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‘ )( Je have proposed that maintenance

of genomic stability may consti-
tute the basis for the tumor-suppressing
activity of the Brel (RNF20/RNF40)
complex. Revisiting the evidence we
presented in our recent publication, we
discuss the mechanism by which main-
tenance of genomic stability by the Brel
complex is achieved through coordi-
nation of events during transcription.
Among many functions of Brel, we focus
on the two that, when defective, could
lead to the formation of R-loops, the
RNA:DNA hybrid structures regarded
as a major source of genomic instabil-
ity. Specifically, we discuss the role of
Brel-mediated H2B ubiquitination in
the 3'-end processing of replication-
associated histone mRNA and in hetero-
chromatic gene silencing and show how
disturbance of these two functions may
result in the specific pattern of chromo-
somal abnormalities we observe in the

Brel-depleted cells.
Introduction

Once regarded simply as chromatin pack-
aging blocks, nucleosomes are now known
as key regulators of gene activity. This reg-
ulation is often manifested through post-
translational modifications of histones and
accounts for coordination of diverse pro-
cesses, ranging from cell differentiation to
DNA damage response. Much attention
in the last decade was attracted to a dis-
tinctive pathway mediated by the yeast E3
ubiquitin ligase Brel and its mammalian
homologs RNF20/RNF40 (also known
as BRE1A/BREI1B and henceforth in this
paper referred to as Brel), which monou-
biquitinate histone H2B at H2BK123 in
yeast and H2BK120 in mammals."* H2B
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ubiquitination is required for the di- and
trimethylation of H3K4 and H3K79,
respectively.”® The main function of H2B
ubiquitination is in transcriptional regula-
tion, but it also has been shown to have
other functions, including regulation of
the cell cycle and in DNA repair (reviewed
in ref. 7). Given that Brel affects multiple
pathways involved in genome mainte-
nance in yeast, it is likely that Brel homo-
logs play a major tumor-suppressing role
in higher organisms. Consistent with this,
it has been suggested that mammalian
Brel acts as a tumor suppressor by a tran-
scriptional mechanism® through selective
downregulation of specific proto-onco-
genes and activation of tumor suppressor
genes, including p53, in human cells.?® Of
special interest, the subset of genes selec-
tively suppressed by Brel and including
several oncogenes is localized deep in the
compact heterochromatin.? In this model
of tumor suppression, a diminished func-
tion of Brel would be expected to inhibit
tumor suppressors and activate oncogenes,
leading to uncontrolled cell growth, a cen-
tral hallmark of cancer. For the most part,
this hypothesis is experimentally sup-
ported, and loss of Brel has been shown to
increase anchorage-independent cell pro-
liferation and cell migration.® However,
there is a question about the evolution-
ary conservation of the mechanism, as
expression of p53, known to be regulated
by Brel in human cells, is not regulated
by Brel in mice (ref. 8 and our observa-
tions). In addition, this hypothesis does
not explain one key observation, namely
that the early effect of Brel loss is mani-
fested as an impairment of growth and
increased cell death, rather than acceler-
ated proliferation. Therefore, Brel does
not act as a classical tumor suppressor and
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Figure 1. Brel depletion leads to persistence of double-strand breaks (DSBs) and chromosomal
instability (CIN). (A) Defect in homologous recombination due to depletion of Brel increases levels
of DSBs, as shown by an increase in number of yH2AX-positive/Rad51-negative cells. CIN in Brel-
depleted cells manifests itself through a bridge-breakage-fusion cycle (B) and chromosomal aber-
rations, many of which involve heterochromatin (C). In (B), arrows point to anaphase bridges and
arrowhead points to a micronucleus formed upon breakage of the bridge. In (C) the arrows point
to chromosomes with centromeric heterochromatin amplification. (D) yH2AX co-localizes with
heterochromatin of brightly-stained chromocenters (white arrows). Fixation for yH2AX, Rad51
staining, and chromosomal aberration analysis were performed on day 5 after Brel knockdown
and were performed as described in reference 9. shBrelb, RNAi against Bre1b (Rnf40), shGFP, RNAi
against GFP. (**p < 0.01, and ***p < 0.001, t-test).

its tumor-suppressing role needs further
clarification.

