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ABSTRACT

We have previously reported that DT40 cells defi-
cient in the Y-family polymerase REV1 are defective
in replicating G-quadruplex DNA. In vivo this leads
to uncoupling of DNA synthesis from redeposition
of histones displaced ahead of the replication fork,
which in turn leads to loss of transcriptional repres-
sion due to failure to recycle pre-existing repressive
histone post-translational modifications. Here we
report that a similar process can also affect tran-
scriptionally active genes, leading to their deactiva-
tion. We use this finding to develop an assay based
on loss of expression of a cell surface marker to
monitor epigenetic instability at the level of single
cells. This assay allows us to demonstrate G4 DNA
motif-associated epigenetic instability in mutants
of three helicases previously implicated in the un-
winding of G-quadruplex structures, FANCJ, WRN
and BLM. Transcriptional profiling of DT40 mutants
reveals that FANCJ coordinates two independent
mechanisms to maintain epigenetic stability near
G4 DNA motifs that are dependent on either REV1
or on the WRN and BLM helicases, suggesting a
model in which efficient in vivo replication of
G-quadruplexes often requires the established
5'-3'-helicase activity of FANCJ acting in concert
with either a specialized polymerase or helicase
operating in the opposite polarity.

INTRODUCTION

Maintaining epigenetic memory through somatic cell
division is of critical importance in preserving stable
gene expression and cell identity. Propagation of this

memory is proposed to require the preservation of
histone post-translational modifications, despite the fact
that cell division requires incorporation of newly
synthesized histones lacking the modifications character-
istic of chromatin found at active or repressed genes
[reviewed in (1)]. However, histone modifications linked
to transcriptional states can be copied from parental to
newly synthesized nucleosomes through the ability of
chromatin modifying complexes to recognize the modifi-
cation that they themselves introduce (2-4) suggesting
that, following replication, the newly incorporated
histones could be modified to reflect the pre-existing
state of the parental histones [reviewed in (1,5)]. This
model places stringent requirements on the continuity of
replicative DNA synthesis as new histones must be de-
posited concurrently with parental histone recycling in
order to maintain the registration between the histone
code and underlying DNA sequence. Without this coord-
ination, parental histones will not be deposited near to
their original locations and the information carried by
their post-translational modifications may therefore be
lost.

Continuous DNA synthesis is challenged by replication
impediments caused by exogenous DNA damaging
agents, endogenous sources of DNA damage and
structured DNA, all of which can cause replicative poly-
merases to pause or stall. Due to the inherent danger that
a collapsed fork poses to genomic integrity, numerous
proteins converge on stalled replication forks to protect
them and enable rapid resumption of DNA synthesis
[reviewed in (6)]. One important pathway to promote the
resumption of continuous DNA replication is translesion
synthesis, during which low fidelity polymerases of the
Y-family bypass DNA damage thereby allowing conven-
tional processive polymerases to continue replication
[reviewed in (7)]. Importantly, bypass can take place at
one of two temporally distinct points relative to histone
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displacement by the advancing replicative helicase. The
first possibility is for the helicase to run ahead and for
replication to restart downstream of the blockage,
leaving a gap that can be filled in later on. This appears
to be the dominant approach used by budding yeast (8). It
is dependent on the ubiquitination of the sliding clamp
PCNA by Rad6/Rad18, which recruits TLS polymerases
or promotes recombination to assist in gap filling (9).
PCNA ubiquitination-dependent gap filling also operates
in vertebrate cells but does so alongside a second pathway
operational at the replication fork, which is dependent on
the unusual Y-family DNA polymerase REV1 (10,11).
The deoxycytidyl transferase REV1 possesses a second,
non-catalytic function that serves to recruit other TLS
polymerases to the replication fork via its interaction
with them (12) and the sliding clamp PCNA (13). Thus,
in the absence of REVI, cells depend more heavily on
gap-filling to complete replication of damaged DNA tem-
plates (10).

REVI is also involved in replicating undamaged DNA
at sequences capable of forming G-quadruplex secondary
structures (14). G4 DNA motifs, of the general sequence
L1 7-G3_5-L;_7-G3_5-L;_7-G3_5 (where L can be any base),
can form a range of secondary structures at physiological
pH and salt concentrations that comprise stacks of four
planar Hoogsteen-bonded dG bases coordinated by
monovalent metal ions (15,16). G4 DNA motifs are
abundant in the vertebrate genome but do not appear to
be randomly distributed, instead being found more fre-
quently in the vicinity of promoters as well as at telomeres
and in the immunoglobulin loci. There is increasingly
strong evidence that these structures form in vivo and
that they can significantly influence processes such as rep-
lication and transcription [reviewed in (17,18)]. Our
previous data supports a model in which lack of REV1
leads to the interruption of processive replication at
G-quadruplex structures. In turn this leads to uncoupling
of DNA synthesis from recycling of parental histones at
these sites, resulting in biased incorporation of newly
synthesized histones lacking repressive modifications,
and a loss of silencing in a subset of genes. (14).

As noted above, many proteins besides REV1 are im-
portant in maintaining replication fork integrity in
response to replication stress. In particular, several DNA
helicases active at the replication fork have also been
implicated in processing G-quadruplex structures.
FANCI, deficiency of which gives rise to the human
disease Fanconi anaemia (19), is recruited to stalled repli-
cation forks following DNA damage (20,21) but is also
capable of unwinding G-quadruplex structures in vitro
(22,23) and has been implicated in preventing deletions
at G4 DNA motifs in vivo (24,25). The RecQ helicases
mutated in Werner syndrome (WRN) and Bloom
syndrome (BLM) are also capable of unwinding
G-quadruplex structures (26-29), and play prominent
roles in the response to replication stress [reviewed in
(30)]. Therefore a logical question is whether REV1 acts
alone in defending epigenetic stability at G4 DNA motifs
or whether it collaborates with specialized helicases.

