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Abstract

Histone ubiquitinations are critical for the activation of the DNA damage response (DDR). In particular, RNF168 and RING1B/
BMI1 function in the DDR by ubiquitinating H2A/H2AX on Lys-13/15 and Lys-118/119, respectively. However, it remains to
be defined how the ubiquitin pathway engages chromatin to provide regulation of ubiquitin targeting of specific histone
residues. Here we identify the nucleosome acid patch as a critical chromatin mediator of H2A/H2AX ubiquitination (ub). The
acidic patch is required for RNF168- and RING1B/BMI1-dependent H2A/H2AXub in vivo. The acidic patch functions within
the nucleosome as nucleosomes containing a mutated acidic patch exhibit defective H2A/H2AXub by RNF168 and RING1B/
BMI1 in vitro. Furthermore, direct perturbation of the nucleosome acidic patch in vivo by the expression of an engineered
acidic patch interacting viral peptide, LANA, results in defective H2AXub and RNF168-dependent DNA damage responses
including 53BP1 and BRCA1 recruitment to DNA damage. The acidic patch therefore is a critical nucleosome feature that
may serve as a scaffold to integrate multiple ubiquitin signals on chromatin to compose selective ubiquitinations on
histones for DNA damage signaling.
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Introduction damage signaling and repair [6,8,9]. Ubiquitin-mediated respons-
es to DNA damage include histone H2A and variant H2AX
ubiquitinations (H2A/H2AXub). Indeed, H2A/H2AX is ubiqui-
tinated by RNF168, which targets Lys-13/15 within the N-

terminal tail [10-12], and RING1B/BMII that ubiquitinates C-

Eukaryotic DNA is bound by histone proteins and organized
into chromatin, the true i wwo substrate of transcription,
replication and DNA repair, processes that are important in

preserving genome integrity. Chromatin structure and function
are highly regulated by histone post-translational modifications
(PTMs) [1]. Histones are modified on distinct amino acid residues
by different PTMs, such as phosphorylation, acetylation and
ubiquitination, including several that are involved in DSB repair
[2]. Upon DSB formation, H2AX is phosphorylated on Ser-139
within its C-terminal tail by the PIKK family kinases ATM, ATR
and DNA-PK, to yield YH2AX [3]. YH2AX can be generated
over a megabase of chromatin surrounding DSBs, thus creating
microscopically-visible ionizing radiation-induced nuclear foci
(IRIF) [4,5]. YH2AX creates a binding site for the DNA damage
protein MDC1, which promotes the localization of other DNA
damage factors to damage sites [2]. Numerous E3 ubiquitin ligases
including RNF8, RNF168, BRCAI, RINGIB and BMII are
recruited to DNA lesions [6,7]. Collectively these DNA damage
factors orchestrate the DNA damage response (DDR) that is a
complex signaling network that is critical in regulating DNA
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terminal Lys-118/119 of H2A/H2AX [13-16]. Ubiquitinated
histones H2AX and H2A mediate the chromatin association of
both the mediator protein 53BP1 and the repair factor BRCAL.
These interactions occur through binding to Ubiquitin-interaction
motif (UIM) domains in 53BP1 and in the BRCAIl-interacting
protein RAP80 [17,18]. Thus, site-specific histone ubiquitinations
mediate critical signaling events that promote sensing and repair of
DNA damage in mammalian cells [2,6,19]. Although the role of
histone ubiquitination is well established in DNA damage
signaling, it is unclear how the ubiquitin E3 ligases recognize
their specific lysine targets on histones within the context of the
nucleosome. Whether the nucleosome itself is involved in
mediating the site-specific ubiquitin modifications on histones in
response to DNA damage or other biological signals involving
histone ubiquitinations has not yet been established. In this study,
we find that the nucleosome acidic patch is required for RNF168-
and RING1B/BMI1-dependent H2A and H2AX ubiquitination.
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Author Summary

