committee of
Shaare Zedek Medical Center (Institutional Review Board
approval no. 87/07).

FASTQ data are provided for wild-type alleles in
FMRI1, FMR1 WT-ES-4 for unmethylated (WT-ES-4), and
FMR1 unFMES-2 for methylated (uFM-ES-2) alleles;
C9orf72_ WT-ES-1, C9orf72 WT-ES-5, C9orf72_C9-ES1,
C9o0rf72_C9-ES2 for wild-type alleles in C9orf72; four differ-
ent cell lines representing five different alleles (WT-ES-1,
heterozygote with two or five repeats; WT-ES-5, homozygote
with two repeats; C9-ES-1, five repeats only; and C9-ES-2,
two repeats only); and RPL1I3A_WT-ES-4 for nonrepetitive
R-loop forming gene RPL13A (WT-ES-4). The processed data
for each FASTQ file are provided as TXT documents:
FMR1 WT-ES-4 antisense conv_tab, FMR1 WT-ES-4 sense
conv_tab, FMR1 un-FMES-2 antisense_con_tab, FMR1
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un-FMES-2_sense con_tab, C9orf72 WT-ES-1_antisense
con_tab, C9orf72 WT-ES-5 2rep antisense con_tab, C9orf72
WT-ES-5_5rep antisense con_tab, C9orf72_C9-ES1_antisense
con_tab, C9orf72_C9-ES2_antisense con_tab, and RPL13A WT-
ES-4 TXT. Supplemental material available at Figshare:
https://doi.org/10.25386/genetics.7295477.

Results

R-loops are regularly formed at the 5'-UTRs of FMR1
and C9orf72 in hESCs

To validate the presence of R-loops at the 5'-UTR of FMR1 in
hESCs where the repeats are located, we conducted DRIP
experiments using a monoclonal antibody (S9.6) that recog-
nizes DNA:RNA hybrids. For this purpose, we used hESCs
harboring wild-type or/and mutant FMR1 repeat expansions
(Eiges et al. 2007; Avitzour et al. 2014). Similar to adult fibro-
blasts from rare subjects with an unmethylated full expan-
sion, these cells are frequently FMR1 gene-active and often
present extensive instability [mainly, but not limited to con-
tractions; see Figure S1A and Eiges et al. (2007), Avitzour
et al. (2014)]. We show that R-loops are regularly formed at
the FMR1 locus. Pretreatment of the samples with RNase H
verified the specificity of the pulldown assay, indicating sig-
nificant enrichments for R-loops in the wild-type and ex-
panded alleles, although to a lesser extent in wild-type
alleles (Figure 1A). This cannot be attributed to a difference
in transcription levels between the alleles, given the upregu-
lation of FMR1 transcripts in the premutation (Tassone et al.
2007), but not the full mutation alleles (Figure S1B). These
results on the accumulation of R-loops in the 5'-end of the
FMR]1 gene are consistent with reports on somatic cells with
an unmethylated full mutation (Kumari and Usdin 2016) and
FXS patient cells following gene reactivation with 5-azadC
(Groh et al. 2014).

To explore whether R-loop formation across the CGGs in
FMRI represents a more general feature of unstable micro-
satellite expansions within CpG islands, we extended our
study to the C9orf72 locus (autosomal dominant inheri-
tance). C9orf72 harbors a GGGGCC repeat expansion in the
first intron of the gene (termed the C9 mutation) between
noncoding exons 1a and 1b (DeJesus-Hernandez et al. 2011;
Dols-Icardo et al. 2014). To explore whether R-loops are reg-
ularly formed at that region and roughly estimate their levels,
we used DRIP analysis in the wild-type and C9-affected
hESCs (Figure 1B, (Cohen-Hadad et al. 2016)). Albeit low,
R-loop enrichments were found at equal levels in wild-type
and C9 mutant cells (Figure 1B), providing evidence for their
existence in the C9orf72 endogenous locus as well.

Fine mapping of ssDNA in the R-loop

A major drawback of DRIP assay is its limited resolution,
which is caused by the use of restriction enzyme diges-
tion. Therefore, we applied a complementary system that
was developed to finely map the exact location of specific
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R-loop-forming regions in a given locus (Yu et al. 2003).
Basically, this approach involves treatment of native geno-
mic DNA with bisulfite reagent under nondenaturing condi-
tions. The sodium bisulfite reaction specifically converts
cytosine (C) to uracil [which is later replaced by thymine
(T)] in ssDNA alone. This makes for easier identification of
unpaired DNA displacements by single colony or deep-
sequencing (for the principles of the bisulfite footprinting
approach, see Figure 2A).