Here, we show that lack of REV1 also leads to silencing
of a subset of G4 DNA motif-containing transcriptionally

active loci. We also demonstrate that similar G4 DNA
motif-associated epigenetic instability is seen in mutants
of FANCJ, WRN and BLM helicases and further estab-
lish that FANCJ operates in two independent pathways
for replicating G4 DNA motifs that depend on either
REVI or on WRN and BLM acting redundantly to
each other. Our data suggest a model in which the
ability to replicate G-quadruplex structures in a manner
that preserves epigenetic information often requires the
concerted action of enzymes acting at both the 5- and
3’-end of the structure.

MATERIALS AND METHODS
DT40 strains culture and transfection

DT40 cells were cultured as previously described (31). The
creation of the fancj line used in this study is described in
Supplementary Figure S1. The wrn/blm double mutant
was made by targeting the BLM locus in the WRN™/~
(wrn) cells described previously (32). The origin of the
other mutants used is listed in Supplementary Table S1.

Chromatin immunoprecipitation and antibodies

The method for ChIP (chromatin immunoprecipitation)
and antibodies to H3K4me3, H4K9/14ac, H4
N-terminal tail ac and H3 have been described previously
(14). H3K9me2 was immunoprecipitated using 20 pl
anti-H3K9me2 from Cell Signalling Technology (Cat.
No. 9753). In all cases the specific ChIP signal was
normalized to total H3 and then to the signal at the
promoter of the constitutively active GAS41 gene.

q-PCR and qRT-PCR

This was performed as previously described (14). Primers
used are listed in Supplementary Table S5.

NMR spectroscopy

"H NMR spectra of CD72-F and BUIA-F were recorded
at 25°C using a 500 MHz Bruker Avance 500 TCI spec-
trometer equipped with a cryogenic TCI ATM probe. The
oligonucleotides were annealed in a 10mM phosphate
buffered saline (PBS) buffer (pH 7.0) supplemented with
70mM KCI and 10% D,O at a final concentration of
0.1 mM for CD72-F and 0.2mM for BUIA-F.

Circular dichroism spectroscopy

Circular dichroism (CD) experiments were conducted on a
Chirascan spectropolarimeter using a quartz cuvette with
an optical path length of 1 mm. Oligonucleotide solutions
were prepared at a final concentration of 10 uM in 10 mM
lithium cacodylate (pH 7.2) containing 1mM of
ethylenediaminetetraacetic acid (EDTA) and 100 mM of
MCI (where M is either Li, Na or K). The samples were
annealed by being heated at 95°C for 10 min and slowly
cooled to room temperature. Scans were performed over
the range of 200-320 nm at 20°C. Each trace is the result
of the average of three scans taken with a step size of 1 nm,
a time per point of 1s and a bandwidth of 1 nm. A blank
sample containing only buffer was treated in the same
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manner and subtracted from the collected data. The data
were finally zero corrected at 320 nm.

Replicating plasmid assay

The basis and method for this assay have been described
previously (14,33). Briefly, the efficiency of replication is
ascertained by comparing the number of Escherichia coli
colonies generated by transformation of a Dpnl-treated
Hirt supernatant of the G4 DNA motif-containing
plasmid, which is ampicillin resistant, compared with a
control plasmid that is kanamycin resistant recovered
24 h after transient transfection into the indicated DT40
line.

Microarrays and data analysis

Microarray experiments were performed using total RNA
and the Affymetrix Chicken Genome array, with three
repeats using independently isolated RNA for each
mutant and for wild-type (WT) DT40. Data was processed
using RMA to give log, of probe intensity for each repeat,
as described previously (14). The principal component
analysis (PCA) was carried out on these data using
XLSTAT. Probes which showed a change of >0.25 log,
units relative to the mean WT probe intensity, with a
P-value of >0.05 (¢-test), were identified as being statistic-
ally significantly altered. Macros written in Excel were
used to identify genes co-regulated between different
mutants. Significance for these overlaps was calculated
using the hypergeometric distribution (stattrek.com/
Tables/Hypergeometric.aspx). Codirectionality was also
identified using Excel macros, and the significance of
this was calculated using the x° test, with the expected
values assuming complete independence for the mutants
calculated using conditional probability. In order to deter-
mine the association of G4 DNA motifs to each gene set, a
sample of 80—150 genes were randomly selected from the
set and the coordinates, with 1500 bp either side of the
transcription unit, were downloaded from Ensembl using
Biomart. These coordinates were fed into Ensembl’s
genome browser, to which the coordinates of G4 DNA
motifs had been uploaded from www.quadruplex.org,
allowing the number of G4 DNA motifs within this
window to be counted. The presence or absence of at
least one G4 DNA motif, as well as the total number,
were compared to a control set of genes whose expression
did not change in any of the mutants.

