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Double strand breaks

Hurdles for RNA polymerase II transcription?
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NA lesions pose a physical obstacle

to DNA-dependent cellular trans-
actions such as replication and transcrip-
tion. A great deal is known regarding
RNA polymerase IT (RNAP II) transcrip-
tion stalling in the presence of lesions
induced by UV, but only recent studies
have uncovered previously uncharacter-
ized behavior of the RNAP II machinery
in the presence of double strand breaks
(DSBs). These new data, although con-
tradictory, contribute to our under-
standing of a vital cellular mechanism
that defends against the production of
aberrant transcripts and protects cell
viability.

Introduction

DNA is constantly assaulted by exogenous
agents, such as mutagenic chemicals and
radiation, and by endogenous factors,
such as reactive oxygen species, which lead
to damage.! Faulty repair of DNA dam-
age results in mutations, chromosomal
rearrangements and aberrant expres-
sion, all of which contribute to cancer
and aging.! DNA damage is deleterious
because it interferes with the progression
of both DNA and RNA polymerases, and
thus compromises the fidelity of replica-
tion and transcription.! To minimize the
impact of these threats, cells have evolved
various DNA repair mechanisms specific
to the different types of DNA lesions.
For example, UV-induced photoproducts
and bulky adducts are recognized and
eliminated by nucleotide excision repair
(NER),? oxidative damage by base exci-
sion repair (BER)®> and DSBs, which are
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among the most deleterious DNA lesions,
are eliminated by the double strand break
repair (DSBR) machinery.® Each repair
pathway exerts its function through the
concerted action of multi-subunit com-
plexes composed of units specific to each
pathway.>

There are several possible outcomes
when RNAP II encounters a DNA lesion:
the polymerase may be arrested in front
of the lesion, it may transcribe over the
lesion, or it may be removed from the
lesion either by reverse translocation or by
release from the DNA. RNAP II stalling
at bulky lesions acts as a first step for lesion
recognition by key factors of transcription
coupled repair (TCR).>7 The TCR repair
factor Cockayne Syndrome group B pro-
tein (CSB), with DNA-dependent AT Pase
activity, is required for the assembly of
the TCR machinery around the damage-
stalled polymerase.’” The half-life of an
arrested polymerase at cyclobutane pyrim-
idine dimers (CPDs) is around 20 h in
vitro and its footprint extends 10 nucleo-
tides ahead of the CPD and 25 nucleo-
tides behind.>® In vitro experiments have
shown that RNAP II backtracks away
from the lesion to permit binding by the
repair factors.>® Alternatively, and as a last
resort after prolonged transcription arrest,
RNAP II is dislodged from the DNA by
ubiquitination and subsequent degrada-
tion.’ Recent data have revealed a two-
step process in which NEDD4 (Rsp5 in
yeast) first monoubiquitylates RNAP I to
serve as a docking site for the elongin-cul-
lin complex (Elcl-Cul3), which triggers
polyubiquitination of RNAP II at K48 as
a signal for degradation.”!? Certain DNA
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lesions do not arrest RNAP II but are
instead bypassed, which leads to mutated
transcripts. Bacterial polymerases can effi-
ciently transcribe over a variety of strand
breaks, including one to five base pair
long gaps.”® Moreover, non-bulky DNA
lesions, such as 8-oxoguanine (80G),
uracil and O6-methylguanine, are known
to be efficiently bypassed by RNA poly-
merases both in vitro and in vivo.’* In
these instances, incorporation of incorrect
bases opposite the damage leads to mutant
transcripts that could direct the synthesis
of mutant proteins, a process termed tran-
scriptional mutagenesis. Although this
mechanism was described only for partic-
ular DNA lesions, recent exciting findings
demonstrate that translesion transcrip-
tion occurs in the presence of thymidine
dimers* and DSBs."

RNAP Il Transcription and DSBs

The most deleterious type of DNA dam-
age is the double-strand break (DSB),
because due to the lack of a complemen-
tary template to guide repair, it may lead
to disruption of genetic information and
chromosomal translocations.* Despite the
significant efforts invested in studying
the different pathways that mediate DSB
response and in identifying the specific
repair factors involved, only recently have
studies probed how the RNAP II tran-
scription machinery is affected by DSBs.
We aim here to discuss these findings,
describe their converging points, and give
possible explanations for their differences.