We used R-loop prediction software to narrow our search
to a ~1 kb putative region along the 5'-UTR of FMRI
(Jenjaroenpun et al. 2015, 2017). We then searched exper-
imentally for three-way junctions upstream and down-
stream to the repeats, where the nontranscribing CGG
strand is expected to change from a double-strand to a sin-
gle-strand conformation, and vice versa. An enrichment
method with one converted primer (matching bisulfite-
modified DNA) and one conventional primer (matching un-
modified DNA) made it possible to preferentially amplify
DNA molecules that spanned across the three-way junctions
representing the tips of the DNA:RNA hybrids. By focusing
on the ends rather than on the entire length of the DNA
displacements, we were able to bypass the technical diffi-
culty of amplifying the expanded CGG repetitive sequence.
This enabled us to show indirectly that ssDNA displace-
ments consistently initiate at or near the TSS of FMRI
(60-100 bp before the repeats) (Figure 2B and Figure S2).
This is consistent with the known overlap between the TSS
and 5’ boundary of promoter-associated R-loops (Chen et al.
2017; Dumelie and Jaffrey 2017), and is in line with an
earlier study by Loomis et al. (2013) in wild-type and pre-
mutation (PM, intermediate size expansion, 55 < CGGs <
200) alleles. Next, we searched for termination sites down-
stream to the repeats, and identified a single termination
site in intron 1, ~400 bp beyond the CGGs in all cell types
examined, including the XY wild type, premutation, and
unmethylated full mutation (uFM, CGGs > 200) alleles
(Figure 2B and Figure S2). The bisulfite footprinting analy-
sis in FMR1 therefore clearly illustrates that these DNA dis-
placements systematically occur at specific positions in all
cell types, and hence are common to both normal and ex-
panded alleles, thus providing preferable sites for R-loop
formation. Together with the DRIP data, the strong G/C
skew and high G-clusters that exist immediately down-
stream to the TSS where the repeats reside, strongly suggest
that these junctions constitute the edges of an R-loop. If so,
our findings imply that the DNA:RNA hybrids spread much
further downstream beyond the CGG repeats, and end in
intronic sequences. In other words, they indicate that the
R-loops in FMR1 are cotranscriptionally formed between
nascent RNA and DNA.

To further corroborate these findings, we searched for the
5" and 3'-ends of the ssDNA displacements that cooccur with
the hybrids at the C9orf72 locus using R-loop prediction
software followed by bisulfite footprinting analysis. Applying
the same approach as for FMR1, preferential amplification of
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hybrid junctions successfully identified ssDNA displace-
ments initiating nearly 70 bp before the GGGGCC repeats
and terminating ~700 bp further downstream into intron 1
(Figure 3). Exploiting an informative SNP downstream to the
GGGGCCs (NCBI refSNP database, rs2282240), which per-
mits differentiation between alleles in C9 hESCs, provided
further evidence that the DNA displacements are equally
formed by the normal and expanded alleles within affected
cell lines (Figure 3). We assume that the extrusion sites rep-
resent the tips of one long R-loop. A comparison of the initi-
ation and termination sites of the DNA displacements
between affected vs. nonaffected cells and between normal
vs. expanded alleles within affected cell lines provided
further evidence that the size of the hybrids is dictated by
the number of repeats. Thus, along with the FMR1 data, we

suggest that persistent DNA:nascent RNA hybrids are a gen-
eral feature of G-rich repetitive sequences located proximal
to CpG island promoters.

DNA unpairing at/near the FMR1 repeats

To firmly establish that the boundaries of the ssDNA displace-
ments represent one long continuous molecule, we mapped
the 5’-end of the hybrids using a different reverse primer that
anneals to the bisulfite-converted sequence downstream to
the repeats. We analyzed a selection of ssDNA molecules that
coincide with the formation of R-loops and span the repeats.
The analysis was limited to the FMRI locus in wild-type
hESCs (WT-ES-1) because the CGGs are extremely hard to
PCR amplify, particularly when they are expanded. We found
that the ssDNA displacements were consistently interrupted
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A Footprinting for mapping R-loop boundries
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Figure 2 Mapping single-strand DNA displacements on the nontemplate (G-rich) DNA of FMRT by bisulfite DNA footprinting. (A) Graphic demon-
strating the principles of bisulfite footprinting analysis for mapping the boundaries of single-strand DNA displacements under nondenatured conditions.
Each circle represents a cytosine site. Black circles represent bisulfite unconverted C (indicating double-strand DNA conformation) and white circles
represent bisulfite converted C to T (indicating single-strand DNA conformation). RNA is indicated by a blue line. Black and red arrows correspond to
unconverted and converted primers, respectively. Red dashed lines represent the 5’ and 3’ boundaries. (B) Schematic representing the 5’-UTR of FMR1
including the TSS (blue) and the CGG repeats (red). Black and red dashed arrows designate unconverted and converted primers, respectively. Bisulfite
DNA sequencing data at the boundaries of the single-strand DNA displacements in XY hESC with wild-type (WT-ES-1), premutation (PM-ES-1), and
unmethylated full mutation (UFM-ES-1) alleles are presented. Each row represents a single DNA molecule and each circle represents a single cytosine
site. Black circles represent bisulfite unconverted C (indicating double-strand DNA conformation) and white circles represent bisulfite converted C to T