Bula staining

Cells were washed in PBS and stained for 30 min at 4°C
with anti-Bula (also known as chB6) directly conjugated
with phycoerythrin (Santa Cruz clone 5K98, Cat. No.
70447) at a 1:10 dilution. Cells were then washed twice
in PBS and resuspended in 500pl PBS before being
analyzed by flow cytometry using an LSRII cytometer
(Becton—Dickinson). Although ligation of chb6/Bu-1 has
previously been shown to induce apoptosis in DT40 (34),
staining with this antibody did not induce apoptosis and
cloning of Bu-la-positive was achieved with the same
efficiency as Bula-negative clones. DT40, being derived
from an F1 hybrid bird, is heterozygous for Bula and
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Bulb (35). To carry out fluctuation analysis single cells
staining positive for Bula were sorted using a MOFLO
(Dako-Cytomation) sorting cytometer and grown for
3 weeks before staining and analysis using flow cytometry
as above.

RESULTS

Revl-deficient DT40 cells exhibit deactivation of G4 DNA
motif-containing genes, as well as derepression

We previously showed that revi DT40 cells exhibit dere-
pression of a subset of genes, which correlated to the
presence of G4 DNA motifs in the vicinity of their pro-
moters (14). However, global analysis of gene expression
in revl and WT DT40 revealed that there are an equal
number of genes deactivated in rev/ relative to WT
(Figure 1A and Supplementary Table S2). The
dysregulated genes harbour a significant (P = 0.005)
increase in the number of G4 DNA motifs relative to a
control set of genes that were not perturbed in rev/ cells
(Table 1).

Loss of chromatin marks in the CD72 locus is associated
with transcriptional deactivation

To investigate this phenomenon further, we initially
focused on one gene, CD72, which we identified as being
deactivated in revl cells from microarray data
(Supplementary Table S2), an observation confirmed by
Quantitative reverse transcription PCR (QRT-PCR) from
an independent revl line (Figure 1B). CD72 is a trans-
membrane C-type lectin expressed constitutively on pro-
to mature B cells (36). Examination of the CD72 locus in
the vicinity of the promoter revealed three G4 DNA
motifs, one of which is in the correct orientation to
uncouple replication and histone recycling through the
promoter (Figure 1C).

This G-rich sequence contains five runs of 3—4 dGs,
separated by potential loops of 3-7 bases [5-GG
GACATGGGACAGAGAGGGGTGAGGTTGGGCTG
GG]. Biophysical studies on this 37mer oligonucleotide
confirmed G-quadruplex formation by the following ob-
servations: (i) clearly resolved G-tetrad imino resonance
peaks in the "H NMR spectrum (37) (Figure 1D). Imino
protons of guanines (NI-H) are exchangeable with
protons of the solvent during an NMR experiment in
water. In a typical nucleic acid, when a guanine is
unpaired, no peaks related to these protons are observable
on the NMR spectra due to rapid exchange. When these
protons are involved in any H-bonds, the exchange is
slowed and some resonance peaks can be observed. In
G:C Watson—Crick base pairs, imino protons appears
lower field to 12.7 parts per million (ppm). In Hoogsteen
hydrogen bond alignments, imino protons appear between
10.6 and 12 ppm. By accounting for the number of imino
resonances for the particular sequence it is possible to as-
certain if there are various species in solution and their
relative populations. The '"H NMR spectrum of CD72-F
reveals 12 resolved peaks in the range 10.8—12.2 ppm (gray
shaded area) characteristic of a single conformation of
quadruplex in solution. (ii) A reversible hypochromic
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Figure 1. Epigenetic instability in the CD72 locus of revl cells. (A) Plot of probe intensity differences between rev/ and WT ranked by absolute value
(for probes whose expression is altered by >0.25 log, with P <0.05). (B) qRT-PCR confirming reduction of CD72 expression in a revl line
independent of that used in the microarray analysis. Error bars show standard deviation. P <0.05 (2-tailed T-test). (C) Map of the CD72 locus.
The first five exons are shown as mid-gray boxes and the positions of the three G4 DNA motifs as inverted lollipops. The arrowhead within the
lollipop indicates the direction that a replication fork would have to be travelling for the G-quadruplex structure to form on the leading strand
template. The G4 DNA sequence (CD72-F) in the correct orientation to stall replication in rev/ cells is shown, with the dG repeats in bold. The
position of the amplicon generated by the ChIP primers (CD72promF & R) is shown as a bar. (D) Part of the '"H NMR spectra of CD72-F. In the
inset: an expansion of the spectrum focusing on the imino protons of the guanines involved in a tetrad (gray shaded area). (E) CD spectrum of
CD72-F recorded in the presence of LiCl (dotted line), NaCl (dashed line) and KCI (solid line). (F) Replication efficiency of CD72-F incorporated
into the leading strand template of the replicating plasmid pQ, shown as the ratio of Amp" to Kan" E. coli colonies. Amp" plasmid contains the
CD72-F oligo while Kan" plasmid does not (14). The error bars represent standard error of the mean. P-value calculated with the unpaired r-test. (G)
Trimethylation of H3K4 at the CD72 promoter in WT and rev/ cells. (H) Acetylation of H3K9 and K14 at the CD72 promoter in WT and rev/ cells.
(I) Acetylation of the H4 N-terminal tail at the CD72 promoter in WT and rev! cells. (J) Dimethylation of H3K9 at the CD72 and RHOGLOBIN
promoters in WT and rev/ cells. Error bars in F-I represent standard error of the mean; P-values compared to WT (one-tailed, unpaired z-test):

ns = not significant, *P < 0.075, **P < 0.01.



