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Figure 6. Mechanism of RNA:DNA hybrid formation during in vitro transcription. (A) Schematic of the two possible mechanisms for R-loop
formation. By the thread-back model, the nascent transcript (depicted in light blue) that has been ejected from the RNA polymerase re-anneals with
the complementary, free DNA template strand (depicted in red) following the progression of the RNA polymerase (light blue, oval). When tran-
scription occurs in the presence of RNAse A (dark blue) the nascent transcript is degraded when it is ejected from the RNA polymerase hence cannot
form the hybrid. By the extended-hybrid model, the nascent transcript remains bound to the template DNA and resists becoming ejected from the
RNA polymerase. When transcribed in the presence of RNase A, as the nascent transcript is protected by being bound to the template DNA it is not
degraded hence hybrid formation is not ablated. (B) FRAXA plasmid (CGG)39+(CCG)39 transcribed in either direction in the absence (—) or
presence (+) of RNase A during the transcription reaction. All transcription reactions were subjected to further RNase A or A+ H treatment to
analyze hybrid formation. (C) Same experiment as in (B) performed with SCA1 plasmid containing a (CAG)74+(CTG)74 repeat tract.

dT+dA and have less stacking interactions (33). Similarly,
hybrid formation in (CGG)+(CCQG) repeats was greater
when the RNA component was rCGG than rCCG for
the same repeat-containing plasmids. This may be
attributed to greater thermodynamic stability in hybrid
base pairing of GTP and dCTP compared to other
hybrid base pairs, which is consistent with findings at im-
munoglobulin class switch sequences (22,27,28). In fact
transcription through G-rich sequences in particular was
demonstrated to lead to significant transcriptional
blockage which may be attributed to the formation of
stable RNA:DNA hybrids within the template (34).
Functional links between transcription of DNA repeats
and R-loop formation have been established from studies

of immunoglobulin class switch regions and replication
origins of mitochondria and plasmids (22,35,36). In vitro
and in vivo data showed that R-loops form at class switch
sequences, whereby a G-rich mRNA strand forms a stable
heteroduplex with its C-rich template DNA strand, which
facilitates class switch recombination (CSR) to generate
antibody diversity (22,37). R-loops have also been
demonstrated to form at mitochondrial, bacterial and
plasmid origins of replication, and, in mitochondria,
R-loop forming sequences are associated with repeat
length variation (2). In addition to the normal biological
functions, R-loops have also been demonstrated to serve
as mutagenic intermediates leading to genome-wide in-
stability as in yeast deficient in THO/TREX complex
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Figure 7. Effect of convergent simultaneous bidirectional or serial transcription on R-loop formation. (A) In vitro transcription of FRAXA template
(CGG)39+(CCG)39 with either T3 or T7 RNA polymerase alone (rCCG or rCGG, respectively), or simultaneously (rCCG with rCGG) or serially:
rCCG transcription then phenol chloroform extraction followed by rCGG transcription (rCCG then rCGG), and vice versa (rCGG then rCCGQG).
R-loops are indicated as ‘R’. Note that in the case of bidirectional or serial transcription, complementary RNA is produced forming dsRNA as
indicated on the gel by “*’. These products are not present in transcription reactions occurring in one direction. (B) Same as in (A) except in vitro
transcription reactions were performed on a DM1 (CAG)79+(CTG)79 template. (C) EM analysis of convergent transcription reaction products from
DM1 (CAG)79+(CTG)79 templates. Samples were transcribed convergently using T3 and T7 RNA polymerase promoters simultaneously then the
products were treated with RNAse A and prepared for EM as described in the ‘Materials and Methods’ section (rCUGand rCAG RNase A).
Samples were also subjected to RNase H treatment along with RNase A for comparison (rCUG and rCAG RNase A, H). Transcription was also
performed on the same template in a single direction for further comparison (rCUG RNase A). The products observed for each type of transcription
reaction is shown as a percentage of the total number of molecules analyzed. At least 100 molecules were analyzed for each type of transcription
reaction.
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which is essential for properly coupling transcription and
mRNA export (3,38).