(indicating single-strand DNA conformation).

at the first half of the repeats by a short dsDNA segment
(depicted by the black squares within the large blocks of
white squares in Figure 4, A and B). Although we could not
entirely rule out the possibility of the formation of multiple
R-loops along the region, we speculate that these short double-
strand interruptions represent the propensity to generate
hairpins, G4s, or any other double-strand secondary struc-
ture that interferes with the conversion of C to T by bisulfite
treatment.

We next footprinted the nontemplate DNA molecules that
are uncoupled with R-loops in two unaffected cell lines
(WT-ES-1 and WT-ES-4), using unconverted primers. This
was done to verify that in the absence of R-loops, the DNA
strands are completely paired along the entire region. Un-
expectedly, we found that the double-strand conformation
was repeatedly interrupted by short ssDNA segments at the
CGG repeats (depicted by the white squares within the large
blocks of black squares in Figure 4C). This also permitted the
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identification of molecules from the C-rich template DNA
strand, thus verifying that the template DNA is paired with
nascent RNA along the entire region. Here again, we found
that the double-strand conformation was repeatedly inter-
rupted by ssDNA segments at the CCG repeats (depicted by
white squares within the large blocks of black squares in
Figure 4D). These results are indicative of a comprehensive
feature of restricted DNA unpairing at the repeats.

To test for correlations between the AGG-repeat interrup-
tions and the formation and position of the DNA displace-
ments, we compared two different wild-type hESC lines, since
one has a pair of AGG interruptions (WT-ES-1) whereas the
other does not (WT-ES-4). In the cells that carry AGG inter-
ruptions, the AGGs were located in both single- and double-
strand positions (Figure 4). By contrast, in the cells that lack
interruptions, the DNA displacements were longer and more
homogeneous (continuously white squares) (Figure 4, C and
D). These differences may possibly hint at the functional
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importance of the AGG interruptions in restricting secondary
structures at the repeats.

Colony bisulfite sequencing may misrepresent the entire
population of molecules. This is due, in part, to PCR duplicates
and the low number of sequenced molecules. Therefore, to
provide a better representation of the DNA conformations that
may form in this region, we extended the analysis to bisulfite
deep-sequencing using unconverted primers that flank the
repeats. Sequencing reads were processed using a custom
analysis script. Reads were excluded from the analysis if they
were shorter than 250 bp, or if they exhibited >10 sequencing
errors. Next, we separated the reads of the template strand
from the nontemplate strand by identifying the C-to-T con-
version events at the repeats (identified as TGG vs. TTG if
sense or antisense, respectively). Reads with no apparent
conversions (43%) were excluded from further analysis
since they could not be ascribed to any of the DNA strands.
This subpopulation of molecules represents either paired
DNA or a template strand paired with RNA (DNA:RNA
hybrids), as would be expected in R-loop-forming regions.
In addition, we excluded all molecules with unexplained
deletions or with a CGG repeat number that deviated from
10 copies. Next, we clustered the reads within each group
according to their bisulfite conversion patterns, which
yielded two independent heatmaps (for the template strand
and the nontemplate strand), representing the entire rep-
ertoire of molecules with DNA unpairing in that region
(Figure 5A).

We thus identified distinct conversion designs that strongly
support the systematic looping out of DNA strands at pre-
ferred locations, while avoiding data misinterpretation due to
PCR duplicates. In the sense orientation, four distinct patterns
could be identified, the majority (94%) of which covered the
region between the TSS and the repeats (60 bp). More than
half (66%) initiated at ~35 bp upstream to the TSS. Of these,
the most common (55%) spread out into the 5’ portion of the
repeats. Note that in no case was the full array of repeats
(CGG) completely unpaired, thus supporting the preliminary
data obtained by single-colony sequencing. In addition, a sig-
nificant percentage (13%) of the DNA displacements extended
further downstream and were systematically interrupted by
double-strand segments.