Table 1. Association of dysregulated genes with G4 DNA motifs
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Control revl fancj revl/fancj wrn/blm revl and wrn/blm fancj and wrn/blm
Fraction of genes with >1 G4 0.69 0.85 0.88 0.83 0.85 0.83 0.77
DNA motif
n 135 93 130 116 164 80 141
P 0.0013 0.0002 0.0075 0.0013 0.036 0.135
G4 DNA motifs per gene 2.63 4.29 3.78 4.18 3.15 4.79 3.31
P 0.005 0.0003 0.0059 0.0186 0.0053 0.03

G4 DNA sequences were identified in the gene body plus 1kb upstream using pre-existing annotations of the chicken genome in ENSEMBL
uploaded from www.quadruplex.org. Genes were selected on the basis of an increase or decrease in probe intensity by >0.25 log, units with
P <0.05. The control set comprises randomly selected probes that exhibit no change between WT and any of the mutants.

melting transition at 295 nm (Supplementary Figure S2A),
suggesting formation of an intramolecular structure.
The high rate of melting used, 1°C/min, leads to a revers-
ible melting curve which supports the formation of
an intramolecular quadruplex. Indeed at this rate and
this oligonucleotide concentration, 10 uM, the melting
of intermolecular quadruplexes has been shown to be
kinetically irreversible (38). (iii) Cation dependent
melting temperatures in the order K">Na">Li" (39)
(Supplementary Figure S2A and Supplementary Table
S3A) and (iv) a characteristic thermal difference
spectrum (40) (Supplementary Figure S2C). Its melting
temperature of 59.5°C in the presence of K supports its
ability to form a stable structure under physiological con-
ditions (Supplementary Table S2A). CD spectroscopy
(Figure 1E and Supplementary Table S3B) was indicative
of the formation of a hybrid quadruplex with both parallel
and anti-parallel features (41).

We have previously shown that REV1 is required for
efficient replication of a G4 DNA motif when placed on
the leading strand template (14). To examine whether this
was also the case for the CD72 G4 DNA motif, we cloned
the sequence into the replicating plasmid pQ (33), placing
it so the G-quadruplex structure would form on the
leading strand template as previously described (14).
The presence of the CD72 G4 DNA motif resulted in a
reduction in the efficiency of recovery of replicated copies
of the plasmid from rev/-deficient cells relative to WT
cells, the borderline significance of which may reflect the
heterogeneity of the structure seen in the CD experiments
(Figure 1F). Together these results appear analogous to
those we obtained for the RHOGLOBIN G4 DNA motif
(14) and are consistent with a similar underlying model
in which interruption of replication by a G-quadruplex
structure in the CD72 locus of revl cells leads to loss of
chromatin modifications associated with transcriptional
activation.

To test this, we performed ChIP experiments to exam-
ine the histone modifications at the CD72 promoter.
Consistent with the association of H3K4me3 with the
promoter of active genes (42,43), we observed high levels
of this modification at the CD72 promoter in WT DT40
cells. However, this enrichment was lost in revl cells
(Figure 1G). H3K9/14ac, another mark associated with
transcriptional activation (44), was also reduced
(Figure 1H). Next we examined acetylation of the
N-terminal tail of H4. This modification is associated

with both transcriptional activation (44) and with newly
deposited histones (45,46), which according to our
previous results (14) would lead to the levels of this
mark being subject to two opposing forces: loss of
pre-existing, acetylated H4 associated with the loss of
transcriptional activation but gain of newly synthesized
H4 bearing the predeposition acetylations at H4K5 and
K12 (45,46). We observed that revl cells exhibited a
decrease in H4 N-terminal tail acetylation at the CD72
promoter relative to WT cells (Figure 11) suggesting that
the loss of acetylation of H4 at this locus due to loss of
transcriptional activation is not compensated for by the
acetylation introduced by new histone incorporation.
Importantly, despite observing loss of histone modifica-
tions characteristic of active chromatin, we did not
detect a significant increase in the level of the repressive
modification H3K9me?2 (Figure 1J). This suggests that the
reduction in expression is caused by a loss of histone
modifications associated with active transcription rather
than an active silencing process mediated by the introduc-
tion of repression-associated marks.

Surface Bula staining as a readout for epigenetic
instability in DT40 cells

The loss of expression of CD72 in REV1-deficient cells
suggested to us a facile assay for epigenetic instability,
based on cell surface staining that would provide a more
sensitive readout of loss of expression than Quantitative
polymerase chain reaction (q-PCR) as small changes
within a bulk population would be detected. As no
antibody to chicken CD72 was available we sought
another B cell surface marker whose locus contained a
G4 DNA motif and whose expression we could monitor
by flow cytometry. Bula is a cell surface receptor
expressed on cells derived from the chicken bursa (47).
Its locus contains a G-rich region positioned ~3 kb from
the transcription start site (Figure 2A). While this region
[5-GGGCTGGGTGGGTGCTGTCAAGGGCTGGG]

