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Tissue-dependent regulation of RNAP II dynamics

The missing link between transcription and trinucleotide repeat instability in diseases?
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More than 15 human genetic dis-

eases, including Huntington’s
disease, result from the expansion of a
trinucleotide repeat. The expansions
are unstable in specific somatic tissues,
which can lead to disease acceleration.
Here we discuss the role of transcription
elongation in tissue-selective trinucleo-
tide repeat instability.

Trinucleotide Repeats Involved in
Diseases are Dynamic Mutations

Several neurological, neurodegenerative
and neuromuscular diseases, including
Huntington’s disease (HD), myotonic
dystrophy 1 (DM1) and Friedreich ataxia
(FRDA) are caused by abnormal expansion
of a trinucleotide repeat (TNR) within
genes otherwise unrelated."* Various
TNRs are involved in disease, though
CAG/CTG repeats are most frequent. In
addition, TNRs associated with diseases
can lead to various disease mechanisms,
ranging from loss-of-function to protein
or RNA gain-of-function mechanisms,
depending on the location of the repeat
within the affected gene. Remarkably,
TNRs involved in diseases are all located
in transcribed regions. Moreover, TNRs
associated with diseases are dynamic
mutations within tissues and across gen-
erations, due to somatic and germline
instability, respectively. TNR instability
results in repeat size variation and, since
the instability mechanism is biased toward
further expansion in both the somatic tis-
sues and the germline, the progression of
the disease tends to accelerate over time
in affected individuals and the severity of
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the disease tends to aggravate in successive
generations. The degree of variation of
the repeat tract is highly dependent upon
tissue or cell-type. Interestingly, in most
CAG/CTG diseases, which include HD,
DMI and several dominant spinocerebel-
lar ataxias, repeat instability is elevated in
the striatum and cortex, whereas it is min-
imal in the cerebellum, suggesting that
tissue-specific factors and mechanisms
drive instability. Several mechanisms have
been involved in TNR instability, includ-
ing DNA repair, replication and tran-
scription. Yet, it is not clear how these
mechanisms would lead to tissue-specific
instability. Here we discuss advances in
our understanding of the role of tran-
scription in tissue-selective CAG/CTG
instability.

Transcription and TNR Instability:
Resolving the Paradox

The models proposed to explain TNR
instability rely upon the view that TNRs
form stable DNA secondary structures and
aberrant repair of those structures by over-
whelmed DNA repair machineries results
in TNR instability." Studies based on cell
models suggest that transcription across
TNRs induces stable DNA:RNA hybrids
(R-loops), which would induce the for-
mation of DNA secondary structures on
the coding strand, followed by their error-
prone repair. Using engineered cells, it
has been shown that increasing transcrip-
tional activity at transgenes with CAG/
CTG repeats results in increased insta-
bility.*> Interestingly, bidirectional tran-
scription across TNRs further increased
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TNR instability.”® Furthermore, treating
such cells with RNaseH, which removes
R-loops, improved the stability of CAG/
CTG repeats.” In addition, using in vitro
transcription, it was found that CAG/
CTG repeats form R-loops.® Thus, in vitro
and in cell systems, transcription contrib-
utes to CAG/CTG instability. However,
in the studies described above, transcrip-
tion of expanded genes was under the con-
trol of artificial promoters and transgene
expression levels were not physiological.
Theinvivo role of transcription in TNR
instability has actually remained unclear.
Several studies, including our recent study,
found no correlation between mRNA
levels of TNR genes and repeat instabil-
ity in tissues. Specifically, Huntingtin
(HTT) mRNA of HD patients or rodent
models was not increased in the striatum
when compared with the cerebellum.”!
Similarly, the level of somatic CTG insta-
bility did not correlate with the level of
Dmpk transcript in tissues of DM1 mice."
Moreover, in some TNR diseases,
including DM1 and FRDA, expansion
of TNRs induces a heterochromatiniza-
tion process, which in FRDA leads to
transcriptional silencing.'? Thus, in some
instances, transcriptional repression is
coincident with TNR instability.

Transcriptionally Active
Chromatin Correlates with
Increased CAG Instability in
HD Mice

To explore the possible in vivo role of
transcription in somatic CAG instability,
in our recent study, we took advantage of
the HD transgenic mouse lines R6/1 and
R6/2.131 The two mice express a similar
HD transgene consisting of human H7T
exon-1 with an expanded CAG repeat,
~1000 bp of the H7TT promoter and
262 pb of HTT intron-1. The transgene
is integrated at different genomic regions
of R6/1 and R6/2 mice. Both lines show
a comparable HD-like phenotype; how-
ever, the progression of the disease is
much faster in R6/2 than in R6/1 mice.
Interestingly, we found that CAG insta-
bility rates were increased in R6/2 tissues
when compared with R6/1-matched tis-
sues, which included striatum and cer-