In the antisense orientation, two distinct patterns could be
identified, where the initiation and termination sites of ex-
trusion were less flexible, and did not initiate upstream to the
TSS. In the majority (60%), looping out was centered on the
region that spans from the TSS to the first half of the repeats. In
a considerable number of molecules, looping out was much
more constrained and apparently interrupted, accumulating
at the TSS and the repeats. In no case were the repeats (GCC)
entirely unpaired, thus corresponding with what was ob-
served for the nontemplate strand.

Altogether, the bisulfite strand-specific DNA labeling at/
next to the repeats and upstream to the TSS strongly indicates
thatthe DNA is commonly unpaired in thisregion. In searching
for common/complementary designs between the strands, we
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across the repeats.

also point to uneven bisulfite strand-specific labeling, which is
the hallmark of asymmetric DNA unpairing.

We posited that when hyper-methylation is induced and
gene transcription is suppressed, DNA unpairing would be
abolished, given the tight link between transcriptional activity
and CGG instability in FXS cells (Wohrle et al. 2001; Avitzour
et al. 2014). To test this supposition, we looked for DNA
unpairing events at the repeats in hESCs with a methyl-
ated allele. Since FMR1 is prone to DNA methylation by
X-inactivation in females, we carried out bisulfite footprint-
ing under nondenatured conditions in an FXS XX hESC line
that exhibits skewed X-inactivation with exclusive inactiva-
tion of the normal allele [see Figure S3 and Avitzour et al.
(2014)]. Hence, skewed X inactivation specifically in this cell
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line provided an exceptional opportunity to investigate a wild-
type yet methylated and transcriptionally inactive allele.

Based on the analysis of C-to-T conversions in non-CpG
sites at the repeats and flanking regions, we parsed sequencing
reads to template and nontemplate strands. Reads with
no conversions (representing molecules that are entirely
base-paired) were excluded from analysis. Next, we clus-
tered the reads within each group and generated heatmaps
according to bisulfite conversion patterns. The results
showed a complete loss of ssDNA interruptions in both
orientations (Figure 5B). These novel findings suggest a
potential mechanistic link between local DNA unpairing
and active transcription and/or open chromatin configura-
tion in the FMR1 gene.
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DNA unpairing at/near the C9 repeats

Based on the data on the FMR1 locus, we examined whether
similar structures were regularly formed at the C9orf72 locus.
Although we failed to find bisulfite footprint G-rich R-loop-
coupled repeats, we footprinted the C-rich DNA strand in two
different wild-type hESC lines (WT-ES-1 and WT-ES-5) using
a pair of unconverted primers. This provided evidence for
similar interruptions by DNA unpairing at the CCCCGG re-
peats and downstream flanking sequence (Figure 6A). To
better characterize this feature and determine how wide-
spread it is, we repeated the analysis by bisulfite deep-se-
quencing under nondenatured conditions in four different
hESC lines representing nonexpanded alleles comprised of
two or five repeats (Figure 6B and Figure S4). Unexpectedly,
no amplicons from the nontemplate strand were obtained.
Nevertheless, using exactly the same approach as for FMRI,
we identified two predominant patterns in the template

dsDNA ssDNA Sequenca
errors.

strand reads: one that included ssDNA interruptions at
the repeats and extends further downstream, terminating
at an alternative TSS (TSS V2, a fragment of ~46-83 bp,
23-48% molecules), and the other peaking around TSS V2
(~29-72 bp, 52% molecules) (Figure 6B and Figure S4).
Unconverted molecules were rarely observed (0.25-7%)
and omitted from the analysis.

Finally, to explore whether restricted unpairing is a unique
feature to the G-rich repeats in the FMRI and C90f72 genes
rather than a collective event of DNA melting by RNA Pol II,
we carried out bisulfite colony footprinting at the TSS of two
additional genes that are driven by CpG island promoters and
identified as R-loop-forming regions but without repeats
(GAPDH and RPL13A). Using the same approach as described
above for the template (C-rich) and nontemplate (G-rich)
DNA strands, we ruled out the possibility of recurrent DNA
unpairing occurring at other unrelated loci in the genome
(Figure S5).
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Figure 6 Bisulfite footprinting across the C9orf72 repeats in wild-type (WT) hESCs alleles. (A) Schematic representing the 5’-UTR of C9orf72 harboring
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(dsDNA; black) across and near the repeats. Each row represents a single DNA molecule and each square represents a single cytosine site. Black squares
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according to conversion patterns. Next, 10,000 reads were randomly selected for clustering into heatmaps. The length of the analyzed region was
212 bp with 100 C sites for the template strand.