contains two potential overlapping G4 DNA sequences,
neither is predicted by available servers as both contain a
non-dG loop of 9bp. Nonetheless, an oligonucleotide
comprising all five dG repeats was able to form a robust
G-quadruplex structure in vitro. The UV-melting curves
were reversible and display, in the presence of K', a
transition at 65.5°C, which was suggestive of an intra-
molecular quadruplex (Supplementary Figure S2B and
C: Supplementary Table S3A). 'H NMR revealed seven
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Figure 2. G-quadruplex formation by the G-rich region of the BU-1 A
locus and its defective replication in rev/ cells. (A) Map of the BU-1 A
locus. The first three exons are shown as mid-gray boxes. The position
of the G-rich region is shown as a lollipop and sequence of the corres-
ponding oligonucleotide BUIA-F shown below. The arrowhead within
the lollipop indicates the direction that a replication fork will be
travelling in to be stalled by the G-quadruplex in revl cells. The
position of the amplicon generated by the ChIP primers
(BUIApromF & R) is shown as a bar. (B) Part of the '"H NMR
spectra of BUIA-F. In the inset: an expansion of the spectrum
focusing on the imino protons of the guanines involved in a tetrad
(gray shaded area). (C) CD spectrum of BUIA-F recorded in the
presence of LiCl (dotted line), NaCl (dashed line) and KCI (solid
line). (D) Replication efficiency, in revl cells, of BUIA-F incorporated
into the leading strand template of the replicating plasmid pQ, shown
as the ratio of Amp" to Kan" E. coli colonies. Amp" plasmid contains
the BUIA-F oligo while Kan" plasmid does not (14).

broad peaks in the range 10.7-11.3ppm suggesting
conformational exchange between two equivalent
quadruplex structures (Figure 2B, gray shaded areca).
The CD spectrum was characteristic of a parallel
stranded G-quadruplex (Figure 2C and Supplementary
Table S2B). Further, as for the CD72 G4 DNA motif,
the sequence was replicated less efficiently in revl cells
than in WT (Figure 2D).

To assess whether loss of REV1 resulted in instability in
Bula expression we compared surface expression of Bula
in revl cells with WT. WT cells exhibit uniformly positive
staining for surface Bula (Figure 3A). Strikingly, a signifi-
cant subpopulation of a bulk revl culture exhibited low
Bula surface staining (Figure 3A). To examine whether
Bula loss is constitutive during culture, we sorted a popu-
lation of Bula-positive revl by flow cytometry. A popu-
lation of Bula-loss variants could be detected after 24 h
and this population had increased by 7 days (Figure 3B).
We then cloned single revl cells from the remaining

Bula-positive population. After 3 weeks expansion we
analyzed surface Bula levels by flow cytometry and
demonstrated that the percentage of Bula-loss variants
generated in this time varied between clones (Figure 3C),
consistent with Bula loss being a stochastic process de-
pendent on cell division. Cloning from the Bula-loss
variant population demonstrated that loss of Bula expres-
sion was stable and heritable through cell division
(Figure 3D). The loss of surface Bula in revl cells is
associated with decreased mRNA levels (Figure 3E) and
further, Bula gene expression, as measured by qPCR from
different revl clones, correlated to the level of Bula
surface staining, indicating that the change in surface
Bula levels is caused by alteration in transcription of the
BUIA locus (Figure 3F).

Loss of Bula expression could be prevented by a trans-
gene driving expression of human REV1 (Figure 3G) as
assessed in a fluctuation analysis, in which individual
Bula-positive clones were propagated for a defined
number of divisions. Interestingly, cells expressing a cata-
lytically inactive human REV1 (hREV1IPS70AESTIAN qiq
not exhibit the same range of Bula loss as the revl/
mutants suggesting a possible role for the catalytic
activity of REV1 in the replication of this G4 DNA
motif, and in agreement with our previous observations
on the RHOGLOBIN G4 DNA motif (14). Furthermore,
supporting the idea that it is the maintenance of replica-
tion fork progression that is essential for maintaining
epigenetic stability rather than an ability to carry out
lesion bypass per se, a DT40 mutant deficient in the
ubiquitination of PCNA (pcnaK164R) (48), and thus in
gap-filling pathways of translesion synthesis (10), does not
show elevated rates of Bula loss (Figure 3G).

We next investigated whether changes in histone modi-
fications were associated with loss of Bula expression in
revl cells. ChIP analysis of a population sorted for
Bula-positive cells showed WT levels of active chromatin
modifications, while a Bula-low population showed
reduced H3K4me3, H3K9ac and H4 N-terminal acetyl-
ation (Figure 4A—C). Further, there was no significant
enrichment of H3K9me2 (Figure 4D). This pattern of
histone modification changes is comparable to those
seen at the CD72 locus in revl cells and suggests that a
similar mechanism is responsible for the loss of expression.
Further, since re-emergence of Bula-positive cells from
Bula-low clones is not observed (Figure 3D), Bula loss
is a stable epigenetic state.

Together, these data are consistent with loss of the Bula
surface marker occurring as a result of replication fork
stalling at the Bula G4 DNA motif, leading to loss of
active chromatin modifications and epigenetic instability.

We next examined a range of DT40 DNA repair
mutants for Bula loss, initially by monitoring Bula ex-
pression in the bulk population of high passage lines
(Figure 5A). In contrast to revl cells, no significant
increase in Bula loss was seen in lines deficient in the
translesion polymerases 1 or {, or in cells defective in
proliferating cell nuclear antigen (PCNA) ubiquitination,
radl8 and pcnaK164R. Additionally, no significant loss
was seen in cells lacking the recombination proteins
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XRCC3 and RADS54 or in a mutant for the key excision
repair factor XPA.