Transcription of trinucleotide repeat tracts has been
reported to increase the genetic instability of the repeat
lengths in various model systems (14-16). In these
studies, (CAG) templates that were induced to undergo
transcription lead to increased repeat contractions.
When the template was not transcribed, the repeat was
relatively stable (14-16). Lin et al. found that decreased
activity of RNase H—in bacteria as well as human cells—
contributed to an increase in transcription-dependent
genetic instability of (CTG)+(CAG) repeats, suggesting
that it is mediated through the formation of
rCAG:dCTG R-loops (5). Our findings now extend the
repeat sequences that can form stable R-loops during
transcription. R-loops are formed regardless of transcrip-
tion direction across either template strand. The tract
length  dependency of R-loop formation by
(CGG)+(CCQG), (GAA)+(TTC) (9) and to a lesser degree
(CAG)*(CTG) repeat tracts [herein and (10)], correlates
with both increased genetic instability as well as increased
disease severity observed with longer repeats.

That negative supercoiling is necessary for the forma-
tion and persistence of R-loops in trinucleotide repeats is
consistent with their formation in vivo, as superhelical
tension exists in the DNA of vertebrate chromosomes
(39) and this torsional strain plays important roles in
genetic regulation (40). A loss of topoisomerase 1 which
is responsible for modulating superhelical tension in DNA
can result in increased R-loop formation as was recently
demonstrated to happen during ribosomal RNA synthesis
(41). Replication of prokaryotic and mitochondrial
genomes, both involving R-loops, require supercoiled tem-
plates (42). Data supporting R-loop formation in vivo has
been demonstrated (4). That negative supercoiling is ne-
cessary for the formation and persistence of R-loops in
trinucleotide repeats is consistent with the increased
genetic instability observed in cases of increased negative
supercoiling (43,44). R-loop formation is thermodynamic-
ally enhanced in negatively supercoiled substrates as the
RNA:DNA hybrid removes excess superhelical tension
from the plasmid backbone, much like the extrusion of a
cruciform or Z-DNA structure (45). Based on our
observed requirement of supercoiling and the enhanced
formation of R-loops with increasing negative supercoil-
ing, we suggest that the higher level of genetic instability
of CTG/CAG repeats under increased negative supercoil-
ing (43,44) may have arisen by enhanced R-loop forma-
tion and stability. In the presence of a functional
topoisomerase that can modulate superhelical tension,
R-loop accumulation is prevented, but, in the absence of
such an enzyme, deleterious R-loop formation increases.
Further analysis of the formation of R-loops with varied
levels of negative supercoiling will be interesting.

There are several pathways through which a transcrip-
tionally induced R-loop at an expanded trinucleotide
repeat tract may cause genetic instability. Our data is
most consistent with a model whereby R-loops were
mediated by an extension of the RNA:DNA hybrid
present in the RNA polymerase. This is distinct from the
‘thread-back’ mechanism observed by Lieber and
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colleagues on linear templates of the murine
immunoglobin Sy3 class switch recombination region
(27), but is similar to the ‘extended hybrid” mechanism
observed by Maizels and colleagues on a similar
immunoglobin sequence on supercoiled templates (46).
Considering that R-loop formation on trinucleotide
repeat templates requires supercoiling (unlike CSR se-
quences), we conclude that the ‘extended hybrid” mechan-
ism is likely the active process leading to the production of
R-loops at expanded trinucleotide repeats (5).