Altogether, we provide firm evidence for the comprehen-  2011; Reddy et al. 2014; Slean et al. 2016). In the current
sive looping-out of DNA at the FMRI (G- and C-rich tem-  study we characterized the formation of R-loops and finely
plates) and C9orf72 (C-rich template) loci, thus supporting  mapped ssDNA displacements near and across the G-rich re-
the supposition that local DNA unpairing is a typical feature  peats at the FMR1 and C9orf72 genes. This should lead to a
of G-rich repetitive regions in actively transcribed genes that  better understanding of the ways in which these regions are
are prone to instability. predisposed to repeat instability. The argument that R-loops
mediate repeat instability through the induction of ssDNA
displacements in these regions is particularly appealing since
in both genes, the repeats are transcribed and positioned next
Evidence emerging from diverse systems, including human  to CpG island promoters, providing preferred sites for R-loop
cells, suggests that R-loop coupled transcription can lead to  accumulation (Ginno et al. 2012).
repeat instability by promoting ssDNA displacements, a potent In this study, we used hESCs with wild-type and expanded
source of non-B DNA secondary structures (Panigrahi et al.  alleles (Eiges et al. 2007; Avitzour et al. 2014; Cohen-Hadad
2005; Grabcezyk et al. 2007; Lin et al. 2010; Salinas-Riosetal. et al. 2016) in the FMR1 or C9orf72 genes, to characterize the

Discussion
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ssDNA displacements that are frequently formed in those
gene regions. After confirming R-loop enrichments in both
loci by DRIP analysis (Figure 1) (Colak et al. 2014; Groh
et al. 2014; Loomis et al. 2014; Kumari and Usdin 2016;
Esanov et al. 2017), we finely mapped their boundaries at
near-nucleotide resolution. Using bisulfite footprinting, we
identified the initiation (5’-end) and termination (3’-end)
sites of the three-way junctions in FMRI and C9orf72 (Figure
2 and Figure 3). We showed that DNA displacements on the
G-rich strand occur at preferable sites and are found in wild-
type and expanded alleles. This, together with the DRIP data
and the composition of the DNA sequence immediately
downstream to the TSS (Chen et al. 2017), strongly support
the notion that these three-way junctions represent the ends
of the R-loop. This leads to the inference that the length of the
R-loop in wild-type alleles is at least ~550 bp in FMR1 and
~800 bp in C9orf72. This is rather unusual for promoter-
associated R-loops since the majority are considerably shorter
and terminate at the first exon-intron junction (Dumelie and
Jaffrey 2017). Furthermore, our results are the first to pre-
cisely map the 3'-end of the R-loop in FMR1 and to identify
the initiation and termination sites of the R-loops in C9orf72.
In addition, they are in complete agreement with an earlier
study that identified the 5’-end of the R-loop in FMRI
(Loomis et al. 2014).

Interestingly, when we bisulfite-footprinted a region that
initiates from the TSS and extends past the CGGs in FMR1, we
noticed that the ssDNA displacements, when coupled with
R-loops, were consistently interrupted by short invariable
blocks of dsDNA segments at the 5’ half of the repeats (Figure
4B). These fragments were only detected in FXS unaffected
cells (<200 CGGs) due to technical limitations in amplifying
the repetitive region. Nevertheless, this result extends find-
ings reported by Loomis and colleagues, who documented
the existence of similar interruptions in fibroblast cell cul-
tures with wild-type or premutation (55 > CGGs > 200)
alleles (Loomis et al. 2014). Although the existence of mul-
tiple R-loops cannot be completely ruled out, it is less likely to
be the case. This is because cell-free studies, corroborated by
chromatin immunoprecipitation—-sequencing data, provide
convincing evidence for the formation of complex secondary
structures by long tracts of G-rich microsatellite repeats (Fry
and Loeb 1994; Moore et al. 1999; Fukuda et al. 2005;
Chambers et al. 2015; Hansel-Hertsch et al. 2016).

By applying bisulfite footprinting using unconverted pri-
mers, we identified recurrent events of restricted unwinding
in the DNA across and near the repeats, as clearly illustrated
by the heatmaps (Figure 5, Figure 6, and Figure S4). This
resulted in distinct patterns ascribed to the G-rich nontem-
plate (FMR1) and C-rich template strand (FMRI and
C9orf72), the majority of which cover the region that spans
between a nearby TSS and the repeats. We speculate that
the propensity of these regions to recurrently unwind
makes them favorable sites, or hotspots, for DNA unwind-
ing due to the G-richness and the repetitive nature of their
sequence.

