The EMBO Journal (2012) 31, 1865-1878 | © 2012 European Molecular Biology Organization | All Rights Reserved 0261-4189/12

www.embojournal.org

THE

EMBO

JOURNAL

RNF8- and RNF168-dependent degradation
of KDM4A/JMJD2A triggers 53BP1 recruitment

to DNA damage sites

Frédérick A Mallette'?, Francesca
Mattiroli®, Gaofeng Cui*, Leah C Young®,
Michael J Hendzel®>, Georges Mer?,

Titia K Sixma® and Stéphane Richard’?*

Terry Fox Molecular Oncology Group and the Bloomfield Center for
Research on Aging, Sir Mortimer B. Davis Jewish General Hospital, Lady
Davis Institute for Medical Research, Montréal, Québec, Canada,
*Department of Medicine and Oncology, McGill University, Montréal,
Québec, Canada, *Division of Biochemistry, Netherlands Cancer
Institute, Amsterdam, The Netherlands, 4Departmem of Biochemistry
and Molecular Biology, Mayo Clinic College of Medicine, Rochester, MN,
USA and °Department of Oncology, University of Alberta, Edmonton,
Alberta, Canada

In response to DNA damage, cells initiate complex signal-
ling cascades leading to growth arrest and DNA repair. The
recruitment of 53BP1 to damaged sites requires the activa-
tion of the ubiquitination cascade controlled by the E3
ubiquitin ligases RNF8 and RNF168, and methylation of
histone H4 on lysine 20. However, molecular events that
regulate the accessibility of methylated histones, to allow
the recruitment of 53BP1 to DNA breaks, are unclear. Here,
we show that like 53BP1, the JMJD2A (also known as
KDM4A) tandem tudor domain binds dimethylated his-
tone H4K20; however, JMJD2A is degraded by the protea-
some following the DNA damage in an RNF8-dependent
manner. We demonstrate that JMJD2A is ubiquitinated by
RNF8 and RNF168. Moreover, ectopic expression of
JMJD2A abrogates 53BP1 recruitment to DNA damage
sites, indicating a role in antagonizing 53BP1 for methy-
lated histone marks. The combined knockdown of
JMJD2A and JMJD2B significantly rescued the ability of
RNF8- and RNF168-deficient cells to form 53BP1 foci. We
propose that the RNF8-dependent degradation of JMJD2A
regulates DNA repair by controlling the recruitment of
53BP1 at DNA damage sites.
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Introduction

DNA damage recognition and repair in the context of
chromatin constitute a challenge for protein accessibility
and recruitment to DNA damage sites. Multiple histone
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post-translational modifications (phosphorylation, acetyla-
tion, sumoylation, ubiquitination and methylation) contri-
bute to the efficient formation of protein complexes to
trigger the DNA damage response (van Attikum and Gasser,
2009). Following DNA damage, the Mrell/Rad50/Nbsl
(MRN) complex recognizes the break and contributes to the
activation of ATM leading to the phosphorylation of H2AX
across kilobases of DNA surrounding the damaged site
(Shroff et al, 2004). A cascade of protein relocalization is
then triggered by the binding of the mediator protein MDC1
to phosphorylated H2AX (yH2AX) through its BRCT domain
(Stucki et al, 2005). MDC1 then amplifies the DNA damage
signalling response by coordinating the assembly of check-
point and repair proteins (Goldberg et al, 2003; Lou et al,
2003, 2006; Stewart et al, 2003; Bekker-Jensen et al, 2005).
The phospho-dependent interaction of MDC1 with the E3
ubiquitin ligase RNF8 allows the formation of K63-linked
polyubiquitin chains on histones surrounding the damaged
site (Huen et al, 2007; Kolas et al, 2007; Mailand et al,
2007). The RNF168 and HERC2 ubiquitin ligases have also
been described to contribute to the formation of ubiquitin
conjugates on H2A and H2AX at breaks (Doil et al, 2009;
Stewart et al, 2009; Bekker-Jensen et al, 2010). This ubiqui-
tination cascade regulated by RNF8, RNF168 and HERC2 is
responsible for the localization of both RAP80/BRCA1
and 53BP1 at DNA damage sites (Huen et al, 2007; Kolas
et al, 2007; Mailand et al, 2007; Wang and Elledge, 2007; Doil
et al, 2009; Stewart et al, 2009; Bekker-Jensen et al, 2010).
While RAP80 recruitment is mediated through the binding of
its ubiquitin-interacting motif (UIM) with K63-linked ubiqui-
tin chains on histones, the RNF8-dependent mechanism
leading to the formation of 53BP1 foci remains undefined.
The role of methylation of histone H4 on lysine 20 in the
recruitment of 53BP1 and the requirement of the 53BP1
tandem tudor domain are established (Sanders et al, 2004;
Botuyan et al, 2006), but the link with RNF8-dependent
ubiquitination is still unclear. RNF8-mediated ubiquitination
of histones at damaged sites may alter chromatin structure,
leading to the exposure of buried H4K20(me2) in stacked
nucleosomes allowing recognition by the 53BP1 tandem tudor
domain. However, since nucleosomes are already highly
dynamic structures permitting protein access even to buried
sites of chromatin (Li et al, 2005), an additional mechanism
must lead to the exposure of H4K20(me2). The high abun-
dance of H4K20(me2) in untreated cells suggest that this mark
is usually inaccessible to 53BP1 (Schotta et al, 2008). The
recruitment of the H4K20 methyltransferase MMSET at breaks
may locally increase levels of H4K20(me2) (Pei et al, 2011),
but it does not elucidate the requirement of RNF8 to form
53BP1 foci. Here, we show that the RNF8-mediated degrada-
tion of JMJD2A is required to expose H4K20(me2) for the
recruitment of 53BP1 to DNA damage sites.
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Results

JMJD2A tandem tudor domain tightly binds to
H4K20(me2)