ebellum.”® The greater CAG instability
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of R6/2 mice relative to R6/1 mice was
not simply the consequence of increased
inherited repeat size, since R6/2 mice
with inherited expansion of 100 and 160
repeats showed increased CAG instabil-
ity when compared with R6/1 with 130
repeats, which suggested that the inte-
gration site of the transgene contributed
to differential instability between R6/1
and R6/2 mice. In addition, transgene
expression in the striatum and cerebel-
lum was 2- to 3-fold increased in R6/2
mice relative to R6/1 mice.’” The level
of transgene expression was in the same
range as endogenous murine Ht expres-
sion. Transgene expression was slightly
higher than murine H#t expression in
R6/2 mice and slightly reduced compared
with murine Hzt expression in R6/1 mice,
suggesting that transgene transcript levels
are close to physiological levels in both
R6/1 and R6/2 mice. Finally, chromatin
experiments (ChIP) using antibodies to
H3K9me2 and H3K4me3 revealed that
chromatin at the HD transgene was in a
more accessible state in R6/2 when com-
pared with R6/1 matched tissues (e.g.,
striatum and cerebellum).” Thus, our in
vivo data suggested that integration site of
the transgene influences chromatin struc-
ture and transcriptional activity, and as a
consequence repeat instability.

However, despite increased CAG insta-
bility in striatum relative to cerebellum,
we measured similar levels of transgene
mRNA in the striatum and cerebellum of
R6/1 or R6/2 mice. We also found similar
amounts of H3K9me2 and H3K4me3 at
the HD transgene in the striacum and cer-
ebellum of R6/1 or R6/2 mice, indicating
that the level of these histone marks does
not correlate with tissue-selective CAG
instability.

Tissue-selective Recruitment of
H3K36me3 and RNAP Il at the
HD Locus

H3K4me3 marks more specifically tran-
scription start sites (T'SS) and is required
for transcription initiation. Thus, the
results described above suggest that steps
involved in the initiation of H77 tran-
scription are not contributing to tissue-
selective repeat instability. Interestingly
ChIP performed using an

however,
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antibody to RNAP II revealed that RNAP
IT at the HD transgene strongly correlates
with CAG instability levels in tissues of
R6/1 and R6/2 mice.” Specifically, RNAP
IT at the HD transgene was higher in stria-
tum relative to cerebellum and higher in
R6/2 tissues when compared with R6/1-
matched tissues. Furthermore, the correla-
tion between CAG instability and RNAP
IT level at the HD transgene was strong
when using an antibody to elongating
RNAP II. In addition, the level at the HD
transgene of the histone mark H3K36me3,
which is associated with transcription
elongation, was strongly correlated with
CAG instability in tissues of both R6/1
and R6/2 mice. Together, these data sug-
gest that events associated with transcrip-
tion elongation might be regulated in a
tissue-dependent manner, contributing to
tissue-selective CAG instability.

Given that similar levels of HD tran-
script were measured in the striatum
and cerebellum of R6/1 mice or R6/2
mice, how could transcription elonga-
tion be involved in differential CAG
instability between striatum and cerebel-
lum? HTT mRNA processing might be
regulated in a tissue-specific manner.
Interestingly, previous studies showed
that two mRNA species originate from
the HTT gene, resulting from usage of
two distinct polyadenylation signals.'®"”
The relative abundance of the two spe-
cies was tissue-specific, consistent with
recent deep sequencing data of mRNA
populations from multiple tissues show-
ing that 86% of human genes display
variants due to alternative polyadenyl-
ation.'® PolyA sites are essential for 3'-end
maturation, stability and degradation of
mRNAs. Thus, one might hypothesize
that despite increased transcriptional
activity in the striatum as compared
with the cerebellum, H77 mRNA level
could be similar in the two tissues, due
to alternate polyadenylation site usage
and increased H77 mRNA stability in
the cerebellum. However, it is unlikely
that this mechanism occurs in R6/1 and
R6/2 mice, since the HD transgene that
is expressed in these mice does not con-
tain H7T natural polyadenylation sites.
Other mechanisms involved in RNA
processing, which are coupled to tran-
scription elongation, might explain our
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Figure 1. Model of transcription-dependent CAG instability in striatum and cerebellum. RNAP Il level at the HTT gene promoter proximal region is
increased in striatum when compared with cerebellum. This might be associated with a bursting transcriptional mode in the striatum and a more
continuous transcriptional mode in the cerebellum. As a result, HTT transcription might lead to formation of stable DNA:RNA hybrids (R-loops) in the
striatum, creating a window of opportunity for formation of DNA secondary structures, a prerequisite to CAG instability. The probability that this
mechanism occurs in the cerebellum would be reduced.

results. Additionally, the dynamics of
transcription of the 77 gene might be
different between the two tissues. We are
discussing below these possibilities.

Does RNAP Il Dynamics at
Proximal-promoters Underlie
Tissue-selective CAG Instability?