A Methylated Molecules (DNA completely paired)

B
Non-R-loop Forming Molecules (restricted DNA unwinding)
C :
WT R-loop Forming Molecules
RNA
D

FM R-loop Forming Molecules

Predisposition to Repeat Instability

Figure 7 Proposed model for the formation of noncanonical structures
by the G/C-rich repeats at the FMR1 and C9orf72 loci. Four potential
configurations can be formed at the repeats in FMR1 and C9orf72 loci:
(A) when the gene is transcriptionally inactive and completely DNA:DNA
paired; (B) when the chromatin is in a transcriptionally competent state,
there are recurrent events of restricted DNA unwinding at/near the re-
peats; (C) in normal range alleles, when R-loops are formed, DNA un-
winding becomes much more extensive and results in the formation of
noncanonical (non-B form) double-strand structure(s) by the nontemplate
DNA strand (illustrated as red hairpin); and (D) long CGG/GGGGCC in the
pathologic range, when coupled with R-loops, generate more difficult to
process structures than their shorter counterparts. The newly synthesized
lengthy RNA can assemble into similar secondary structures as the non-
template DNA (illustrated as green hairpin) and jointly form a complex
RNA:DNA hybrid (Zheng et al. 2013; Zhang et al. 2014). Such G-rich hybrid
structures are expected to be particularly stable and difficult for the cell to
resolve, thus providing a potent source of repeat instability. Blue, red, and
green lines designate the DNA (paired and unpaired), the CGG/GGGGCC
repeats on the nontemplate/template strand, and the newly synthesized
RNA molecules, respectively. FM, full mutation; WT, wild type.

Strikingly, when the FMR1 gene was hyper-methylated
and transcriptionally inactive (in the FXS XX hESC line
that exhibits skewed X-inactivation), local unpairing was
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abolished (Figure 5B). Since DNA unwinding occurs near the
TSS of FMR1, this encouraged us to posit that this reflects
DNA melting by RNA Pol II pausing. In fact, this is consistent
with the transcription-induced repeat instability model,
which suggests that when RNA Pol II encounters unusual
structures generated by the repeats, it pauses. This activates
the transcription coupled repair machinery (Lin and Wilson
2007; Lin et al. 2009; Sollier et al. 2014), ultimately leading
to the gain/loss of repeats. On the other hand, asymmetric
bisulfite labeling of the complementary strands, as clearly
illustrated by the heatmaps, argues against this possibility.
The alternative mechanisms that promote repeat instability
and that are involved in the processing of unconventional
DNA structures include incorrect recruitment of mismatch
repair proteins and activation of the base excision repair
pathway (Du et al. 2012; Gannon et al. 2012; Halabi et al.
2012; Lokanga et al. 2014, 2015; Zhao et al. 2015). Other
potential mechanisms for repeat instability which rely on
DNA replication include DNA polymerase stalling and fork
collapse, which result in error-prone repair, and DNA poly-
merase strand-slippage during DNA synthesis (Usdin and
Woodford 1995; Voineagu et al. 2009; Gerhardt et al.
2014, 2016; Kononenko et al. 2018). Regardless of whether
the mechanism is repair or replication, our results are consis-
tent with earlier studies on the induction of ssDNA displace-
ments by long microsatellite repeat tracts (Pearson and
Sinden 1996; Pearson et al. 1998b, 2002; Tam et al. 2003;
Panigrahi et al. 2005, 2010; Axford et al. 2013; Slean et al.
2013, 2016; Kononenko et al. 2018).

To summarize, we provide evidence that the G-rich repeats
in FMR1 and C9orf72 tend to be unpaired when the chroma-
tin is in a transcriptionally competent state. In this condition,
when R-loops form, DNA unpairing becomes more extensive,
providing an opportunity for the nontemplate DNA strand to
adopt a noncanonical (non-B form) double-strand structure(s).
It is anticipated that long CGG/GGGGCC tracts should gen-
erate more difficult to process structures than their shorter
counterparts (see Figure 7 for a proposed model). Further-
more, it is in theory possible that newly synthesized lengthy
RNA will assemble into similar secondary structures and interact
with the nontemplate DNA to jointly form a RNA:DNA hybrid
(Zheng et al. 2013; Zhang et al. 2014). Such G-rich hybrid
structures are expected to be particularly stable and difficult
for the cell to resolve. Once identified, these mutant non-B
structures are likely to be associated with the induction of
dsDNA breaks or replication irregularities to functionally asso-
ciate them with repeat instability in the FMR1/C9orf72 loci.
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SUPPLEMENTARY MATERIAL LEGENDS