Post-translational modifications of histones play important
roles in regulating both the structure and function of
chromatin. As all DNA based processes, including tran-
scription, DNA replication and DNA repair, occur within the
context of chromatin, the actual in vivo substrate of these
reactions is chromatin. Thus, understanding these pro-
cesses within the context of chromatin is vital for
providing mechanistic insights into chromatin-based pro-
cesses, including DNA damage signaling and genome
maintenance. Here we identify a structure within H2A and
H2AX termed the acidic patch that promotes the activity of
two independent ubiquitin E3 ligase complexes, RNF168
and RING1B/BMI1, and is required for DNA damage
ubiquitin signaling. We show directly in vitro and in vivo
that this nucleosome structure is critical for histone H2A
and H2AX ubiquitinations and the DNA damage response
in cells. In addition, we engineered a novel biological tool
that blocked the nucleosome acidic patch of all histone
H2A species leading to the repression of the DNA damage
response in cells. Collectively, DNA damage factors elicit
their response not only through histone modifications
such as ubiquitin but also through interactions within
nucleosome surface structures to activate DNA damage
signaling.

Results/Discussion

The acidic patch promotes H2AX/H2A ubiquitination

Ubiquitination of histones has emerged as a critical component
of the DNA damage signaling pathway in mammalian cells [6].
We previously identified several mutations that reduced H2AX
ubiquitin levels in undamaged cells [20]. One such mutation,
H2AX-E92A resided in the acidic patch region of the nucleosome.
Expression of tagged versions of human H2AX and H2A in
human HEK293T cells revealed a full-length protein species of
predicted size as well as a slower migrating ubiquitinated form for
both human H2AX and H2A (Figure S1A, B). Mutation of
glutamic acid 92 to alanine (E92A) reduced H2AX and H2A
ubiquitination (H2AX/H2Aub, Figure S1A, B). These results
identify the amino acid E92 of human H2AX/H2A as an
important residue for H2AX/H2Aub.

We next sought to define the contribution of the acidic patch
region of the nucleosome towards H2AX/H2Aub and the DDR.
H2AX/H2A is specifically ubiquitinated on the N-terminal Lys-
13715 by RNF168 [10-12], as well as on the C-terminal Lys-118/
119 by RINGIB/BMI1 [13-16]. Therefore, an important
question was to determine which sites on H2AX rely on the
acidic patch for ubiquitination. To answer this question, we first
created a lysine-free human H2AX where all lysine residues were
mutated to arginines. These mutations maintain the basic charge
at each amino acid location but are unable to be ubiquitinated
(Figure 1A). As expected, expression of H2AX-allR in HEK293'T
cells confirmed that this mutant lacked any detectable ubiquitina-
tion, similarly to H2AX-E92A (Figure 1B). Unlike these H2AX
derivatives, mutation of the DNA damage induced phosphoryla-
tion site on H2AX (S139) to an unphosphorylatable residue
(S139A) did not affect H2AXub (Figure 1B). Having identified a
mutant H2AX derivative that lacked ubiquitination, we then
reverted specific arginine residues in this mutant back to lysine
residues that are contained in WT H2AX (Figure 1A). This
strategy allowed us to unambiguously identify site-specific
ubiquitinations within H2AX. As expected, H2AX mutants
lacking K118/119 exhibited a large reduction in mono-ubiquiti-
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nation (Figure 1C). This confirmed previous work showing that
these sites on H2AX/H2A are the major lysine acceptor sites for
mono-ubiquitination [2,21]. Interestingly, we observed ubiquitina-
tion of the H2AX derivative containing only K13/15 as acceptor
sites for ubiquitin (Figure 1C). We also observed an increase in
K13/15ub on this H2AX derivative upon DNA damage, which is
consistent with previous studies showing that a small fraction of
H2AX' becomes ubiquitinated on K13/K15 following DNA
damage by the E3 ubiquitin ligase RNF168 [10-12]. To assess
the contribution of the acidic patch towards H2AX K13/15ub, we
tested whether an E92A mutation would affect H2AX K13/15ub.
Combining the E92A mutation within the H2AX derivative that
could only be ubiquitinated on K13/15 abolished any detectable
ubiquitination at these sites within H2AX (Figure 1C). We next
tested whether the acidic patch also affected the ubiquitination of
K118/119 of H2AX. Analysis of an H2AX derivative that could
only be ubiquitinated on K118/119 showed that this protein was
readily ubiquitinated and mutation of the acidic patch diminished
H2AXub at these specific lysine sites (Figure S2).