Epigenetic instability in fancj mutants is associated with
G4 DNA motifs and is independent of the Fanconi
anaemia core complex

We then turned our attention to helicases implicated in
G-quadruplex processing. Interestingly, a mutant deficient
in the FANCI] helicase exhibited a striking loss of Bula

expression (Figure 5A), which we confirmed in a fluctu-
ation analysis (Figure 5B). Ongoing Bula loss could be
prevented by expression of a human FANCJ transgene
(Figure 5B). However, this role for FANCJ appears to
be independent of the Fanconi anaemia core complex
[reviewed in (49)] as a fancc mutant exhibited no sig-
nificant increase in Bula loss compared to WT cells
(Figure SA and B). Thus, FANCIJ could be involved in
preventing epigenetic instability at G4 DNA motifs in a
similar manner to REV1. Consistent with this idea, we
also found a marked reduction in the expression of the
CD?72 gene in fancj mutants together with a corresponding
decrease in H3K4me3 and H3K9/14ac, but no increase
in H3K9me2 at the CD72 promoter (Supplementary
Figure S3). Unexplained reproducibly poor recovery of
even the control pQ plasmid from fancj cells (data not
shown) precluded direct analysis of the requirement for
FANCIJ in G-quadruplex replication.

To confirm the association between altered gene expres-
sion and G4 DNA sequences we carried out genome-wide
transcriptional profiling of fancj cells and identified probes
whose mean signal intensity was increased or decreased in
each mutant by >40% (>0.25 log, units) relative to WT
with a P < 0.05. This analysis revealed a large number of
genes (7152 probes) that exhibit dysregulated expression
in the fancj mutant (Figure 5C). These genes were signifi-
cantly associated with G4 DNA motifs compared with an
unaffected control set (Table 1). Although loss of FANCJ
has been associated with deletions in the vicinity of G-rich
sequences (22,24,25), a number of lines of evidence suggest
that deletions alone are unlikely to account for the
observed dysregulation of gene expression in fancj cells.
First, we did not detect evidence of deletions around the
G4 DNA sequences in fancj BUIA- or CD72-variants
(Supplementary Figures S4 and S5). Second, we did not
observe any alteration in the ChIP input signal from the
BUIA or CD72 promoters, compared to the control
GAS41 promoter. Third, it might be expected that a sig-
nificant contribution of deletions to changes in gene ex-
pression would result in a bias to decreases in expression
across the genome. This is not observed. In fancj cells, as
for revl (Figure 1A), an equal number of genes show
increased expression relative to WT as show decreased
expression (Supplementary Figure S6). Finally, it is
worth noting that the kinetics of Bula loss in fancj, and
also revl, cells is rapid, such that 30-40% of cells have lost
surface Bula after 3 weeks. This is much more rapid than
even the loss of immunoglobulin gene expression in fancj
DT40 when augmented by the active mutator activation
induced deaminase (AID) (50). Given our failure to detect
either deletions or mutations of the BUIA locus, and par-
ticularly of the G4 DNA motif, it seems unlikely that the
observed rate of loss of expression can be accounted for by
genetic alterations, though they may make a small
contribution.

The WRN and BLM helicases contribute redundantly to
the preservation of epigenetic stability

We next examined the contribution of the BLM and
WRN helicases, which have also been previously
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Figure 5. A screen for epigenetic instability. (A) Percentage of Bula-loss variants in high passage clones of DT40 mutants of the indicated genotype.
(B) Constitutive instability of Bula expression confirmed by fluctuation analysis. Subclones were expanded for 3 weeks after which the percentage of
Bula-loss variants was determined by flow cytometry. For each condition the graph shows the median percentage Bula loss (central line), range
(error bars) and interquartile range (boxes). The WT and rev/ data is reproduced from Figure 4G for comparison. The loss of Bula in lines indicated
with an asterisk is significantly (P <0.01, Mann-Whitney U-test) different to WT. (C) Histogram showing the number of probes statistically
significantly perturbed (P <0.05) with a >0.25 log units difference in revl, fancj, wrn, blm, wrn/blm lines compared to WT DT40.

implicated in processing G-quadruplexes (26-29). Neither
WRN nor BLM deficient cells showed significantly
increased loss of surface Bula compared to WT.
However, a mutant deficient in both WRN and BLM
showed a dramatic increase in the level of Bula loss,
both in a bulk culture (Figure 5A) and in a fluctuation
assay (Figure 5B). Further wrn/blm double mutants
replicated a G4 DNA motif-containing plasmid less effi-
ciently than WT cells (Supplementary Figure S7). The
apparent redundancy between WRN and BLM could
also be seen in the pattern of genes dysregulated across
the genome (Figure 5C). Again the genes dysregulated
in each of these mutants are significantly associated with
G4 DNA motifs (Table 1), in agreement with a previous
report (51). wrn cells exhibited relatively little
dysregulation of gene expression (304 probes significantly
altered compared to WT). While blm cells exhibited more
dysregulated genes than wrn cells (2284 probes), the
number of genes whose expression was dysregulated in
the wrn/blm double mutant was much greater than either
single mutant (6152 probes). Further, there was a

significant overlap both in the identity genes affected
and the direction of change of expression between wrn
and wrn/blm and blm and wrn/blm, but not between wrn
and blm (Supplementary Figure S8). Together, these data
suggest that WRN and BLM are also involved in main-
taining epigenetic stability at G-quadruplex forming
DNA, but that they act redundantly to each other.