Figure S1. Southern blot analysis of unmethylated FX hESC lines. Methylation-sensitive
Southern blot analysis of two XX FX hESC lines (u+mFM-ES-4 and uFM-ES-2) during continuous
growth in culture. This served to differentiate between unmethylated normal (2.8 kb),
premutation (2.9-3.4 kb), and full-mutation alleles (3.4-5.8 kb) and their methylated
counterparts, as indicated by 5.2 kb, 5.3-5.8 kb, and fragments larger than 5.8 kb, respectively.
Note the tight inverse correlation between methylation and repeat instability in the full
mutation range. (B) Relative expression levels of FMR1 RNA in the hESCs by Tagman qRT-PCR.
The expression level in each cell line represents an average of 3-4 independent experiments.
Cycle threshold (Ct) values were normalized to the corresponding Ct value of GUS. Error bars
represent SE (t test for equal variances, “p<0.05). For cell lines specifications and expansion

size see Table S1.

Figure S2. Mapping single strand DNA displacements on the non-template (G-rich) DNA of
FMR1 by bisulfite DNA footprinting. Bisulfite DNA sequencing data at the boundaries of the
single strand DNA displacements in XY hESC with premutation (55<CGGs<200; PM-ES-2) and
unmethylated full mutation (CGGs>200 repeats; uFM-ES-3) alleles. Each row represents a
single DNA molecule and each circle represents a single cytosine site. Black circles represent
bisulfite unconverted Cs (indicating double strand DNA conformation) and white circles

represent bisulfite converted C to T (indicating single strand DNA conformation).
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Figure S3. Skewed X-inactivation test in uFM-ES-2 hESCs. Skewed X-inactivation (Xi) was
confirmed using an established methylation-sensitive quantitative assay, as described in
Avitzour et al., 2014. The test is based on digestion with a methylation-sensitive restriction
enzyme followed by PCR amplification of a short fragment within the X-linked ANDROGEN
RECEPTOR gene. The fragment includes a highly polymorphic region (CAG repeat) and several
sites that are liable to differential methylation by X-inactivation. Whereas the highly
polymorphic CAG repeat is used to distinguish maternal from paternal inherited X-
chromosomes, the methylation-sensitive sites allow selective amplification of alleles that are
exclusively present on the inactive X chromosome, regardless of parental origin. Accordingly,
by comparing the relative amount and fragment size of digested and undigested PCR products
using capillary electrophoresis, a skewed bias from the expected 50:50 ratio between the
inactive maternal or paternal X chromosomes can be readily identified. Paternal DNA was
used to confirm full digestion and to distinguish the maternal (carrying the FMR1 CGG
expansion) from the paternal inherited X chromosome. According to this assay, complete X-
inactivation of the maternal X chromosome is evident in uFM-ES-2 hESCs by the detection of a

single PCR product of 223bp following digestion with a methylation-sensitive enzyme.

Figure S4. Bisulfite footprinting analysis by deep-sequencing across the C9orf72 repeats in WT
hESCs. DNA bisulfite deep-sequencing across the GGGGCC repeats in C9orf72 was carried out
on native DNA from three different hESC lines (C9-ES-1, C9-ES-2 and WT-ES-5) with a WT allele

of 2 or 5 repeats. Bioinformatic analysis resulted in heatmaps representing 10,000 randomly



44  selected reads, which according to their bisulfite conversion patterns were ascribed to the
45  template strand (C-rich).
46
47  Figure S5. Bisulfite footprinting around the TSS in other loci. (A) DNA bisulfite footprinting by
48  single colony sequencing using a pair of unconverted primers resulted in the amplification of
49  the template and non-template DNA strands in two hESC lines (WT-ES-4 and uFM-ES-2) in the
50 region that surrounds the TSS in other, non-repetitive, R-loop forming genes (GAPDH and
51  RPL13A). TSS and first exon/intron boundaries are marked in red and blue, respectively. (B)
52  Schematic diagram representing the 5’-UTR of RPL13A harboring the TSS and the exon/intron
53  junction. DNA bisulfite footprinting by deep-sequencing across the TSS was carried out using
54  unconverted primers in a single hESC line (WT-ES-4). This was followed by a bioinformatic
55  analysis which separated the reads into non-template (G-rich; left) and template strands (C-
56  rich; right), according to conversion patterns.
57 TableS1
58 To simplify the labeling of the many different cell lines throughout this manuscript, we
59  designate them as follows:
60
Cell line Code name Original name | Repeat number | REF
XY WT hESCs WT-ES-1 SZ-13 normal range (32)
WT-ES-2 SZ-15
XX WT hESC WT-ES-3 HES-123
XY WT hESC WT-ES-4 B-200
XY WT hESC WT-ES-5 SZ-FX C15B!
hESC with unmethylated full uFM-ES-1 HEFX ~200-650
expansion at the FMR1 uFM-ES-22 SZ-FX7 ~200-300
uFM-ES-3 SZ-FX C12B ~202, 300
uFM-ES-4 SZ-FX1
hESC with premutation expansion at PM-ES-1 SZ-FX4 1603
the FMR1 PM-ES-2 SZ-FX14 C-11 107, 1253
hESC with an expansion at the C9orf72 | C9-ES-1 SZ-ALS1 270 (33)
C9-ES-2 SZ-ALS3 270