R-loops Contribute to Genomic
Instability in Bre1-Deficient Cells

Tumor progression is commonly envi-
sioned as a succession of clonal expan-
sions, each of which is made possible by
an acquisition of rare genetic changes that
enable the subclones of precancerous cells
to grow and disseminate. The core pro-
cess that facilitates generation of random
mutations is genomic instability, which, in
many cancers, is manifested in the form
of chromosomal instability (CIN). CIN
is thought to be an early event in carci-
nogenesis and unrepaired DNA double-
strand breaks (DSBs) to be central to CIN
initiation. Loss of Brel leads to dramatic
increase of CIN in mammalian cells, as we
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have demonstrated in our recent study.” We
followed the evolution of genomic instabil-
ity in Brel-deficient cells from early DSBs
and replication stress to specific genomic
rearrangements that, in turn, triggered
breakage-fusion-bridge cycles, known to
accelerate genomic instability (Fig. 1).
Intriguingly, a significant proportion of
the DSBs and chromosomal abnormalities
in Brel-depleted cells is associated with
heterochromatin (Fig. 1C and D).

A widely accepted mechanism lead-
ing to CIN involves excessive DNA dam-
age that often results from DNA repair
defects. Consistent with this, we and
others have shown that Brel-mediated
H2BK120 ubiquitination is important
for the response to DSBs."'* This func-
tion of Brel appears to be in facilitating
the timely repair of DSB through induc-
tion of H2B ubiquitination at DSB sites
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and recruitment of repair factors to these
sites before the DNA end-resection step.!"
% Thus CIN in Brel-depleted cells can
be explained by the defect in DSB repair,
especially in homologous recombination
repair (HR), and we demonstrated that
chromatid-type aberrations, a signature of
an HR defect, were significantly overrep-
resented among chromosomal rearrange-
ments after loss of Brel.” However, this
is not the only reason for the increased
genomic instability: there is another broad
source of genomic instability in the Brel-
deficient cells. By analyzing gene expres-
sion after loss of RNF20 and RNF40, we
found surprisingly high enrichment of
genes involved in RNA biogenesis, with
the RNA processing module being the
most significantly overrepresented. In fact,
a plethora of evidence has been provided
recently for a broad category encompass-
ing genes involved in RNA biogenesis and
factors involved in its regulation as being
a major category of CIN genes.""?* These
studies generalize the concept originally
suggested by studies of the Hprl mRNA
processing factor* and the splicing factor
ASF/SF2.2

Mutations in the RNA biogenesis
genes are linked to genomic instabil-
ity through a common mechanism that
involves formation of transcription-
associated RNA:DNA hybrids known as
R-loops. An R-loop is a three-stranded
nucleic acid structure formed by hybrid-
ization of a nascent RNA to its template
DNA, with exposed single-stranded DNA
of the sense strand being more susceptible
to DNA damage. The most likely expla-
nation for CIN initiated by R-loops is
that it arises from DSBs caused by inter-
ference of R-loops with replication and/
or transcription machinery (reviewed in
refs. 18, 23 and 24). These DSBs are nor-
mally subject to repair by recombination,
accounting for a transcription-associated
hyperrecombination phenotype similar to
the one initially reported for yeast THO