In higher eukaryotes, the transition from
transcription initiation to productive elon-
gation is a tightly regulated process, which
together with transcription initiation
regulation, controls transcription rate and
dynamics of many genes.””?° Promoter
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proximal pausing, e.g., pausing of RNAPII
typically 30 to 50 nucleotides downstream
of TSS, is a key feature of genes subject to
control of productive elongation. RNAP
II dynamics regulation at proximal pro-
moters is complex and depends on several
factors. In metazoans, RNAP II pausing
is mediated by DRB sensitivity-inducing
factor (DSIF), a heterodimer of SPT4 and
SPT5, which promotes the recruitment
of negative elongating factor (NELF).
Pausing release requires positive transcrip-
tion elongation factor-b (P-TEFb), a fac-
tor composed of CDK9 and cyclin T1.
CDK9 phosphorylates RNAP II on Ser2
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as well as SPT5, turning RNAP II into its
elongating form and DSIF from a nega-
tive to a positive elongating factor. Recent
studies showed that CDK7, which is part
of TFIIH, is also implicated in RNAP
II dynamics at promoter pausing sites.”
CDKZ7 activity is required for both paus-
ing establishment, mediating recruitment
of DSIF, and pausing release, activat-
ing CDK9. It was suggested that CDK7
antagonistic functions control RNAP II
levels and pause duration at proximal-
promoter regions. Our ChIP data showed
that RNAP II at the HD transgene peaks
downstream of the TSS, suggesting that
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HTT transcription is regulated through
promoter-proximal pausing” RNAP 1I
level was increased in striatum relative
to cerebellum, suggesting that RNAP II
dynamics at the H7'T proximal-promoter
region is different between the two tissues.
The level and activity of factors involved
in pausing establishment and release
might be different between striacum and
cerebellum. If true, one would expect that
the transcription dynamics of genes regu-
lated through promoter-proximal paus-
ing is globally different between the two
tissues.

Then, how would RNAP II dynam-
ics at the HD transgene modulate CAG
instability? Comparable levels of mRNA
transgene were measured in the striatcum
and cerebellum of R6 mice, despite dif-
ferent RNAP 1I levels at the H7T pro-
moter-proximal pausing site” In a wide
range of species, including mammals,
gene transcription can occur through epi-
sodic bursting as opposed to constitutive
expression, and gene expression is depen-
dent upon burst size and frequency.?*”
A recent genome-wide study using time-
lapse fluorescence microscopy and human
cells showed that transcriptional burst
ing dominates throughout the genome.*
Although the mechanisms underlying
transcriptional bursting are not yet clear, it
has been proposed that RNAP II dynam-
ics at promoter-proximal pausing sites
controls burst size and frequency. Is H7T
transcribed through a bursting mode
and are bursting size and frequency dif-
ferent between striacum and cerebellum?
The differential RNAP II level at H7T
promoter proximal-region could reflect
different bursting parameters between
striatum and cerebellum. Using cell mod-
els, it was shown that transcription across
CAG/CTG repeats induces R-loop forma-
tion, which promotes CAG/CTG insta-
bility.” Thus, it is tempting to speculate
that transcriptional bursting parameters
might modulate the propensity for for-
mation of R-loops in vivo, favoring more
R-loop formation at the HD locus in the
striatum relative to cerebellum (Fig. 1).
Yet, whether R-loops form in vivo at the
HD locus is unknown.

Promoter-proximal  pausing factors
have been coupled to RNA processing.
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Specifically, interplay was evidenced
between RNAP II, DSIF and capping

enzyme.””?

DSIF interacts with capping
enzyme, facilitating capping. Moreover,
capping enzyme promotes formation of
R-loops.?” Since R-loops can negatively
regulate the stability and processivity of
elongating RNAP II, it has been suggested
that capping enzyme-mediated R-loop
formation modulates RNAP II dynamics
at promoter-proximal pause sites, provid-
ing a kinetic “window of opportunity”.*¥
The CAG repeat within the H7T gene
is close to TSS (< 200 nucleotides). It
is therefore possible that the proximity
between promoter-proximal region and
CAG repeats provides a particular envi-
ronment favoring stable R-loop forma-
tion at the HD locus. Whether capping
enzyme is involved in tissue-selective
CAG instability in HD is an intriguing
possibility.

Events associated with transcription
elongation correlate with increased CAG
instability in HD mouse tissues. We pro-
pose that tissue-dependent regulation of
promoter proximal pausing at the HTT
gene might underlie tissue-selective CAG
instability in HD. Additional studies
are required to specify the mechanisms
involved in transcription-mediated CAG/
CTG instability in HD. In HD, the
striatum is both the tissue that preferen-
tially degenerates and presents highest
CAG instability. Interestingly, depleting
SPT4 in yeast and mammalian cells spe-
cifically decreased transcription of CAG-
expanded genes, thereby reducing toxicity
of the gene products.?® Our results suggest
that decreasing transcription elongation
might also reduce toxicity, limiting repeat
instability. Thus, targeting transcription
elongation might represent an attractive
therapeutic perspective.
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