The Role of Chromatin Structure
in DSB-Induced Transcription
Silencing

The DNA damage response (DDR) fol-
lowing a DSB is initiated by the recruit-
ment and extensive spreading of key
players of the repair process around
the lesions to form discrete foci.! DDR
involves an extensive set of histone modifi-
cations, including ubiquitination, acetyla-
tion, methylation, and phosphorylation to
facilitate access to the chromatin fiber and
to propagate cell cycle checkpoint signals.*
One well-characterized histone modifica-
tion is the phosphorylation of H2AX at
serine 139 (y-H2AX). This modification
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extends along the chromatin surrounding
a DSB and is mediated by ataxia telan-
gilectasia mutated kinase (ATM), DNA-
dependent protein kinase catalytic subunit
(DNAPKcs), and Ataxia Telangiectasia
and Rad3-related (ATR) kinase.® A set
of the histone marks visualized at DSBs
are associated with open and decondensed
chromatin, a hallmark of actively tran-
scribed genes, whereas another set is asso-
ciated with transcriptionally silent regions
of the genome and heterochromatin.?
Moreover, heterochromatic landmarks,
such as HP1 and polycomb proteins,
are recruited to the region surrounding
DSBs.' How transcription is affected by
DSBs is of foremost importance given that
chromatin structure has a major impact
on transcription.

Shanbhag et al. investigated the role
of ubiquitination of histone H2A that
is linked to chromatin compaction and
transcription repression in transcriptional
silencingupon DSB induction.”” They used
an elegant system that allows the simulta-
neous visualization of transcription and
DNA damage response at the single-cell
level. Using this system, they generated
DSBs distal to the promoter (4-13 kb) of
a reporter gene and assessed its transcrip-
tional outcome in relation to the DDR.
They found that DSBs led to transcrip-
tional repression of the reporter that was
dependent on ATM kinase activity."” The
ATM kinase drives the spreading of chro-
matin alterations after DSB induction.? In
addition to H2AX phosphorylation, ATM
is required for the recruitment of E3 ubiq-
uitin ligases RNF8 and RNF168, which
ubiquitinate histones H2A and H2AX
at the damaged chromatin.!®" Since it
is known that ubiquitinated H2A covers
condensed areas of the genome, such as
the inactivated X chromosome®® and pro-
moters of repressed genes,” the authors
postulate that ubiquitination of H2A orig-
inating from a DSB and spreading in the
surrounding chromatin is responsible for
the transcriptional silencing in response to
breaks. Although it is not known precisely
how far from the lesion this histone mark
is detected, enlargement of ubiquitin-
enriched chromatin domains results in a
reduction of de novo mRNA synthesis,*
suggesting a correlation between ubiqui-
tination and transcriptional repression.

Transcription

POINT-OF-VIEW

Moreover, Shanbhag et al. show that
downregulation of RNF8 and RNF168
restores the transcription of the reporter in
the presence of DSBs and that depletion
of the uH2A deubiquitylating enzyme
USP16 prevents the reversal of silencing
upon ATM inhibition. At the mechanis-
tic level, the ATM-dependent ubiquitina-
tion of H2A leads to the removal of the
elongating (S2 phosphorylated) RNAP II
from the transcribed region, although the
overall RNAP II levels are not affected.”
This observation suggests that transcrip-
tion is blocked at the elongation rather
than the initiation step.

Similar observations were made when
RNAP I transcription was monitored in
the presence of genotoxic stress.”> DNA
damage at the nucleolus resulted in tran-
sient inhibition of RNAP I transcription
that was not a direct consequence of the
damaged template, but rather was medi-
ated by the ATM kinase activity and
repair factors that are responsible for the
initial recruitment and spreading of the
DDR signal in the chromatin surround-
ing the breaks. In this system, the kinase
activity inhibited both the elongation and
the re-initiation of RNAP I in response
to DSBs.? The above studies suggest that
the DDR spreading around DSBs poses a
barrier in the processivity of RNAP I and
II by creating a local repressive chromatin
structure (Fig. 1).