The lysine demethylase JMJD2A catalyses the removal of
both di- and tri-methylated H3K9 and H3K36 (Cloos et al,
2006; Klose et al, 2006; Whetstine et al, 2006; Couture et al,
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2007; Ng et al, 2007). It possesses an N-terminal JmjN and
catalytic JmjC domain, two PHD domains and a tandem tudor
domain (Figure 1A and B). The C-terminal tandem tudor
domain likely functions as a chromatin recruitment binding
module, as it can bind to H3K4(me3) and H4K20(me2/3)
(Huang et al, 2006; Kim et al, 2006; Lee et al, 2008). Like
53BP1, JMJD2A also binds H4K20(me2) (Figure 1C).
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Figure 1 The tandem tudor domains of JMJD2A and JMJD2B bind H4K20(me2) with high affinity. (A) Domain structure of the different
members of the JMJD2 family of lysine demethylases and 53BP1. (B) Sequence alignment of the tandem tudor domains of human JMJD2A,
JMJD2B, JMJD2C and 53BP1 using TCoffee. Amino acids highlighted in blue show perfect conservation while red denotes amino acids
corresponding to functional conservation. (C) Biotinylated peptides immobilized on streptavidin beads were used to pulldown GST-purified
JMJD2A and 53BP1 tandem tudor domains. (D) Titrations of JMJD2A-tudor, JMJD2B-tudor and 53BP1-tudor with H4K-20(me2) (residues
12-25). The integrated heat measurements from raw titration data and curve fitting with a standard one-site binding model are shown for each
experiment. Kp and stoichiometry (n) values are indicated with the associated standard deviations determined by non-linear least squares

fitting. The heat of dilution of the H4K-20(me2) peptide is shown
H4K:20(me2) for 53BP1-tudor is about twice that of H4K20(me2).
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in blue, overlaid to the 53BP1-tudor titration signal. Note that the Kp of
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Recently, a novel methyltransferase, MMSET, has been shown
to locally increase the methylation of H4K20 at breaks (Pei
et al, 2011). Tt has also been proposed that changes in the
chromatin structure expose these methyl marks leading to the
recruitment of 53BP1 (Sanders et al, 2004; Botuyan et al,
2006). However, the possibility that proteins masking acces-
sibility to H4K20(me2) might be regulated by the DNA
damage response to reveal the methyl mark has remained
unexplored. We first determined the relative affinities of the
tandem tudor domains of JMJD2A, JMJD2B and 53BP1 for
H4K20(me2). The JMJD2A-tudor and JMJD2B-tudor bound
H4K20(me2) with a Kp about 25 and 2 times tighter, respec-
tively, compared with 53BP1-tudor, as shown by isothermal
titration calorimetry (ITC) (Figure 1D). This suggests that
JMJID2A and JMJD2B tightly bind to H4K20(me2) and may
compete in vivo for accessibility to H4K20(me2).

JMJDZ2A protein is degraded after DNA damage

To determine whether the expression levels of JMJD2A are
regulated following DNA damage, we treated U20S cells with
the chemotherapeutic drug doxorubicin and monitored
JMJID2A protein expression. DNA damage, as monitored by
the appearance of yH2AX, led to significant decrease in
JMJID2A and JMJD2B expression levels, but not of the other
JMJID2 members, JMJD2C and JMJD2D (Figure 2A). JMJD2A
protein levels were also sensitive to other DNA damaging
agents including ionizing radiation (IR) and UV (Figure 2B
and C), and exogenous JMJD2A was also affected by doxor-
ubicin treatment (Figure 2D). Using protein synthesis inhibi-
tors, we observed a global JMJD2A reduction as early as
15 min after treatment with doxorubicin and defined the half-
life of JMJD2A to be ~45 min in the presence of doxorubicin,
whereas it was >90 min in untreated cells (Figure 2E and F).
The short half-life of JMJD2A after DNA damage correlates
with the kinetics of recruitment of 53BP1 to DNA breaks in
cells treated with doxorubicin where most of the cells har-
boured foci around 30 min (Supplementary Figure S1). At the
chromatin level, the reduction of JMJD2A protein was even
more dramatic where most of the protein was no longer
associated with chromatin (Figure 2G). These results suggest
that eviction of JMJD2A from chromatin occurs rapidly
following DNA damage and that the global depletion of
JMJD2A arise simultaneously or at later time points. The
decreased stability of JMJD2A following DNA damage was
ATM dependent, since treatment of the cells with the ATM
inhibitor KU-55933 abolished the DNA damage-induced de-
gradation of JMJD2A (Supplementary Figure S2).

RNF8 and RNF168 ubiquitin ligases modulate JMJD2A

degradation

To determine if JMJD2A can be modified by ubiquitination in
vivo, we transfected U20S cells with plasmids expressing
HA-ubiquitin and Flag-JMJD2A. Cell extracts were subjected
to immunoprecipitation with anti-flag antibody and immuno-
blotted using anti-HA or anti-flag. Co-expression of HA-
ubiquitin and Flag-JMJD2A caused a dramatic increase in
ubiquitinated JMJD2A that was not observed in the absence
of HA-ubiquitin (Figure 3A). Furthermore, treatment with
the proteasome inhibitor MG132 led to JMJD2A stabilization
and increased levels of its ubiquitination (Figure 3A). MG132
also stabilized JMJD2A after DNA damage (Figure 3B).
Stabilization of JMJD2A by the inhibition of the proteasome
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caused a marked reduction in Chk2 phosphorylation, a hall-
mark of defective 53BP1 recruitment (Wang et al, 2002;
Figure 3B).

The RNF8-dependent ubiquitination cascade regulates the
recruitment of DNA damage mediators to DNA breaks by
catalysing the addition of ubiquitin moieties to H2A (Huen
et al, 2007; Kolas et al, 2007; Mailand et al, 2007; Wang and
Elledge, 2007; Doil et al, 2009; Stewart et al, 2009; Bekker-
Jensen et al, 2010). To determine the role of RNF8 in JMJD2A
protein stability after DNA damage, we co-expressed increas-
ing amounts of RNF8 with JMJD2A in U20S cells. Higher
levels of RNF8 expression led to a reduction in JMJD2A
protein levels (Figure 3C). Conversely, RNF8 knockdown
using two different siRNAs resulted in JMJD2A protein
accumulation (Figure 3D), with no change in JMJD2A
mRNA levels (Figure 3E), and abrogated JMJD2A degradation
following DNA damage (Figure 3F). RNF8 knockdown
also led to an increase of JMJD2B protein but not of
JMID2C or JMJD2D (Figure 3D), suggesting that RNF8
plays a key role in destabilizing JMJD2A and JMJD2B. We
next performed an in vitro ubiquitination assay to determine
the ability of RNF8 to directly mediate the ubiquitination of
JMID2A. We used recombinant proteins containing the
JMJD2A N-terminal (1-532) or C-terminal (533-1064) por-
tion tagged with flag and GST. A typical ubiquitination
laddering pattern was observed when the N- and C-terminal
JMID2A were incubated with either full-length RNF8 or its
RING domain, indicating that JMJD2A is a direct substrate
of RNF8 (Figure 3G). Mutation at the E2-binding interface
of the RING domain of RNF8 (RNF8'054) greatly diminished
its ability to mediate the wubiquitination of JMJD2A
(Figure 3G).