As with other structures formed by trinucleotide repeat
DNAs, such as slipped DNAs, cruciforms and triplexes,
etc., the aberrant processing of these R-loops could give
rise to repeat length changes (47). Such aberrant process-
ing may involve transcription-coupled nucleotide excision
repair factors that recognize, bind and attempt to repair
the R-loops during transcription. Nucleotide excision
repair proteins have been shown to affect transcription-
enhanced genetic instability of CAG/CTG repeats in bac-
terial, fly and mammalian cell models (14-16). In human
cells the transcription-coupled nucleotide excision repair
proteins CSB, ERCC1 and XPG were required to mediate
contractions of a transcribed (CAG)95 template (48).
These results link genetic instability to the transcription
process, possibly at an R-loop. An interaction between
XPF-ERCCI and XPG and R-loops was established pre-
viously for class switch sequences (49). Both nucleotide
excision repair factors were demonstrated to cleave
R-loops formed at transcribed class switch sequences
(49), which was suggested to facilitate proper class
switch recombination. The mechanism through which
any of these repair factors contribute to genetic instability
of trinucleotide repeats is unclear. However, our finding
that R-loops form during transcription would be consist-
ent with the involvement of aberrant repair that is coupled
with transcription.

The production of ssDNA on the displaced
non-template DNA strand may lead to intrastrand DNA
structure formation. In the case of CSRs, G4 tetraplex
DNAs can form on the displaced non-template strand
(46). In the case of TNRs, the displaced strand may
assume intrastrand hairpins. Interestingly, we noticed
that following transcription of repeat-containing tem-
plates, using EM to directly observe the products, the
vast majority of molecules contained SSB bound at a
single site. This was not observed in templates that had
not undergone transcription. There may be ssDNA or
intra-strand hairpins produced following transcription.
These hairpins may bind mismatch repair proteins,
which may lead to error-prone repair and ultimately
repeat instability. It is noteworthy that MSH2 and
MSH3 have been shown to be required for CTG/CAG
expansions in mice and have been shown to be required
for transcription-induced CAG contractions (10,50,51).
Interestingly, transcription-induced contractions of a
CAG repeat also required hMSH2 and hMSH3 (16).
The link of MSH2/MSH3, the MutSp complex to TNR
instability may be through aberrant formation of DNA
structures indirectly through R-loop formation. Interes-
tingly, we recently demonstrated the first functional role
of MMR proteins in processing CTG slipped-DNAs (50).
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The repair efficiency of slipped CTG/CAG repeats
depends on both the size of the slip-out, which determines
the involvement of hMutSB, and on the number of
slip-outs per DNA molecule, which determines whether
repair can proceed (50). Isolated short slip-outs of less
than three repeat units required MutSp for repair, while
longer slip-outs of 20 excess repeats did not (47). Clusters
of short slip-outs along a single molecule were repaired,
but only poorly, and seemingly required MMR. During
transcription one might expect that a series of tandem
short hairpins might form as the non-template strand is
progressively exposed with RNA polymerase progression
and coincident extension of the RNA:DNA hybrid to an
R-loop.

Convergent bidirectional transcription leads to the pro-
duction of antisense transcripts, for which there are many
hypothesized roles including mutagenesis (51-53). Many
repeat disease loci show bidirectional transcription across
the repeats (7). Our observation of R-loop formation and
retention during simultaneous convergent bidirectional
transcription across (CTG)+(CAG) templates suggests
that R-loops can occur in these situations and may exacer-
bate instability at the collision site. Head-on transcription
does not necessarily lead to deleterious events such as
transcription termination (29,54). In the case of immuno-
globulin class switch recombination, transcription-
induced R-loop formation is thought to facilitate the for-
mation of ssDNA upon which the activation-induced
cytidine deaminase (AID), will deaminate deoxycytidine
to deoxyuridine thereby enhancing antibody diversity
(55). Antisense (convergent) transcription at immuno-
globin CSR regions has been detected and hypothesized
to contribute to this program health-enhancing mutagenic
process (52,53). However, transcription of only the C-rich
CSR strand (27) or only the light strand of the mitochon-
drial origin (42) leads to R-loop formation, whereas tran-
scription of either CTG/CAG and CCG/CCG sequences
yielded R-loops. Interestingly the site-specific CSR
immunoglobin has many parallels with the disease-causing
trinucleotide repeat expansions (50, as both are site-
specific, both are mediated by transcription, both use a
set of DNA repair proteins to drive mutations, and are
developmentally regulated and tissue-specific. As revealed
herein and elsewhere (5), transcription-induced R-loop
formation is another similarity between CSR and
unstable (CAG)+(CTG) repeats.