High resolution mapping of H2AX
phosphorylation in chromatin that sur-
rounds a DSB in ¢is revealed that the sig-
nal is not incessant, as holes were observed
at RNAP Il-enriched regions at which
they were actively transcribing.”* Given
the negative correlation between reduced
v-H2AX signal and transcriptional
activity, one can speculate that there is
a mechanism in place to protect tran-
scribing genes from y-H2AX spreading.
Legube and colleagues recently reported
that cohesin binding antagonizes spread-
ing of y-H2AX signal to the actively tran-
scribing genes if they are not damaged.”
More specifically, they showed that
downregulation of SCC1, a component of
the cohesin complex, leads to an increase
in the y-H2AX signal at cohesin-bound
genes and a decrease in their transcrip-
tional activity. Nevertheless, it was shown
that cohesin together with the mediator
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Figure 1. Two models for transcriptional silencing in the presence of DSBs. In the first model, repressive chromatin structure induced by DSBs leads to
inhibition of RNAP Il elongation. In the second model, a phosphorylation event at the vicinity of the break mediated by DNAPKcs leads to the release
of the RNAP Il complex from the gene and promoter and thus inhibition of transcription elongation and reinitiation.

complex physically and functionally con-
nects the enhancers and core promoters of
active genes in a cell type-specific manner
to guide tissue-specific gene expression.?
Although, one cannot exclude the pos-
sibility that the affected gene expression
is a direct consequence of cohesin deple-
tion, the fact that the authors identified
an additional effect on transcription in
damaged cells® suggests a role of cohesin
as an insulator of DDR. It is important to
note that the binding of cohesin to active
genes reported by Legube and colleagues
is constitutive and not triggered by the
DSB, while the de novo cohesin recruit-
ment is restricted to only 2 kb around the
DSB.%

PARylation, another type of post-trans-
lational modification that is driven by the
Poly ADP-ribose polymerase 1 (PARP1),
was also shown to play a role in remov-
ing nascent RNA and elongating RNAP
II from sites of DNA damage following
laser microirradiation.”” Chou et al. used
an antibody that recognizes the 7-methyl-
guanosine (m7G) cap structure of nascent
RNA to visualize transcription. They
showed that DNA damage inhibits RNAP
II transcription, as exemplified by the loss
of nascent transcripts from the damaged
area. This loss was enhanced upon inhi-
bition or depletion of poly(ADP ribose)
glycohydrolase (PARG), an enzyme that
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counteracts PARP activity by disassem-
bling Poly (ADP-ribose).

This observation is in line with findings
by Milleretal. and Beli etal., which showed
that sites of microirradiation are depleted
from the initiating and elongating form of
RNAP II, respectively.?®*?’ Moreover, the
Chou et al. study showed that polycomb
group (PcG) proteins, a family of tran-
scriptional repressors, are associated with
DSBs in a PARP-dependent manner.”’
The authors hypothesized that under their
experimental conditions, where a vari-
ety of lesions are induced, PARP1 estab-
lishes a repressive chromatin structure to
block transcription by recruiting members
of the polycomb complex (Fig. 1). The
recruitment of Polycomb at DSBs and
the methylation of H3K27me3 associated
with Ezh2, a component of polycomb,
were also reported by other groups.?”3033
However, their role in RNAP II tran-
scriptional arrest was not investigated. In
addition to the polycomb complex, which
marks facultative heterochromatin and
is known to directly promote chroma-
tin compaction, HP1 and Kapl are also
markers of constitutive heterochromatin
associated with DSBs.** They are obvious
targets for further research because the
functional significance of their recruit-
ment during transcriptional silencing has
not been evaluated.

Transcription

On the other hand, it is well estab-
lished that chromatin surrounding DSBs
undergoes local decondensation, histone
eviction, and nucleosome remodeling,
which are all hallmarks of active tran-
scription.® Thus, it is hard to reconcile
the reported opposing chromatin altera-
tions that occur at DSBs and construct a
unifying model for the role of chromatin
structure in DSB-induced transcriptional
inhibition.

Taken together, the activation of a DSB
at a genomic location that is transcribed
by RNAP II with a well-characterized
chromatin structure will allow for a better
understanding of the involvement of chro-
matin changes during DSBR in break-
induced transcriptional silencing.

RNAP Il Transcriptional Silencing
in Response to a Single DSB:
Local to Global Effect

Induction of a single DSB at the yeast
MAT locus revealed that transcription
is inhibited only at the gene harbor-
ing the DNA break site; no change in
gene expression was observed for genes
within 50 kb of the DSB, where H2AX
is phosphorylated. On the other hand,
as the DNA within this region becomes
single stranded due to 5' to 3' resec-
tion, the mRNA expression level of the
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neighboring genes decreases progressively
as a function of distance from the break
site.”