While it was initially considered that RNF8 preferentially
mediates K63-linked ubiquitination (Figure 4A), we show
that RNF8 and RNF168 are also capable of generating K48-
linked ubiquitin chains leading to proteasomal degradation
(Figure 4B), consistent with findings by Meerang et al (2011)
and Plans et al (2006). Furthermore, we show that RNF8
stimulates the formation of K48-linked ubiquitin moieties on
JMIJD2A in vivo, as wild-type ubiquitin but not K48R-mutated
ubiquitin could be used to ubiquitinate JMJD2A (Figure 4C).
The mobility of JMJD2A as assayed by fluorescence
recovery after photobleaching (FRAP) was increased in the
presence of RNF8, suggesting that ubiquitination by RNF8
also controls JMJD2A association with chromatin
(Supplementary Figure S3).

RNF8 is part of a cascade of ubiquitin ligases, including
RNF168, contributing to the DNA damage response (Huen
et al, 2007; Kolas et al, 2007; Mailand et al, 2007; Wang and
Elledge, 2007; Doil et al, 2009; Stewart et al, 2009). In U20S
cells, co-expression of RNF168 with JMJD2A, like RNF8, led
to decreased JMJD2A levels (Figure 5A). As a control, ex-
pression of the RING domain-containing E3 ubiquitin ligase
XIAP had no effect on JMJD2A protein levels (Figure 5A).
Depletion of RNF168 led to the accumulation of JMJD2A and
JMJID2B proteins , but not of JMJD2C or JMJD2D (Figure 5B).
RNF168 was able to directly ubiquitinate the N-terminal and
weakly the C-terminal of JMJD2A in vitro whereas a RING
domain mutant could not (Figure 5C). Our findings suggest
that the DNA damage-induced JMJD2A degradation is RNF8
and RNF168 dependent and that JMJD2A is a direct substrate
of RNF8 and RNF168.

The EMBO Journal VOL 31 | NO 82012 1867



RNF8- and RNF168-dependent degradation of KDM4A/JMJD2A
FA Mallette et al

A - 4+ Doxo E

Untreated

Doxo

0 15 30 45 60 9 0 15 30 45 60 90 Time (min)

JMJD2A |

JMUD2A | ™ S an e o o w wn - -
Tubulin S —— ———— — -
JNJDAD El yH2AX - -
: F
£
B Unt IR 2 100
0 60 0 60 Time (min) E
£ 80
JMUD2A | s e o 'g
a 60
3
Tubulin | D - g == g W
2 *— Control
2z 2 —=- Doxo
[}
: g o
c UV (20 J/em”) 0 30 60 90
0 3 6 12 24 h Time (min)
ki — . T Unt Doxo
0 60 0 60 Time(min)

D Vector
— + -

Flag-JMJD2A
+ Doxo

S

GFPI-— Bl _....l

TH2AX [ e |

JMID2A | '. st

Tubulin

]

Figure 2 DNA damage triggers degradation of the lysine demethylase JMJD2A. (A) Immunoblot analysis of the JMJD2 family members in
U20S left untreated or treated with 1 pM doxorubicin (doxo) for 12 h. (B) Protein stability of JMJD2A is affected by IR. U20S cells were treated
with cycloheximide and chloramphenicol for 1 h then exposed to IR (10 Gy). (C) Immunoblot analysis of JMJD2A in U20S cells exposed to UV
(20J/cm?). (D) Immunoblot analysis of U20S cells transfected with the empty vector or pLPC Flag-JMJD2A using FUGENEG and treated with
1 uM doxorubicin for 12 h. (E) JMJD2A protein half-life measurement by immunoblotting in U20S cells treated or not with 2 uM doxorubicin
(doxo) as described in Materials and methods. (F) The quantification of the results of (E) is shown. (G) Protein stability of chromatin-
associated JMJD2A in U20S cells treated with cycloheximide and chloramphenicol for 1h, and exposed to 2 uM doxorubicin for 60 min.

JMJDZ2A blocks the formation of 53BP1 foci after DNA

damage

It is known that treatment of U20S cells with proteasome
inhibitors impairs the recruitment of RAP80/BRCA1
(Jacquemont and Taniguchi, 2007; Mailand et al, 2007) and
53BP1 (Jacquemont and Taniguchi, 2007; Mailand et al, 2007;
Sakasai and Tibbetts, 2008; Supplementary Figure S4) to sites
of DNA damage without affecting the dimethylation of H4K20
(Sakasai and Tibbetts, 2008). Treatment with MG132 also
inhibits the recruitment at DNA breaks of a minimal focus-
targeting fragment of 53BP1 spanning the tandem tudor
domain, suggesting that proteasome inhibition or depletion
of nuclear ubiquitin blocks an event required for the tudor
domain recruitment (Sakasai and Tibbetts, 2008). We wanted
to investigate the role of JMJD2A protein degradation in
53BP1 foci formation. To do this, we ectopically reconstituted

1868 The EMBO Journal VOL 31| NO 8| 2012

the levels of IMJID2A after DNA damage to a level comparable
to endogenous JMJD2A in untreated cells (Supplementary
Figure S5) and examined the presence of YH2AX, MDCI and
53BP1 at sites of DNA damage. Interestingly, the expression
of Flag-JMJD2A prevented the recruitment of 53BP1
(Figure 6A), but not YH2AX (Supplementary Figure S6A)
and MDC1 (Supplementary Figure S6B) at sites of DNA
damage following IR (Figure 6B). As a control, we also
detected a defect in 53BP1 recruitment at sites of DNA
damage in cells treated with RNF8 siRNAs (Figure 6A and
B), as previously reported (Huen et al, 2007; Kolas et al, 2007;
Mailand et al, 2007). Similar results were obtained in cells
treated with doxorubicin indicating that 53BP1 recruitment
behaves the same way in cells treated with IR or doxorubicin
(Supplementary Figure S7). Contrary to the silencing of
RNFS8, the expression of JMJD2A did not affect RAP80 foci

©2012 European Molecular Biology Organization
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(E) Relative mRNA levels using RT-qPCR for RNF8 and JMJD2A in U20S cells transfected with GFP or RNF8 siRNAs using Lipofectamine
RNAiIMAX. (F) Protein stability of JMJD2A in U20S cells transfected with siGFP or siRNF8, pre-treated with cycloheximide and chloramphe-
nicol for 1h and then treated with 2 pM doxorubicin. (G) The Flag-GST-tagged JMJD2A C- and N-terminal regions were used as substrates for
ubiquitination by purified RNF8 wild-type or RING domain mutant RNF8'“%*# in the presence of E1 (Ubal), E2 (UbcHSc) and ubiquitin.
Increasing concentrations (0.1, 0.3 or 0.9 uM) of RNF8 or RNF8"“%# were used. The ubiquitination reactions were analysed by anti-flag
immunoblotting.