RNF168 is a limiting factor within the DDR and overexpression
of RNF168 increases H2AX-K13/15ub levels but not H2AX-
K118/119ub levels [10-12,22]. In agreement with these studies,
we observed that overexpression of RNF168 increased H2AX-
K13/15ub but not H2AX-K118/119ub (Figure 1D, S2). In
accordance with our results from Figure 1C, mutation of the acidic
patch decreased H2AX-K13/15ub levels, even under conditions
where RNF168 is overexpressed and not limiting (Figure 1D).
H2AX-K13/15ub is mediated by RNF168 whose recruitment to
sites of DNA damage requires MDC1 and RNF8 [23,24], which
in turn require H2AX phosphorylation on S139 [24-27].
Collectively, these findings suggest that YH2AX may be required
for H2AX-K13/15ub. To test this possibility, we mutated S139
within the H2AX-allR-R13/15K derivative to monitor specifically
H2AX-K13/15ub in either the presence or absence of S139.
While E92A abolished H2AX-K13/15ub, the S139A mutation
did not affect ubiquitination at these sites (Figure 1E). These results
show that S139 is not required i cis for H2AX-K13/15ub under
these conditions. We note that these experiments were performed
in cells containing WT H2AX that could provide functional
residues i trans for H2AX-K13/15ub. These experiments were
done in the presence of overexpressed RNF168, which could
bypass the requirement for S139 phosphorylation for its recruit-
ment to chromatin. In overexpression conditions, RNF168
accumulates at sites of endogenous DNA damage marked by
53BP1 [22], which we note requires K13/15ub on H2A/H2AX
[10]. Regardless, under either limiting or non-limiting conditions
for RNF168, we find that the acidic patch is required for H2AX-
K13/15ub (Figure 1C-E).

Nucleosome acidic patch is required for H2AX/H2Aub in
vitro

Our results strongly suggested that the acidic patch is required
for both K13/15 and K118/119 H2AX/H2Aub. We next sought
to test whether the effect of the acidic patch mutation on H2AX/
H2Aub was direct, as well as to analyze the role of the acidic patch
in mediating site-specific ubiquitinations with their associated E3
ligases. To assess these questions, we reconstituted H2AX and
H2A nucleosome core particles (NCPs, Figure 2A-C) with or
without the acidic patch mutation (i.e. E92A) and subjected them
to i wiro ubiquitination (Ub) assays. Previous studies have
established that bacterially expressed and purified RNF168 and
RING1B/BMIl complexes catalyze the specific addition of
ubiquitin on H2AX/H2A NCPs at K13/15 and K118/119
respectively [10,11]. Using the same constructs and experimental
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Figure 1. Mutation of the acidic patch impairs human H2AX and H2A ubiquitination. (A) Schematic of all H2AX lysines (K) and mutant
derivatives. allR represents an all lysine (K) to arginine (R) version of H2AX. Additional site-specific reversions from arginine to lysine within the allR
H2AX derivate are indicated. (B) H2AX-alIR and acidic patch mutation E92A reduces H2AXub. WT or E92A H2AX/H2A constructs were transfected into
HEK293T cells and analyzed by western blotting with the indicated antibodies. Arrows indicate ub forms. (SFB=S-tag, Flag epitope tag, and
streptavidin-binding peptide tag; e =endogenous). Molecular weights (kDa) are indicated on the left of each panel. HEK293T cells were used for all
cellular assays. (C) H2AX-K13/15 dependent ubiquitination requires the acidic patch. H2AX and derivatives were expressed in HEK293T cells (—) or (+)
ionizing radiation (IR, 20 Gy). Samples were analyzed as in A 6 h post-IR treatment. (D) H2AX-K13/15 and K118/119-dependent ubiquitination
requires the acidic patch. Cells were co-transfected with H2AX and derivatives along with Myc-RNF168 and analyzed as in C. (E) Phospho-competent
H2AX S139 is not required in cis for H2AX K13/15ub. Cells were analyzed as in C. tub =tubulin loading control.