Similarly, studies in mammalian cells
of transcription and RNAP II binding
after DSB induction showed that gene
expression is accurately maintained within
v-H2AX domains and only transcrip-
tion of genes that contained the break is
arrested.”>?* To search for a mechanism
mediating the break-induced transcrip-
tional arrest, our group used meganucle-
ase I-Ppol, which has a unique recognition
sequence at the coding regions of several
RNAP II-transcribed genes in human
cells.” We showed that DNA-dependent
protein kinase (DNAPK), but not ATM
kinase, is required to inhibit transcrip-
tion during DSB repair.® Moreover, we
reported that the DSB infliction leads to
the eviction of RNAP II from the coding
region as well as the promoter and that
upon inhibition of the kinase activity of
DNAPKcs, RNAP II bypasses the break
and continues transcription elongation.”
Although both ATM and DNAPKcs are
phosphatidylinositol 3-kinase-related
kinases (PIKKSs) that bind at sites of DNA
damage and share several common sub-
strates, they each associate with DSBs in
a different manner: DNAPKcs is recruited
near the broken ends, whereas ATM
spreads from the DSB to a very large region
of the surrounding chromatin.* Moreover,
we showed that inhibition of DNAPKcs
does not significantly affect the y-H2AX
spreading around the breaks.” Therefore,
our results suggested that an event near
the break, rather than global chromatin
structure changes upon DDR signaling, is
involved in blocking RNAP II transcrip-
tion in response to DSBs (Fig. 1). To sup-
port this hypothesis, depletion of Ku70
or Ku80 of the Ku heterodimer complex,
which recruits DNAPKcs to the breaks,
reversed transcriptional arrest in response
to DSBs.” Given the proposed action of
Ku80 in transcription and its interac-
tion with the elongating RNAP II,%¢ it
is tempting to speculate that the Ku het-
erodimer is in a complex with RNAP II
and travels with it. When a lesion occurs,
it is immediately recognized by the Ku
heterodimer and DNAPKGcs is recruited to
promote transcriptional arrest and DNA
repair.
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The E3 ubiquitin ligase BRCAL is
another example of a DSBR protein
that stably associates with RNAP IL.%¥
BRCALI binds to elongating RNAP II
via BRCALI associated RING protein 1
(BARD1).*® Earlier studies showed that
BRCALI ubiquitinates RPB1, the largest
RNAP II subunit, upon UV exposure and
facilitates rapid proteasome-dependent
degradation.”” More recent studies have
challenged these results and proposed that
two different ubiquitin ligases, NEDD4
and Cul3, mediate RNAP II ubiquitina-
tion."! Our data implicate the proteasome
in the eviction of RNAP II from the dam-
aged template.” It will be very exciting to
investigate whether the mechanism is sim-
ilar to UV-induced transcriptional arrest
and RNAP II degradation.

Defining the Specificity of
DSB-Induced Transcriptional
Silencing

All the studies reviewed above described
fascinating, albeit dissimilar, mechanisms
for transcriptional silencing in response
to DSBs. This discrepancy may be due to
the different number of breaks induced
and the topology of the breaks in the
different studies. While ATM signaling
may block transcription elongation when
the breaks are located near the promoter
regions, DNAPKcs appears to be essen-
tial for arresting transcription when the
RNAP II machinery comes across a single
DSB. Another possible explanation for the
discrepancy is the different transcriptional
status and chromatin structures of the
genes that existed prior to break induc-
tion in the different studies. Shanbhag
et al. induced the breaks proximal to an
inducible gene that is highly transcribed
upon doxycycline addition, whereas we
used I-Ppol target genes that are consti-
tutively transcribed at moderate levels.
Furthermore, laser microirradiation is
applied to a region of the nucleus that pre-
sumably contains both silent and active
genes transcribed at different rates. In
addition, the type of lesions induced in the
different studies may explain the depen-
dency on different factors for transcrip-
tional silencing. For example, the I-Ppol
endonuclease cleaves DNA with 3' over-
hangs, while the Fokl nuclease utilized

Transcription

by the Greenberg laboratory (Shanbhag
et al.) leaves 5' overhangs. Laser microir-
radiation also generates a variety of DSBs
with different complexity along with other
types of lesions, including oxidative dam-
age and single-strand breaks.

It is fundamental to fully understand
processes that may produce aberrant tran-
scripts in essential genes and alter vital cel-
lular functions. Inducing DSBs at different
genomic loci using site-specific nucleases
(meganucleases, transcription activator-
like effector nucleases (TALENS), etc.)
and in vivo transcription visualization
methods in single cells will facilitate our
understanding of how the participants of
DSB repair coordinate with the RNAP II
machinery to regulate transcription after
DNA damage.
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