formation, suggesting that RNF8 engages two independent
pathways to recruit RAP80 and 53BP1 (Figure 6C). The
inability to efficiently recruit 53BP1 to DNA breaks leads to
defects in the phosphorylation of Chk2 at threonine 68 (Wang
et al, 2002). Ectopic expression of JMJD2A also caused a
significant reduction in the phosphorylated form of Chk2 at
threonine 68 as expected in cells with 53BP1 foci defects
(Figure 6D). The closely related JMJD2B, whose expression
level is also sensitive to DNA damage (Figure 2A), but not
JMJD2C and JMJD2D, also blocked the formation of 53BP1
foci (Figure 6E and F; Supplementary Figure S8), indicating

©2012 European Molecular Biology Organization

that the other members of the JMJD2 family harbouring a
tandem tudor domain may also regulate 53BP1 recruitment.
As a control, another H4K20(me2) binding protein, PHF20,
was overexpressed in the cells. The displacement of 53BP1
from DNA damage foci was not observed following expres-
sion of PHF20, suggesting that the effect is specific to
JMID2A/B (Supplementary Figure S9). PHF20, like 53BP1
and JMJD2A, has specificity for H4K20me2 but lower affinity
than 53BP1 and JMJD2A (GM, personal communication);
and therefore, unlike JMJD2A, PHF20 cannot efficiently
compete with 53BP1 for binding H4K20me?2.

The EMBO Journal VOL 31 | NO 82012 1869
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The blockage of 53BP1 foci formation by JMJD2A suggests
two possible mechanisms by which JMJD2A controls 53BP1
recruitment: either the catalytic activity of JMJD2A is re-
quired for the demethylation of histone marks other than
H4K20(me2), or the IMJD2A tandem tudor domain competes
with the 53BP1 tandem tudor domain for methylated his-
tones. To discriminate between these two possible mechan-
isms, we generated an amino-acid substitution within the
JMJD2A JmjC catalytic domain (JMJD2AM'®4) known to
abrogate demethylase activity (Whetstine et al, 2006). We
also substituted aspartic acid at position 939 to an arginine in
the tandem tudor domain (JMJD2AP*%) to disrupt binding
to H4K20(me2/3) (Lee et al, 2008). Expression plasmids
encoding the JMJD2A mutant proteins were transfected in
U20S cells and assayed for 53BP1 recruitment at DNA
damage sites following IR. Like wild-type JMJD2A, the ex-
pression of JMJD2AM'®4 prevented 53BP1 recruitment
(Figure 7A and B; Supplementary Figure S10), indicating
that the demethylase activity is not required. Interestingly,
compromising the JMJD2A tandem tudor domain signifi-
cantly re-established the recruitment of 53BP1 (Figure 7A
and B; Supplementary Figure S10). The expression of
IMID2AP?**R Jed to a partial rescue of 53BP1 foci formation
as this mutant retains some ability to bind H4K20(me2/3)
(Lee et al, 2008). These results suggest that the JMJD2A
tandem tudor domain blocks the accessibility of 53BP1 to
H4K20(me2) in damaged and undamaged cells.

Since JMJD2A had first been described as a transcriptional
repressor (Zhang et al, 2005; Klose et al, 2006), we examined
the possibility that JMJD2A regulates 53BP1 expression or the
53BP1 recruiting methyl mark H4K20(me2). U20S cells were
stably infected with retroviruses expressing Flag-JMJD2A or
an empty control vector and the 53BP1 protein expression
and histone methyl marks were examined by immunoblot-
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ting. The ectopic expression of JMJD2A did not alter 53BP1
protein expression, nor did it have an effect on the presence
of H4K20(me2) (Figure 7C). However, as expected, both
H3K9(me3) and H3K36(me3) were decreased with JMJD2A
expression (Figure 7C). These findings show that JMJD2A
does not regulate 53BP1 protein levels nor the dimethylation
of H4K20 known to be implicated in its recruitment.

Combined depletion of JMJD2A and JMJD2B rescues
53BP1 foci in RNF8- and RNF168-depleted cells

To confirm the role of RNF8-mediated degradation of JMJD2A
in the recruitment of 53BP1, we used siRNAs targeting the
different JMJD2 family members to rescue the 53BP1 defects
in siRNF8-treated cells. The knockdown of JMJD2A alone
was insufficient to re-establish the formation of 53BP1 foci in
RNF8-knockdown cells (Supplementary Figure S11A and B).
However, the combined knockdown of JMJD2A and JMJD2B
significantly rescued the defects caused by the absence of
RNF8 (Figure 8A and B; Supplementary Figures S11 and S12).
This recovery of 53BP1 foci was not observed when
siJMJD2A was combined with siJMJD2C (Supplementary
Figure S11A and B), a family member not regulated by
DNA damage (Figure 2A) and unable to efficiently block
53BP1 foci formation (Figure 6E and F). Furthermore, the
combined knockdown of JMJD2A and JMJD2B also rescued
the formation of 53BP1 foci in RNF168-depleted cells (Figure
8C and D). Depletion of JMJD2A/B in RNF8- and RNF168-
deficient cells leads to the recruitment of 53BP1 at foci rather
than on the entire chromosome, as there are other factors
such as MMSET that are required to coordinate 53BP1
recruitment (Pei et al, 2011). We also performed the combined
knockdown of JMJD2A and JMJD2B in undamaged cells and
we noticed a significant increase of 53BP1 foci consistent
with the few double-strand breaks observed in untreated

©2012 European Molecular Biology Organization



Flag (JMJD2A)

RNF8

RNF168

Myc (XIAP)

Tubulin

RNF8- and RNF168-dependent degradation of KDM4A/JMJD2A
FA Mallette et al

R
&
& &
P
Flag-JMJD2A E
RNF8
RNF168 JMJD2A —
Myc—XIAP
JMJD2B | e
JMJD2C _-_.—
RNF168 ‘

Tubulin

200 kDa —

150 kDa

100 kDa —

.0-3--.’-!..‘.!