FANCJ collaborates independently with REV1 and with
WRN/BLM in maintaining epigenetic stability at G4
DNA motifs

Since fancj, blm and wrn/blm mutants exhibited gross al-
terations in gene expression compared to WT, we carried
out principal component analysis (PCA) on the array data
from these lines. Intriguingly, we observed that the pattern
of gene expression in the wrn/blm double mutant, rather
than resembling the b/m single mutant, resembles fancj
(Figure 6A), an observation we confirmed by cluster
analysis (data not shown). Combining this with the data
from the BUIA locus (Figure 5SA and B) led us to focus on


http://nar.oxfordjournals.org/cgi/content/full/gkr868/DC1
http://nar.oxfordjournals.org/cgi/content/full/gkr868/DC1

1494 Nucleic Acids Research, 2012, Vol. 40, No. 4

A v WT
0.10 1 v fancj
0.15+ v v bim
v v
0.10 ;v 0.05 - v wrn/blm
— 0.05+
S
“g 0.00 ; ; . r Wv T T T 1
L 0.98 1.00 1.02 $-0.15 -0.10 -0.05 0.05 0.10 0.15
-0.054 0.05 v
-0.104 v v
| -0.10-
-0.15 Factor 2 Factor 2
B C
6152
D E § 4 .
3
/ WQII\IMO" \—> Gene set A i %?P,?}%Fn? s%
2-10
: =
d @
FANCJ \ / Gene set C § corg#gun :(? g
; .E
same as <9
REVI “— GenesetB{ 97¢ g
o
o
g

(WT-wrn/blm)+(WT-rev1)
(Iog2 probe intensity difference)
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the relationships between the mutants fancj, wrn/blm and
revl.

We examined the overlap between each mutant in terms
of which probes were perturbed and the direction of
the perturbation, i.e. increased or decreased relative to
WT. As predicted by the PCA, the genes dysregulated
in fancj and wrn/blm show a high degree of overlap
(P<1x10"", Fisher’s hypergeometric distribution)
(Figure 6B). Strikingly, 96% of genes within this overlap
set change in the same direction in fancj and wrn/blm

(P<1x107", x* test) (Figure 6C), implying that the
effect of deleting FANCJ or WRN and BLM is the
same on the expression of these genes. There is also an
increased propensity for G4 DNA sequences within this
set (Table 1) implying that the presence of DNA with
G-quadruplex forming potential is likely to underlie the
requirement for FANCJ and WRN/BLM in epigenetic
stability. At the same time, there is a strong overlap
between the genes whose expression is perturbed in fancj
and in revl (P <1 x 1077 (Figure 6B) and again there is a



statistically  significant  codirectionality  relationship
(P<1x 107" (Figure 6C) and an increased propensity
for G4 DNA sequences (Table 1). However, the overlap
between genes perturbed in rev/ and wrn[blm, while still
being statistically significant (P <1 x 10~'%) (Figure 6B),
does not show the same directionality effect: only 59%
change in the same direction, barely above that expected
by chance (P >0.2) (Figure 6C). This implies that while
there are some genes whose expression is maintained
through the action of REV1 and WRN or BLM, the
processes involved are distinct.

We wanted to explore the idea of separate pathways
for maintenance of epigenetic stability involving REV1
and WRN or BLM in more detail, so we looked at the
set of genes that overlapped between the rev/ and the wrn/
blm double mutants. If FANCJ is involved in separate
pathways protecting epigenetic stability at G4 DNA
motifs involving either REV] or WRN/BLM, then the
perturbations in fancj mutants in this set of genes (set C
in Figure 6C) should reflect separate contributions from
REV1 and from WRN/BLM. Thus, if a gene were to
increase by 2-fold in revl and 2-fold in the wrn/blm
double mutant then its expression would be >2-fold
increased in fancj; equally, if a gene is increased in expres-
sion in revl and decreased in wrn/blm then it may not
show an overall change in fancj. This predicts that the
expression changes seen in this set in fancj mutants
would be a function of the changes in rev/ mutants and
changes in the wrn/blm double mutant (Figure 6D). To
test this idea, we took the genes falling into set C
(Figure 6C) and plotted the log, change in fancj cells
against the sum of the log, change in wrn/blm and the
log, change in revl. Strikingly, this graph revealed a
linear correlation (Figure 6E) suggesting that the effect
on gene expression of removing FANCI is equivalent to
the effect of removing both REV1 and WRN and BLM
simultaneously. The correlation coefficient of 0.82 is sig-
nificantly better than that seen between fancj and either
wrn/blm or revl individually within gene set C
(Supplementary Table S4); moreover, the relationship
does not hold outside of gene set C (Supplementary
Table S4). These observations strongly reinforce the idea
that the REV1 and the WRIN/BLM pathways to maintain
epigenetic stability at G4 DNA motifs are distinct, but
that both involve FANCI.

DISCUSSION
A neutral state of gene expression?

We previously proposed that the loss of H3K9me?2 around
the promoter of repressed loci in revl cells is a passive
consequence of uncoupling DNA synthesis from histone
recycling induced by replication arrest at G-quadruplex
structures. Supporting this model we did not observe
any increase in the level of marks associated with tran-
scriptional activation (e.g. H3K4me3 and H3K9/14ac)
suggesting that there was no active induction of gene ex-
pression. The data we present here support an analogous
model at active loci: G-quadruplex-induced uncoupling of
DNA synthesis and histone recycling leads to the passive
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loss of active chromatin marks by biased incorporation of
new histones. However, there is no active repression of
affected loci, evidenced by an increase in H3K9me2.
Thus, in cell lines defective for G-quadruplex replication
both the derepression of a silent locus and the deactivation
of an active locus produce a similar net result: a ‘neutral’
expression state with neither active nor repressive chroma-
tin present. This model supports the notion that one or
more ‘active’ histone modifications may be sensu stricto
epigenetic, such that impaired recycling due to replication
fork stalling leading to its reduction directly impairs the
ability of the cell to maintain a transcriptionally active
state. Of the ‘active’ histone modifications, we believe
that H3K4me3 is the most likely candidate for an epigen-
etic mark, due to the long half-life of methylation on
histones relative to acetylation (52), and its involvement
in heritable gene activation in Drosophila development
[reviewed in (53)].