2l In the absence of efficient

mutants.
recombination repair, these DSBs persist
and induce gross-chromosomal rearrange-
ments (GCRs). In Brel-depleted cells,” we
observed an increase in numbers of cells
with YH2AX foci, which normally form
at the sites of DSBs.?> Most of the cells

with YH2AX foci are negative for Rad51
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foci, suggesting no recombination repair
and persistence of DSBs (Fig. 1A). Given
the deleterious consequences of R-loops,
cells developed multiple ways to get rid
of those: RNase H enzymes specifically
cleave the RNA within the RNA:DNA
hybrid, and a number of helicases are
able to unwind the RNA:DNA struc-
tures (reviewed in ref. 18). An increased
formation of y-H2AX and GCRs upon
perturbation of RNA biogenesis has been
shown to be reduced upon overexpres-
sion of RNase H1,"""71922 suggesting the
R-loop-dependent origin of the DSBs and
CIN. Similarly, we attribute most of the
genomic instability in the Brel-deficient
cells to the formation of R-loops, as
v-H2AX foci induced in cells upon deple-
tion of Brel were fully preventable by
overexpressing RNase H1.

Mechanisms of R-loop Formation
in Bre1-Depleted Cells Explain
the Occurrence of Chromosomal
Rearrangements Involving
Heterochromatin
Deleterious interactions between RNA
and the antisense DNA are possible at
multiple stages during and after tran-
scription, especially when long genes are
transcribed;*® therefore, cells have evolved
robust mechanisms to prevent R-loop for-
mation. In prokaryotes, re-hybridization
of newly synthesized RNA to the DNA
is prevented by coupling of transcription
and translation, and in eukaryotes, where
transcription and translation occur in dif-
ferent cellular compartments, a sophis-
ticated array of factors exists to facilitate
proper packaging of nascent mRNA into
a ribonucleoprotein particle, thus strongly
reducing the ability of mRNA to rehybrid-
ize with its template within the transiently
opened DNA bubble behind the RNA
polymerase.”  Coordination  between
auxiliary factors during transcription is
therefore an important factor preventing
the formation of R-loops. Below we dis-
cuss possible mechanisms contributing to
the R-loop formation in the Brel-depleted

cells.

Analysis of our gene expression array
also showed the presence of polyadenyl-
ated histone mRNA in the Brel-depleted
cells,” pointing to a defect in processing
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Figure 2. Loss of Bre1 (RNF20) disrupts gene silencing at telomeric chromatin. (A) Clone A211

of mouse embryonic stem cells obtained from Dr. J. P. Murnane *' contains a single copy of a
construct containing the neo gene for positive selection with G418 and a HSV-tk gene for negative
selection with ganciclovir incorporated at the telomere. (B) Brel loss decreases telomeric gene
silencing. A211 cells were infected with lentiviruses containing shRNA against Brela and GFP and
grown for 3 d in 300 ug/ml G418 to select for cells expressing the construct. Prolonged culturing
without selection results in silencing of the construct and cells become resistant to ganciclovir.
Ganciclovir-resistant clones were counted upon plating 10,000 cells and selecting in ganciclovir at
2 ug/ml. shBrel, RNAi against Brela (Rnf20); shGFP, RNAi against GFP. *p < 0.05, t-test)

of replication-dependent histone mRNA
reported by Pirngruber et al.”” Normally,
replication-dependent histone transcripts
lack poly(A) tails, ending instead in a
highly conserved 26 nucleotide sequence
that can form a stem-loop, and Brel has
been shown to be required for the cor-
rect recognition of the histone mRNA
3"-end cleavage site.”” Absence of Brel
results in increased polyadenylation of
mRNA due to failure of RNAPII to rec-
ognize the stem-loop structure, leading
to continuation of transcription until the
downstream poly(A) signal is reached.
Defects in histone mRNA processing can
have two important consequences. First, a
defect in processing of mRNA has been
shown to increase co-transcriptional for-
mation of R-loops, which could contrib-
ute to replication stress in Brel-deficient
cells by blocking progression of replica-
tion forks and elevating levels of DSBs.*
The notable upregulation of genes in our
microarray that are involved in resolution
and avoidance of R-loops would explain
the presence of these structures.” Second,
the presense of histone transcripts that
have poly(A) tails implies a change in
stability of histone mRNA and may lead
to inappropriate presence of replication-
dependent histones outside of S-phase,
thereby interfering with proper incorpo-
ration of variant histones and destabiliz-
ing centromeric heterochromatin, which
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would explain the prevalence of chromo-
some aberrations involving centromeric
in the Brel-deficient
cells (Fig. 1C). Providing further support
for the role of Brel-mediated H2B ubig-
uitination in maintaining stability of cen-