Sl Pl Nl |

RNF168WT

RNF168'18A

RNF168WT RNF168'18A

GST-C-ter-JMJD2A-~Flag

GST-N-ter-JMJD2A-Flag

Figure 5 RNF168 directly ubiquitinates and regulates JMJD2A protein stability. (A) JMJD2A levels in U20S cells transfected with plasmids
expressing Flag-JMJD2A and RNF8, RNF168 or myc-XIAP. (B) Immunoblots of JMJD2 family members in U20S cells transfected with siGFP or
siRNF168sp. (C) In vitro ubiquitination of JMJD2A by RNF168. The Flag-GST-tagged JMJD2A C- and N-terminal regions were used as
substrates for ubiquitination by purified RNF168 wild-type or RING domain mutant RNF168*# in the presence of E1 (Ubal), E2 (UbcH5c) and
ubiquitin. Increasing concentrations (0.1, 0.3 or 0.9 uM) of RNF168 or RNF168'3 were used. The ubiquitination reactions were analysed by

anti-flag immunoblotting.

cells, while the single knockdown of JMJD2A had no impact
on the formation of 53BP1 foci (Supplementary Figure S13).
These results confirm the importance of JMJD2A/B degrada-
tion in the recruitment of 53BP1 at DNA damage sites.

Our findings imply that cells unable to degrade JMJD2A
should display enhanced radiosensitivity. Indeed, the ectopic
expression of wild-type JMJD2A or catalytic inactive
IMJID2AM!884 Jed to DNA damage hypersensitivity in U20S
cells, as assayed by a clonogenic survival assay (Figure 8E).
However, the JMJD2A mutant disrupting the tandem tudor
domain (JMJD2AP?*°®) had no effect on cell survival follow-
ing DNA damage (Figure 8E). These findings demonstrate the
cellular role of JMJD2A in controlling the DNA damage
response and 53BP1 recruitment. Our findings reveal that
the RNF8-dependent degradation of JMJD2A following DNA
damage exposes methylated histone marks for the recruit-
ment of 53BP1 at DNA damage sites.

Discussion

53BP1 plays a crucial role in the preservation of genomic
integrity (Morales et al, 2003) and the recruitment of 53BP1

©2012 European Molecular Biology Organization

at sites of DNA damage inhibits DNA end resection favouring
non-homologous end joining (Bothmer et al, 2011). However,
the molecular mechanism leading to the localization of
53BP1 at DNA breaks is still unclear. The dimethylation of
H4K20 allows direct recognition by the tandem tudor domain
of 53BP1 (Botuyan et al, 2006), but the event causing the
exposure of H4K20(me2) was undefined. Since the lysine 20
of histone H4 is buried in stacked nucleosomes, it was
initially thought that further modification of the chromatin
might promote the accessibility of H4K20(me2), but nucleo-
somes are highly dynamic structures that allow exposure
even of buried sites of chromatin (Li et al, 2005). Recently,
it has been shown that the methyltransferase MMSET is
recruited to DNA breaks to further enhance local methylation
of H4K20 (Pei et al, 2011). Since most molecules of histone H4
are methylated on lysine 20 in untreated cells, this model of
local increase of H4K20(me2) does not explain why 53BP1 is
not constitutively bound to H4K20me2 throughout the chro-
matin in undamaged cells. Furthermore, this model does not
integrate the requirement of the RNF8/RNF168 ubiquitina-
tion cascade. Based on the results obtained, we now propose
a novel model linking histone methylation to RNF8 and
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transfected cells.

RNF168. Taken together, the results presented here suggest
that pre-existing methylated residues on H4 are bound by the
tandem tudor of JMJD2A/B and that DNA damage triggers
the degradation of JMJD2A/B to allow the exposure of
methylated H4K20 for the binding of 53BP1. The RNF8- and
RNF168-dependent ubiquitination cascade not only leads to
the formation of polyubiquitin chains on histone H2A to

The EMBO Journal VOL 31 | NO 8] 2012

allow the recruitment of RAP80/BRCA1, but also regulates
the degradation of JMJD2A to give accessibility to 53BP1 to
methylated histones (Figure 9). In support of our model, we
described rapid degradation of JMJD2A (Figure 2E and F),
which correlates with the kinetics of 53BP1 recruitment
(Supplementary Figure S1). The relative affinity of
JMID2A/B for H4K20(me2) is also significantly higher than
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vector.

53BP1 (Figure 1D), suggesting that JMJD2A/B might pre-
clude the recruitment of 53BP1. Furthermore, ectopic expres-
sion of JMJD2A/B competes with 53BP1 (Figure 6A, B, E and
F; Supplementary Figure S7), indicating that JMJD2A/B must
be efficiently degraded to ensure 53BP1 recruitment. JMJD2A
and JMJD2B expression also caused enhanced sensitivity to
DNA damage (Figure 8E). The presence of DNA repair defects
caused by JMJD2A and JMJD2B, as opposed to other poten-
tial causes of enhanced sensitivity, remains to be addressed in
future studies. We also identified a novel direct substrate of
RNF8- and RNF168-mediated ubiquitination (Figures 3G and
5C), adding JMJD2A to the previously only known target,
H2A. Our observation that both RNF8 and RNF168 are
required for JMJD2A degradation is consistent with the data
showing 53BP1 foci formation defects in RNF8- or RNF168-
deficient cells. Finally, the rescue of 53BP1 foci in RNF8- and
RNF168-depleted cells by the combined knockdown of
JMID2A and JMJD2B confirms that JMJD2A and JMJD2B
are downstream targets of RNF8/RNF168 and that their
degradation is required for efficient recruitment of 53BP1
(Figure 8A-D). Altogether, our results provide the first link
between RNF8, RNF168, histone methylation and 53BP1
recruitment.

We observed a dramatic decrease in JMJD2A chromatin
association after DNA damage (Figure 2G), suggesting that

©2012 European Molecular Biology Organization

RNF8- and RNF168-dependent ubiquitination might also
contribute to the release of JMJD2A from the chromatin
and then allow protein degradation. Supporting this, we
demonstrated that JMJD2A chromatin mobility is regulated
by RNF8 (Supplementary Figure S3). Interestingly, the ubi-
quitin-selective segregase VCP/p97 stimulates the chromatin
eviction of K48-linked ubiquitinated proteins (Ramadan et al,
2007; Verma et al, 2011). Furthermore, the recruitment of
VCP/p97 to DNA breaks could promote the release of ubi-
quitinated JMJD2A to allow the efficient recruitment of
53BP1 (Meerang et al, 2011). The ATPase VCP/p97 promotes
the removal of L3MBTLI, a protein able to bind to
H4K20(me2), from DNA breaks, indicating that not only
JMID2A/B but also other H4K20(me2) binding proteins
might regulate the recruitment of 53BP1 (Acs et al, 2011).
However, JMJD2A (Kp = 2.0 uM) and JMJD2B (Kp = 27.7 uM)
have significantly higher affinity for H4K20(me2) than both
L3MBTL1 (Kp=211puM; Min et al, 2007) and 53BP1
(Kp=50.8 uM), suggesting that JMJD2A/B release from chro-
matin is crucial to permit H4K20(me2) exposure and recruit-
ment of 53BP1. The abundance of JMJD2A/B and L3MBTL1
in different tissues could also regulate 53BP1 foci formation.
While JMID2A is widely expressed in various tissues (Zhang
et al, 2005), LAMBTLI1 expression is restricted mainly to testis
and brain (Qin et al, 2010).