doi:10.1371/journal.pgen.1004178.g001

conditions, we performed i vitro Ub assays with H2AX NCPs with
or without the E92A acidic patch mutation. As expected,
RING1B/BMI1 and RNF168 ubiquitinated H2AX within WT
NCPs (Figure 2D, E). In contrast, both E3 ligase complexes were
unable to efficiently ubiquitinate NCPs containing E92A mutation
in H2AX (Figure 2D, E). These effects appear to occur within the
context of the nucleosome as RNF168 could ubiquitinate the free
form of H2AX whether it was WT or contained the acidic patch
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E92A mutation (Figure 2F). We performed identical experiments
with H2A WT and E92A NCPs and obtained the same results
(Figure 2G-1I). As another control, we subjected H2AX and H2A
WT and E92A NCPs to i vitro methylation assays with SETS, a
methyltransferase that is active only within the context of the
nucleosome for methylating H4K20 [28]. The acidic patch
mutation did not affect nucleosome specific SET8 methylation
suggesting the E92A mutation does not overtly disorder the NCP

March 2014 | Volume 10 | Issue 3 | e1004178



H2AX/H2Aub Requires the Nucleosome Acidic Patch

H2A/

A H2AX H2B H3 H4 B C
SOOD 12 3
e ' octamer =i
Recombinant Histones H2A H2B H3 H4 - H (—@ Nucleosome
! 0 OOOS ’ NeP)
& 1R .
octamer DNA 15> — =N
v - - -! &7~ #™ |<unbound 601
@ Coomassie PAGE gel 1-100 bp ladder
Reconstituted 2-601 DNA
Nucleosome (NCP) 3 - Nucleosome
D NCP:H2AX E F
NCP: H2AX
WT  E92A @ WT E92A Overnight reaction
kba . + - + Ring1B/BMI1 WT H2Ax E92A H2AX
B - < H2AXub ';?a =+ - T RNFI68 e H2AX
o5 — |H2AXub a5, -+ + RNF168
25 - e < H2AXub
- < H2AX
17| % 17 17 — |8 <H2AX
a-H2AX
a-H2AX a-H2AX
G NCP:H2A H I
WT  E92A @ NCP: H2A
KD —+ _+R' 1B/BMI1 Overnight reaction
a - - ing WT  E92A @
35— kDa WT HeA 2t F@
-+ - * RNFi168 R
_ — © | <H2Aub 35 4 kDa - + + RNF168
25 H2Aub
25 — - u 25 — = e |<H2AWb
- 17 —| ————
17 —| - < H2A 17 —(-HZA
a-H2A
a-H2A o-H2A

Figure 2. RING1B/BMI1- and RNF168-dependent ubiquitination of H2AX/H2A requires the nucleosome acidic patch in vitro. (A)
Schematic for in vitro reconstitution of nucleosome core particles (NCPs). (B) Bacterially expressed and purified human histones. Histones were
expressed, purified and reconstituted as described in methods. (C) Analysis of in vitro reconstituted NCPs. The 147 bp 601 DNA fragment was
analyzed alone or after NCP reconstitution. DNA ladder indicates size (bp). (D and E) RING1B/BMI1 and RNF168 readily ubiquitinate H2AX within WT
NCPs but not NCPs containing a mutation in the acidic patch (H2AX-E92A). In vitro Ub assays (4 h) were performed as described in methods. (F)
RNF168 ubiquitinates WT H2AX and H2AX-E92A similarly when assayed in the context of free histones. Assays were performed as in E except with
free histones and reactions were performed overnight. (G and H) RING1B/BMI1 and RNF168 readily ubiquitinate H2A within WT NCPs but not NCPs
containing a mutation in the acidic patch (H2A-E92A). Experiments were performed as in D and E using H2A. (I) RNF168 ubiquitinates free WT H2A
and H2A-E92A similarly. Experiments performed as in F.