Transcription-induced TNR contractions have been
demonstrated in human cells when a (CAG)95 tract is
transcribed (17). Our demonstration that CTG tracts can
also form R-loops and that convergent bidirectional tran-
scription can lead to the formation of distinct R-loop
structures suggests that transcription across CTG tracts
may lead to enhanced instability, and that convergent
transcription of the same template may have an
exacerbated effect. The two-tailed structures we observed
from convergent transcription may represent a double
R-loop in which a portion of adjacent repeat-containing
DNA extrudes and forms a hairpin on each of the
opposite strands. That these molecules were not present
following treatment with RNase H, and that we saw only
single-tailed molecules when transcription was induced in

one direction, supports this. The passage of the two poly-
merases potentially transcribing past each other while
generating the RNA:DNA hybrids on the same template
may induce the superhelical tension leading to the extru-
sion of the adjacent DNA on each strand of the duplex
which may form a slipped-out intra-strand hairpin struc-
ture typical of unpaired CAG or CTG repeats. Recent
evidence, using a new human cell model with an integrated
(CTG)800+(CAG)800 construct, when transcribed in
either direction will lead to both enhanced expansions
and contractions, and when simultaneously, convergently,
bidirectionally transcribed leads to enhanced instability
(Nakamori M., Pearson C.E., and Thornton C.A., unpub-
lished data). Furthermore, a recent study using an
integrated (CAG)95 repeat flanked by inducible pro-
moters allowing convergent transcription through the
repeat tract demonstrated increased instability as well as
cell-cycle arrest leading to apoptosis when both sense and
anti-sense transcription were simultaneously induced (56).
However the mechanistic basis including any structural
intermediates that may form leading to the increased in-
stability as well as apoptosis was not thoroughly
elucidated. These results, coupled with the ones presented
herein, support a possible mechanism of repeat instability
that may involve R-loop formation at the repeats.

Natural antisense transcripts (NATs), in addition to
sense transcripts, are known to be expressed in a signifi-
cant portion of the human genome (51). Although several
studies could identify a function for a few of these anti-
sense transcripts, the role for most of them remains
elusive. Might R-loop formation at trinuclotide repeats
(TNRs) have roles in sense/antisense regulation, as they
have been considered at other loci (51)? Although recent
studies on R-loop formation by TNRs were initiated in the
context of considering a role for R-loops in the genetic
instability of repeat tracts (4,5), their findings, which are
consistent with such a possibility, do not rule out other
possible functions. Other suggested functions for NATSs
include RNAi-related mechanisms, such as silencing and
heterochromatin formation induced by the sense—
anti-sense RNA hybrids, to a role in RNA editing,
DNA methylation and monoallelic silencing in mamma-
lian X chromosome inactivation and genomic imprinting
(52). In the case of trinucleotide repeat diseases, such func-
tions, which could involve R-loop formation, might also
contribute to repeat disease gene expression, splicing,
transcript localization and translation.

In summary, this study has shown that stable R-loops
form during in vitro transcription of all trinucleotide
repeats associated with human disease. The formation of
R-loops is dependent on the sequence and length of the
repeat tract and is not perturbed by interruptions.
Negative supercoiling of the DNA template was required
for R-loop formation and retention supporting sugges-
tions that they form in chromosomes of human cells, as
recently demonstrated (5). Data are consistent with
R-loop formation occurring by a hybrid extension mech-
anism coincident with transcription, and can occur during
convergent bidirectional transcription across both strands
of the repeat tract, as can occur at many disease loci.
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In addition to mechanistic insights, these findings
provide further support for the formation of R-loops
and double R-loops at expanded trinucleotide repeat
loci, and suggest that it is important to further character-
ize of the potential biological roles these nucleic acid struc-
tures may play in genetic regulation or dis-regulation in
various diseases.
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