The EMBO Journal VOL 31 | NO 82012 1873



RNF8- and RNF168-dependent degradation of KDM4A/JMJD2A
FA Mallette et al

A SIRNF8#1 SIRNF8#1 B 100+
+ siJMJD2A-01 + siJMJD2A-02
siGFP siRNF8#1 + siJMJD2B-01 + siJMJD2B-05 z
5 754 *
- o %
o n —
m N
Q £ 50 4
H
0
Z 25+
o
o
< e
o DD LD D
,bc-.\“\ oV oV &
& e 0 0
QQ #\\ IS )
FELL L
i ; & P
C siRNF168sp + SiRNF168sp + & e 8
siJMJD2A-01 + siJMJD2A-02 + S qu
siGFP siRNF168sp siJMJD2B-01 siJMJD2B-05 Qq,?‘ Or,?'
& &
x
M A,
x & &
@ & &
[ ] & é\
uwn
D 100 -
3
E —
% 8
a w
N
£
E
. —=—Vector ]
E 100 4 —— JMJD2AWT %
F —— JMJD2AH188A o
§ —+— |IMJD2AD939R
i JMJD2B
] ——JMJD2D
E I
3 I
w
°
(&} il *
*
10 4 p*
0 1 2 3 4 &
Etoposide (uM) &

Figure 8 Combined knockdown of JMJD2A and JMJD2B rescues 53BP1 foci formation in RNF8- and RNF168-depleted cells. (A) Indirect
immunofluorescence of 53BP1 in U20S cells transfected with siRNF8#1 and different combinations of individual siJMJD2A and siJMJD2B, and
fixed 1h after IR (3 Gy). Scale bar corresponds to 20 pm. (B) Quantification of the 53BP1 foci in U20S cells transfected with siRNF8#1 and
different combinations of siJMJD2A and siJMJD2B. These data represent the average and standard deviation of three independent counts of 100
cells. Asterisks correspond to a P<0.05 using Student’s t-test. (C) Indirect immunofluorescence of 53BP1 in U20S cells transfected with a
SMARTpool siRNF168sp and different combinations of individual siRNAs targeting JMJD2A and JMJD2B and fixed 1 h after IR (3 Gy). Scale bar
corresponds to 20 um. (D) Quantification of the 53BP1 foci in U20S cells transfected with siRNF168sp and different combinations of individual
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represent a P<0.05 using the two-way ANOVA test.

Chromatin compaction was also found to modulate DNA
repair processes. The dimethylation of H3K36 enhances the
early recruitment of DNA repair factors, such as Ku70 and
NBS1, and DNA repair through non-homologous end joining
(Fnu et al, 2011). The local degradation of enzymes catalysing
demethylation of H3K36, like JMJD2A and JMJD2B, could
preserve the methylation state of histones thus increasing
repair efficiency. Inhibiting the catalytic activity of JMJD2A/B
through the RNF8- and RNF168-mediated degradation would
provide another molecular mechanism leading to improved
DNA repair efficacy by locally preserving methylation of
H3K36 but also by promoting the recruitment of 53BP1.

Recently, JMD2A has been shown to be regulated by two
different F-box ubiquitin ligases, FBX022 and FbxL4 (Tan
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et al, 2011; Van Rechem et al, 2011). While the role of FbxL4-
mediated degradation of JMJD2A has been associated with
the regulation of the cell cycle, the role of FBX022 is still
unclear and might be related to development or differentia-
tion. We now identify two RING finger ubiquitin ligases,
RNF8 and RNF168, regulating JMJD2A ubiquitination in
response of DNA damage and controlling the recruitment of
53BP1. Taken together, these findings show that JMJD2A
protein levels are highly regulated by ubiquitination and the
proteasome.

Ubiquitin and SUMO are key protein modifiers localizing
to DNA breaks and regulating the formation of protein-
protein interactions after DNA damage (Huen et al, 2007;
Kolas et al, 2007; Mailand et al, 2007; Galanty et al, 2009;

©2012 European Molecular Biology Organization



Figure 9 The RNF8- and RNF168-mediated degradation of JMJD2A
regulates the formation of 53BP1 foci. Schematic model of the role
of RNF8/RNF168 in the degradation of JMJD2A and the formation
of 53BP1 and BRCA1/RAP80 foci. In undamaged cells, JMJD2A
binds H4K20(me2) via its tandem tudor domain. Following DNA
damage, RNF8 initiates the ubiquitination of JMJD2A which is
further amplified by RNF168 to ensure efficient and local degrada-
tion of JMJD2A leading to the exposure of H4K20(me2). 53BP1,
which can bind H4K20(me2) with a lower affinity than JMJD2A/B,
can now interact with H4K20(me2) through its tandem tudor to
accumulate at sites of DNA damage. RNF8 and RNF168 trigger two
types of ubiquitination cascades leading independently to the
recruitment of RAP80 and 53BP1.

Morris et al, 2009), but the role of ubiquitin-dependent
degradation in the DNA damage response remains undefined.
Our study highlights the role of ubiquitin and protein degra-
dation in the dynamics of 53BP1 foci formation in response to
DNA damage. We also demonstrate a common activity of the
RNF8 and RNF168 ubiquitination cascade. Previous literature
suggested for H2A ubiquitination that RNF8 is required to
initiate histone ubiquitination, but RNF168 is necessary to
amplify the ubiquitin conjugation (Doil et al, 2009; Stewart
et al, 2009). Our results describe a joint action during
JMJID2A ubiquitination and degradation after DNA breaks
confirming a conserved joint activity for RNF8- and RNF168-
mediated ubiquitination. Although H4K20(me2) has been
reported to increase at DNA breaks (Pei et al, 2011), our
model is consistent with the pre-existence of H4K20(me2)
observed in ~85% of all H4 molecules in undamaged cells
(Schotta et al, 2008). The tighter affinity of JMJD2A and
JMJID2B for H4K20(me2) compared with 53BP1 suggests that
in the absence of their complete degradation, JMJD2A and
JMJD2B would remain loaded on chromatin instead of allow-
ing formation of 53BP1 foci (Figure 6A and F). The local
degradation of JMJD2A at sites of RNF8/RNF168 recruitment
would allow confined and precise exposure of H4K20(me2) to
ensure efficient and restricted 53BP1 accumulation. In addi-
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tion, we identify JMJD2A as a link between the RNF8-
mediated ubiquitination cascade and the recruitment of
53BP1 to methylated histones at damaged sites.