doi:10.1371/journal.pgen.1004178.g002

(Figure S3). These wn vitro results are consistent with our  vivo data function for H2AX/H2A KI118/119ub is as yet unidentified
and demonstrate that RNF168 and RING1B/BMI1 require the [13-16,29-31]. In contrast, the function of H2AX/H2A K13/
nucleosome acidic patch of H2AX/H2A to promote site-specific 15ub by RNF168 was recently elucidated and is well defined [10].
ubiquitination of H2AX/H2A K13/15 and H2AX/H2A K118/ Indeed, RNF168-dependent H2AX/H2A Kl15ub is selectively
119 respectively. recognized by the ubiquitination-dependent recruitment motif
(UDR) of 53BP1 that, together with its Tudor domain, reads a

Nucleosome acidic patch of H2AX and the DNA damage  bivalent ubiquitin-methylation signal at DNA damage sites to
response recruit the DDR factor 53BPl. A clear prediction of this
Our findings show that the nucleosome acidic patch mediates mechanism is that 53BP1 recruitment to sites of DNA damage
both H2AX/H2A K13/15ub by RNFI168 and H2AX/H2A would be perturbed in the absence of H2AX-K13/15ub and/or
K118/119ub by RING1B/BMI1. Several studies have shown that H2A K13/15ub. We chose to next focus on the role of the acidic
RINGIB/BMII participates in the DDR although a clear patch in regards to RNF168-dependent H2AX/H2A K13/15ub
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in vivo since we could utilize 53BP1 foci formation as an i vivo
read-out for functional H2AX/H2A-K13/15ub.

Because RNF168 specifically targets H2AX-K13/15, we sought
to characterize further our H2AX derivatives where K13/15 are
the only lysines available for ubiquitination and to ascertain the
contribution of both the acidic patch and RNF168 expression
levels on H2AX-K13/15 ubiquitin levels. Expression of SFB-
tagged WT H2AX resulted in clearly identifiable mono-ubiquiti-
nated species whose electrophoretic mobility was retarded as
expected due to the presence of a 9 kDa ubiquitin protein
(Figure 3A). Rendering WT H2AX unmodifiable by ubiquitin on
all but K13/15 resulted in an almost complete loss of mono-
ubiquitinated H2AX (Figure 3A). This reduction was also
observed when the acidic mutation E92A was added to this
H2AX derivative. To analyze the contribution of both RNF168
and the acidic patch on H2AX-K13/15ub, we repeated these
experiments in the presence of overexpressed Myc-tagged
RNF168. Although we still observed reduced H2AXub in K13/
15 only H2AX derivatives compared to WT H2AX, we now were
able to specifically detect H2AX-K13/15ub using this H2AX
derivative that only contained K13/15 (Figure 3A). Interestingly,
we were able to detect a small increase in H2AX-K13/15ub upon
DNA damage suggesting that this H2AX derivative was function-
ing within the DDR in cells (Figure 3A). Under these optimized
conditions for specifically detecting H2AX-K13/15ub, mutation
of the acidic patch (i.e. E92A) resulted in a large reduction in
H2AX-K13/15ub levels either in the presence or absence of DNA
damage (Figure 3A). Thus, we could detect DNA damaged
induced H2AX-K13/15ub in the presence of RNF168, and in all
conditions tested, H2AX-K13/15ub required the acidic patch.