61

1This cell line was used only as a wild type (WT) control for the C9orf72 locus

3




62  2Afemale cell line with skewed inactivation of the normal allele (32).
63 3 Determined using Asuragen (AmplideX® PCR/CE FMR1).
64  “Roughly estimated by Southern blot analysis
65
66 Table S2 (primers):
Method Reaction 5' Primer (sequence 5'-3') 3' Primer (sequence 5'-3') Tm
DRIP EGR1 GAACGTTCAGCCTCGTTCTC GGAAGGTGGAAGGAAACACA 60
RPL13A AATGTGGCATTTCCTTCTCG CCAATTCGGCCAAGACTCTA 60
FMR1 GAGGGCTTCAGGTCTCCTTT CAGTTGCCATTGTGATTTGG 60
C90rf72 GCCTCCCCTATTAAGGTTCG TCTCACGAGGCTAGCGAAAT 60
Colony FMR1 5’ R-loop boundary GAGGGAACAGCGTTGATCACGTG TAACAACAACACCTCCATCACC* 56
bisulfite FMR1 3’ R-loop boundary GAAGTTTTTTTTTGATTTTGAGAGG* CCAATGCTAGACCGGAAAAGAG 60
footprinting | C90rf72 5’ R-loop boundary AGGAAAGAGAGGTGCGTCAA CACACAACTCCTAAATTCCAAAACH 55
e C90rf72 3’ R-loop boundary GTTTTGTTTGGGGGAAGGTT* GGTGCATGGCAACTGTTTGAATAG 55
analysis FMR1 repeats sense with R-loops 1* GAGGGAACAGCGTTGATCACGTG CCTCTCAAAATCAAAAAAAAACTTCCH 60
FMR1 repeats sense with R-loops 2 GGAACAGCGTTGATCACGTGACGTGGTTTC 60
FMR1 repeats (antisense and sense) 1* | GAGGGAACAGCGTTGATCACGTG CCTCTCGGAGTCGGAGAGGGGCTTC 60
FMR1 repeats (antisense and sense) 2 GGAACAGCGTTGATCACGTGACGTGGTTTC 61
C9orf72 repeats (antisense and sense) TCAGAGAAATGAGAGGGAAAGTAAA GACCTGATAAAGATTAACCAGAAGAA 58
RPL13A GATTGGACATTCGGAAGAGG GGATGTTAAGCTCCGCAAAA 58
GAPDH AAAAGCGGGGAGAAAGTAGG CTTCAGGCCGTCCCTAGC 58
Next-seq FMR1 repeats * GAGGGAACAGCGTTGATCACGTG CCTCTCGGAGTCGGAGAGGGGCTTC 60
bisulfite Adapter- Adapter-CACCAGCTCCTCCATCTTCT 61
footprinting GGAACAGCGTTGATCACGTGACGTGGTTTC
analysis C90rf72 repeats * TCAGAGAAATGAGAGGGAAAGTAAA GACCTGATAAAGATTAACCAGAAGAA 58
Adapter-TCAGAGAAATGAGAGGGAAAGTAAA | Adapter- 58
GACCTGATAAAGATTAACCAGAAGAA
RPL13A* GATTGGACATTCGGAAGAGG GGATGTTAAGCTCCGCAAAA 58
Adapter- Adapter- 58
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG | GTCTCGTGGGCTCGGAGATGTGTATAAGAG
ACAGGGA
SNP C90rf72 GTTTTTCCCACCCTCTCTCC GGTGCATGGCAACTGTTTGAATAG 56
67
68 " converted primers; * hemi-nested reaction
69
70
71
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