Materials and methods

Cells, plasmids, site-directed mutagenesis and retroviral
infections

Human osteosarcoma cells U20S (ATCC) were cultured in
Dulbecco’s modified Eagle medium (DMEM) supplemented with
10% fetal bovine serum (FBS) (Hyclone) and antibiotics. The
plasmids encoding RNF8 and RNF168 were previously described
(Kolas et al, 2007; Stewart et al, 2009). The pLPC-puro Flag-
JMJID2A, Flag-JMJD2B and Flag-JMJD2D were generated by
introducing an amino-terminal flag epitope by PCR and cloning
into pLPC-puro. The pCMV6-myc-DDK-JMJD2C was obtained from
OriGene. Retroviral infections were carried out as previously
described (Mallette et al, 2007). Site-directed mutagenesis was
performed using the Quick Change site-directed mutagenesis kit
(Stratagene).

Isothermal titration calorimetry

The ITC measurements were carried out at 10°C using a VP-ITC
titration calorimeter (GE Healthcare). 53BP1-tudor and JMJD2A-
tudor were prepared as previously published (Botuyan et al, 2006).
The DNA sequence of the hybrid tudor domains of murine JMJD2B
(JMJD2B-tudor, residues 898-1009) was cloned into an expression
plasmid derived from pET15b (Novagen) encoding a tobacco etch
virus (TEV) protease-cleavable N-terminal (His)s tag. The protein
was produced in BL21(DE3) E. coli cells (Novagen). Bacteria were
grown at 37°C to an optical density at 600 nm of about 0.9 and then
transferred to 18°C. Protein production was induced with 1 mM
final concentration of isopropyl B-p-1 thiogalactopyranoside after
45min at 18°C and allowed to continue overnight. Cells were
harvested and ruptured using an Emulsiflex C-5 high-pressure
homogenizer (Avestin, Inc.) and the protein purified by Ni?"-NTA
affinity chromatography following a standard protocol (Qiagen).
The (His)s tag was cleaved by overnight digestion with TEV
protease at room temperature, leaving the GHM sequence at the N-
terminus of JMJD2B-tudor. The protein was further purified by size
exclusion chromatography using a Superdex 75 column (GE
Healthcare). The H4K:20me2 peptide (residues 12-25) was
prepared from expression in E. coli and chemical installation of a
methyllysine analogue using a previously reported procedure
(Simon et al, 2007; Cui et al, 2009). Protein and peptide samples
were in 50mM Tris-HCI, pH 7.5 and 50 mM NaCl. H4K:;20me2,
placed in the calorimeter injection syringe at concentrations ranging
from 1 to 2 mM, was delivered to the reaction cell containing 53BP1-
tudor, JMJD2A-tudor or JMJD2B-tudor at concentrations of 30 uM.
Data were analysed by LevenbergMarquardt non-linear regression
fit of the ITC isotherms using a model corresponding to one
independent binding event.

Western blot analysis and immunofluorescence
For western blotting, cells were lysed in 20mM Tris (pH 7.5),
150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100 and EDTA-
free protease inhibitors (Complete, Roche) and sonicated three
times for 10s each. Proteins were separated on SDS-PAGE and
transferred onto nitrocellulose membranes (Bio-Rad). Primary
antibodies used were anti-H3K36(me3) (9763, Cell Signaling;
1:1000), anti-H3K9(me3) (AR-0170, Lake Placid Biologicals;
1:2500), anti-H3 (AR-0144, Lake Placid Biologicals; 1:5000), anti-
H4K20(me2) (05-672, Upstate; 1:2000), anti-H4 (07-108, Upstate;
1:5000), anti-yH2AX (39117, ActiveMotif; 1:1000), anti-pChk2T¢®
(2661, Cell Signaling; 1:1000), anti-a-Tubulin (B-5-1-2, Sigma;
1:5000), anti-pan-Actin (C4, Millipore; 1:5000), anti-flag (M2,
Sigma; 1:4000), anti-GFP (Roche; 1:1000), anti-JMJD2A (NB110-
40585, Novus Biologicals; 1:1000), anti-JMJD2B (NB100-74605,
Novus Biologicals; 1:2000), anti-JMJD2C (NB110-38884, Novus
Biologicals; 1:1000), anti-HA (12CAS, 1:1000), anti-RNF8 (kind gift
of Dr Junjie Chen, Department of Therapeutic Radiology, Yale
University School of Medicine, New Haven, CT, USA; 1:500) and
anti-53BP1 (NB100-304, Novus Biologicals; 1:1000).

For immunofluorescence, U20S cells transfected with pLPC-puro
Flag-JMJD2A or siRNA targeting RNF8 were grown on coverslips in
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6-well plates. Cells were fixed 1 h after IR or doxorubicin treatment
in 4% paraformaldehyde for 15min and permeabilized with PBS,
3% BSA, 0.2% Triton X-100 for 5 min. Cells were then washed three
times with PBS, 3% BSA and stained with anti-flag (M2, Sigma;
1:400), anti-JMJD2A (NB110-40585, Novus Biologicals; 1:200 and
3393, Cell Signaling; 1:200), anti-53BP1 (NB100-304, Novus
Biologicals; 1:200), anti-yH2AX (JBW301, Upstate; 1:200), anti-
ubiquitin K48 specific (APU2, Millipore; 1:200), anti-ubiquitin K63
specific (APU3, Millipore; 1:200), anti-pChk2™®® (2661, Cell Signal-
ing; 1:200), anti-MDC1 (NB100-397A, Novus Biologicals; 1:200) or
anti-RAP80 (A300-763A, Bethyl; 1:200). Secondary antibodies used
were AlexaFluor488- or AlexaFluor546-conjugated secondary anti-
bodies (Molecular Probes; 1:1000).

Protein stability assay

For half-life measurement, U20S cells were pre-treated with 100 pg/
ml cycloheximide and 40 pg/ml chloramphenicol for 1 h. Cells were
then left untreated or treated with 2 pM doxorubicin and harvested
at the indicated time periods.

Chromatin isolation
Chromatin isolation by small-scale biochemical fractionation was
performed as previously described (Mendez and Stillman, 2000).

siRNA transfections

siRNAs targeting GFP (5'-AAC ACU UGU CAC UAC UUU CUC-3'),
RNF8 (siRNF8#1: 5-CAG AGA AGC UUA CAG AUG UUU-3,
siRNF8#2: 5'-AGA AUG AGC UCC AAU GUA UUU-3') (as previously
described; Huen et al, 2007), RNF168 (siGENOME SMARTpool),
JMJD2A (siGENOME SMARTpool and individuals), JMJD2B (si-
GENOME SMARTpool and individuals) and JMJD2C (siGENOME
SMARTpool) were all purchased from Thermo-Scientific (Dharma-
con). All siRNA transfections were performed with 25nM siRNA
duplexes using Lipofectamine RNAIMAX reagent (Invitrogen) in a
reverse transfection mode according to manufacturer’s protocol.