heterochromatin

tromeric heterochromatin, we observed
localization of a large fraction (> 60%) of
YH2AX foci at the edges of chromocen-
ters (Fig. 1D), the easily visualized bright
spots in DAPI-stained cells where peri-
centric chromatin from different chromo-
somes cluster together.

Maintenance of heterochromatin out-
side of the centromere in the mammalian
chromosome also requires intact Brel
function. A defect in the Brel-Dotl path-
way in S. cerevisiae has been associated
with the disruption of gene silencing at
telomeres, which contain the main bulk
of heterochromatin in budding yeast."”
DNA in heterochromatin is relatively
inert for transcription, and transcription-
ally active genes that relocate in the vicin-
ity of heterochromatin, either as a result of
euchromatic gene translocation or reporter
gene integration, become silenced. This
so called position-effect variegation or
chromosomal position effect, is well docu-
mented in Drosophila and yeast. We show
that Brel is important for gene silencing
at telomeres in mouse embryonic stem
cells (Fig. 2). Two related mechanisms
have been proposed to explain how Brel
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Figure 3. Loss of Bre1 (RNF20/40) increases chromosomal instability (CIN), which explains increased cell death and acquisition of the malignant phe-
notype. Brel depletion impairs homologous recombination and the processing of canonical histone mRNAs, both of which act to protect genomic
stability during replication. Incorrect processing of replication-dependent histone mRNA 3’-ends as well as suboptimal transcription of genes in het-
erochromatin that has become de-silenced as a result of Brel deficiency creates conditions that favor co-transcriptional formation of R-loops, blocking

maintains the chromosome position effect.
In the first, heterochromatic silencing is
achieved through uH2BK120-dependent
H3K79 methylation of the euchroma-
tin,” which keeps Sir proteins restricted
to heterochromatin. Loss of H2B ubiqui-
tination allows spreading of Sir proteins
away from heterochromatin, leading to
release of heterochromatic silencing. In
another model, gene silencing is achieved
through Brel (RNF20/40)-mediated
ubiquitination of H2B and subsequent
uH2BK120-dependent methylation of
H4K4 at the insulator elements, which
serve as a boundary between euchroma-
tin and heterochromatin.®® We propose
that under conditions of Brel knockdown
transcription arising due to the loss of
heterochromatic silencing would pro-
ceed under suboptimal conditions. This
would create more opportunities for the
R-loop, and subsequently DSB, forma-
tion within the heterochromatic domain,
providing an explanation for the involve-
ment of heterochromatin in the GCRs in
the Brel-deficient cells (Fig. 1C and D).
The position-effect variegation affects
genes within the heterochromatic domain
non-specifically, therefore the genes whose
transcription is de-repressed as a result of
Brel deficiency would not necessarily be
the ones whose transcription is selectively
regulated by Brel.

In summary, we propose that
Brel(RNF20/40) serves as a tumor sup-
pressor, preventing CIN originating from
DSBs associated with R-loops and con-
tributing to timely repair of these DSBs
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by HR needed for the resolution of these
DSBs (Fig. 3). Persistent DSBs resulting
from elevated levels of R-loops and inef-
ficient DSB repair account for high levels
of CIN and cell death after Brel loss. The
R-loop-dependent model of CIN in Brel-
deficient cells explains the prevalence of
chromosomal rearrangements involving
heterochromatin.
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