Stochasticity of G4 DNA motif-associated epigenetic
instability

At the BUIA locus we observed stochastic loss of expres-
sion over time, consistent with a mechanism involving rep-
lication fork stalling at G-quadruplex structures. It is
noteworthy that the BUIA G4 DNA motif is further
away from the transcriptional start site than is observed
in CD72 or RHOGLOBIN. The post-replicative gap
that would have to be left in order to lead to loss of epi-
genetic information at the promoter is therefore ~3kb
in length, somewhat larger than the estimated average
for human cells of ~0.8 kb (54). However, this is within
the range of lengths directly observed in DNA from
Saccharomyces cerevisiae (8). Moreover, our previously
described computer simulation (14) shows that increasing
the variance of gap length increases the loss of epigenetic
information suggesting that the system is sensitive to rare
events in which long gaps are created (Supplementary
Figure S9). It is possible therefore that the position of
the G4 DNA sequence relative to the transcriptional
start site may explain why we were able to successfully
isolate single cells with high expression from a population
of revl cells that had been grown for several months in
culture as loss of Bula expression in any particular cell
may be a relatively infrequent event.

Collaboration between REV1 and specialized helicases
in G-quadruplex replication

Deletion of FANCIJ, a helicase that has previously been
shown to be able to unwind G-quadruplex structures
(22,23), has been linked to deletions in G-rich sequences
(22,24,25). We observed changes in gene expression both
at the BUIA and CD72 loci, as well as genome wide. As
discussed above deletions alone are unlikely to explain all
of these effects. Because the set of dysregulated genes cor-
relate significantly with an increased frequency of G4
DNA motifs, secondary effects due to alterations in
transcription factors are also unlikely to explain the
majority of these changes, though this may make some
contribution.


http://nar.oxfordjournals.org/cgi/content/full/gkr868/DC1
http://nar.oxfordjournals.org/cgi/content/full/gkr868/DC1
http://nar.oxfordjournals.org/cgi/content/full/gkr868/DC1
http://nar.oxfordjournals.org/cgi/content/full/gkr868/DC1
http://nar.oxfordjournals.org/cgi/content/full/gkr868/DC1

1496 Nucleic Acids Research, 2012, Vol. 40, No. 4

A
// » — >
—Q
FANCJ /kl; % REV1

eo]

REV1-interacting

polymerase
B
/ 7 > —>
‘ée
FANCJ k%] ‘WRN or BLM

N polymerase

Figure 7. Model for the cooperation of FANCJ with REV1 and with
the WRN and BLM proteins in replicating a G-quadruplex. (A)
Cooperation of FANCJ with REVI. We have previously suggested
that REV1 may help destabilize G-quadruplex structures (14). This
could facilitate unwinding by FANCJ, which will act from the
opposite side of the G-quadruplex structure. (B) Cooperation of
FANCJ with WRN or BLM. Since the helicase activities of WRN
and BLM helicases have the opposite polarity to FANCJ, this
suggests a model by which they also act from the other end of the
quadruplex, possibly simultaneously with FANCJ. DNA synthesis
across the remainder of the G4 DNA sequence may then be affected
by one of the replicative polymerases.

The overlap between genes dysregulated in fancj and
revl cells, and the association of these genes with G4
DNA motifs, also suggests that REVI is likely to
operate with FANCJ at the fork to facilitate the replica-
tion of a subset of G-quadruplex-forming sequences.
As FANCIJ is a 5-3'-DNA helicase (22,23) this suggests
a model in which it acts from the opposite end of the
G-quadruplex to new DNA synthesis (Figure 7A).

Using G4 DNA motif-associated dysregulation of gene
expression as a readout for effective G-quadruplex repli-
cation, we also show redundancy between the RECQ
helicases WRN and BLM in maintaining epigenetic

stability at G4 DNA motifs. Further, our data suggests
that WRN and BLM act with FANCIJ but in a different
process from that involving FANCJ and REV1. Although
WRN and BLM have been implicated in transcriptional
regulation (51), they have much more extensively
characterized roles in DNA replication [reviewed in
(30)]. Therefore, we favour the idea that, as for FANCJ
and REVI, this collaboration between FANCJ and
WRN/BLM defends epigenetic stability by ensuring
continuous replication at G-quadruplex-forming DNA
sequences. Consistent with such a model, FANCJ and
BLM have been shown to interact physically, and the
two colocalize to sites of stalled replication (20). The
fact that RECQ helicases act from the 3'-5-direction
suggests that WRN and BLM would access a
G-quadruplex in the opposite direction to FANCI,
allowing them to collaborate in facilitating DNA replica-
tion through the quadruplex (Figure 7B).

Overall, our results offer a general model for in vivo
G-quadruplex replication, in which the collaboration
between two helicases, or a helicase and a polymerase,
approaching from opposite ends of the G-quadruplex
structure, could facilitate processive DNA synthesis.
Further work will be needed to identify the factors, for
instance the structure and sequence context of the G4
DNA motif, that determine which enzyme or combination
of enzymes are used, and whether additional helicases
and polymerases are involved. Finally, as WRN, BLM
and FANCIJ are all implicated in human diseases, our
work may have significance for understanding the
complex organismal phenotypes caused by mutations in
these critical guardians of genome stability.
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Supplementary Data are available at NAR Online: Sup-
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