Protein expression and purification

Recombinant full-length human RNF8 was cloned in an N-terminal
GST-3C pFastbac vector, and expressed in Sf21 insect cells. The
plasmid containing the cDNA of RNF168 (a gift of J Lukas) was
expressed in E. coli as a GST-fusion protein. Mutations at the E2-
binding interface of the RING domain of RNF8 (RNF8"%5%) and
RNF168 (RNF168"84) greatly reduced the ubiquitin ligase activity
(Brzovic et al, 2003). The proteins were purified on glutathione
beads (GE Healthcare) in a buffer containing 50 mM HEPES pH 8.0,
500 mM NaCl, 10% glycerol, 1 uM ZnCl,, 1 mM TCEP for RNFS,
while a buffer containing 50 mM HEPES pH 8.0, 200 mM NaCl, 10%
glycerol, 1uM ZnCl,, 1mM TCEP was used for RNF168. After
elution with 50 mM glutathione, the protein was cleaved in solution
with 3C protease. Protein was diluted to 50 mM NaCl and purified
by Heparin affinity chromatography (GE Healthcare). The RING
domain of human RNF8, residues 351-485, was expressed in E. coli
as a GST-fusion protein. Protein was purified over glutathione beads
in a buffer containing 50 mM HEPES pH 8.0, 50mM NaCl, 10%
glycerol, 1uM ZnCl,, 1mM TCEP. After elution with 50 mM
glutathione, the protein was cleaved in solution using 3C protease
and purified on an S75 Superdex column (GE Healthcare) in tandem
with a GSH column (1ml, GE Healthcare), followed by ion
exchange chromatography on a ResourceQ column. Proteins were
concentrated to 1-10mg/ml and stored at —80°C in lysis buffer.
Flag-tagged N-terminal JMJD2A (residues 1-532) and C-terminal
JMJID2A (residues 533-1064) were cloned into pGEX-5X3, and
proteins were purified in E. coli using standard GST protein
purification. Ubal, UbcHS5c¢c and ubiquitin were prepared as
previously described (Buchwald et al, 2006).

Ubiquitination assays

For in vivo ubiquitination, U20S cells were co-transfected with
pLPC Flag-JMJD2A and pcDNA HA-ubiquitin. Twenty-four hours
following transfection, cells were treated or not with 5uM MG132
for 16h. Cells were then lysed in 20mM Tris (pH 7.5), 150 mM
NaCl, 1mM EDTA, 1mM EGTA, 1% Triton X-100, 10mM N-
ethylmaleimide and EDTA-free protease inhibitors (Complete,
Roche) and sonicated three times for 10s each. Cell lysates were
incubated with anti-flag M2 (Sigma) overnight at 4°C. A mixture of
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protein A/G-agarose was used to immunoprecipitate the complexes
and proteins were resolved by SDS-PAGE.

For in vitro ubiquitination, purified human Ubal (600nM) was
mixed with UbcHS5c (500nM), the E3 ligases (2puM), ubiquitin
(94 uM), ATP (3 mM) and different constructs of Flag-GST-JMJD2A
or Flag-GST. The reactions were incubated at 32°C for 3h in a
buffer containing S0 mM Tris/HCI (pH 7.5), 100mM NaCl, 10 mM
MgCl,, 1 uM ZnCl,, 1 mM TCEP. The reactions were stopped using
SDS loading buffer, then samples were boiled and loaded on 4-12 %
NuPAGE gels (Invitrogen). Detection was performed by western blot
using anti-flag antibody (M2, Sigma-Aldrich; 1:5000) in 5% milk
and blotted onto nitrocellulose.

Biotinylated peptides pulldown

Peptide pulldowns were performed as previously described (Kim
et al, 2006). Briefly, biotinylated peptides (1 ng) were immobilized
on streptavidine beads in 500 pl of binding buffer (50 mM Tris-HCl
pH 7.5, 15mM NaCl, 1 mM EDTA, 2mM DTT and 0.5% NP-40)
overnight at 4°C. Following three washes with binding buffer, 1 ug
of GST-purified fusion protein corresponding to the tandem tudor
domain of JMJD2A or 53BP1 was incubated with the beads for 2.5h
at 4°C. After five washes with binding buffer, proteins were boiled
in Laemmli buffer and analysed by SDS-PAGE. Detection was
performed by western blot using anti-GST antibody (HRP) (ab3416,
Abcam; 1:5000).

RT-qPCR

In all, 2 pg of total RNA was reverse transcribed in a final volume of
20 ul using the High Capacity cDNA Reverse Transcription Kit with
random primers (Applied Biosystems) as described by the
manufacturer. Gene expression level for endogenous controls was
determined using pre-validated Tagman Gene Expression Assays
(Applied Biosystems). qPCRs in 384-well plate were performed
using 1.5pl of cDNA samples (5-25ng), 5ul of the TagMan Fast
Universal PCR Master Mix (Applied Biosystems), 0.5ul of the
TagMan Gene Expression Assay (20 x ) and 3 pl of water in a total
volume of 10 pl. The following assays were used as endogenous
control: GAPDH (glyceraldehyde-3-phosphate dehydrogenase), TBP
(TATA binding protein), HPRT1 (hypoxanthine guanine phosphor-
ibosyl transferase) and ACTB (B-actin). Gene expression level for
target genes was determined using assays designed with the Uni-
versal Probe Library from Roche (http://www.universalprobelibrary.
com). qPCRs for 384-well plate format were performed using 1.5 pl of
cDNA samples (5-25ng), Spl of the TagMan Fast Universal PCR
Master Mix (Applied Biosystems), 2 uM of each primer and 1 uM of a
UPL probe in a total volume of 10pl. The ABI PRISM®™ 7900HT
Sequence Detection System (Applied Biosystems) was used to detect
the amplification level and was programmed with an initial step of
3 min at 95°C, followed by 40 cycles of 5s at 95°C and 30 at 60°C. All
reactions were run in triplicate and the average values of Cts were
used for quantification. The relative quantification of target genes was
determined using the AACT method.

Fluorescence recovery after photobleaching

Jmjd2a-mEGFP and Jmjd2b-EGFP were introduced into RNF8 ©/+
and RNF8/~ cells (Wu et al, 2009) by transient transfection and
relative mobility was analysed using FRAP (Raghuram et al, 2010).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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