Having now characterized H2AX derivatives for their ubiqui-
tination on K13/15, K118/119 or in the absence of lysines, we
sought to determine whether H2AX ubiquitinations were required
in vivo for the DDR and more specifically for 53BP1 foci formation.
Up to now, all of our experiments analyzing H2AX derivatives
were performed in the presence of WI' H2AX. To overcome this
limitation, we turned to a human cell line deleted for H2AX,
MCF10A H2AX /7, that we previously characterized [20]. To
test the contribution of H2AXub for 53BP1 IRIF, we stably
reconstituted MCF10A H2AX ™/~ with WT H2AX and deriva-
tives to compare the ability of site-specific mutations in
ubiquitinated sites on H2AX to complement the defect of
53BP1 IRIF that occurs in these cells in the absence of H2AX.
We first created stable cell lines expressing H2AX constructs to be
tested and selected clones for each that expressed H2AX in the
majority of cells and to similar protein levels as the WT H2AX
reconstituted cell line (Figure 3B, S4 and data not shown). To
assess D3BP1 IRIF, we analyzed several H2AX derivatives for
their ability to rescue defective 53BP1 IRIF in MCF10A cells
lacking H2AX. As we previously reported, MCF10A H2AX ™/~
and MCF10A H2AX /“+H2AX S139A are unable to support
equivalent recruitment of 53BP1 into IRIF compared to WT
MCFI10A cells (Figure 3C). Surprisingly, all H2AX' derivatives
tested, including a lysine-less H2AX (allR) that cannot support
ubiquitination on either K13/15 or K118/119, were able to fully
support 53BP1 IRIF (Figure 3C). Thus, although S139 phosphor-
ylation is required for 53BP1 IRIF in these cells, H2AXub
(including K13/15 or K118/119), as well as the H2AX acidic
patch, is dispensable for 53BP1 IRIF (Figure 3C). As DNA
damage dependent H2A-K13/15ub also occurs, these results
suggest that YH2AX could function # #rans to promote H2A-
K13/15ub that would be sufficient to mediate 53BP1 recruitment
to sites of DNA damage. One hypothesis could be that DNA
damage induced H2AX phosphorylation on S139 could mediate
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an initial ubiquitination on H2AX-K13/15 that would be required
to amplify RNF168-dependent H2Aub. Similarly, the nucleosome
acidic patch of H2AX could initiate the recruitment and activation
of RNF168 that would in turn trigger the start of this ubiquitin-
dependent signaling pathway. However, our results argue against
these hypotheses and instead suggest that the acidic patch of H2A,
as well as H2Aub, can compensate for H2AXub in the DDR to
support 53BP1 IRIF. Testing the role of the H2A acidic patch and
H2Aub i vivo is extremely challenging due to the unavailability of
a mutation system for H2A in human cells. Regardless, our
findings establish that the acidic patch of H2AX, as well as
H2AXub, is dispensable for 53BP1 IRIF in human cells.

Nucleosome acidic patch is required for the DDR in vivo

To overcome the limitations of studying histone mutants i vivo
and to validate the requirement of the nucleosome acidic patch in
promoting H2AX/H2Aub and subsequent DDR signaling, we
sought to identify an experimental approach to target the acidic
patch regions of both H2A and H2AX n vive. The nucleosome
acidic patch of H2A has been shown to interact with several
proteins including histone H4, the Kaposi’s sarcoma-associated
herpesvirus (KSHV) protein LANA, IL-33, HMGN2 and RCCl1
[32-36]. The finding that several proteins interact through this
nucleosome region has suggested that the nucleosome acidic patch
acts as a “‘chromatin platform” to mediate various cellular signals
via their interactions with chromatin through the acidic patch. As
our data has identified the nucleosome acidic patch of H2AX and
H2A as a requirement for RNFI168- and RINGI1B/BMII-
dependent H2AX/H2Aub n vitro and in vivo, we set out to test
whether expression of a known acidic patch interacting protein
could interfere with these DDR factors. This experimental
approach has the advantage of blocking both H2A and H2AX
acidic patch regions, a potential necessity for uncovering the
function of this nucleosome domain in the DDR. Results from
these experiments would further define the role of the nucleosome
acidic patch of both H2A and H2AX in the DDR and would allow
us to test our hypothesis that the acidic patch of H2A and H2AX
functions in the DDR in vivo, at least in part by promoting H2AX/
H2A-K13/15ub.

The KSHYV latency-associated nuclear antigen (LANA) interacts
with the nucleosome acidic patch of H2A to tether episomes to
chromosomes [32]. The first 32 amino acids of LANA comprise
the acidic patch interacting region and expression of a GIP fusion
with this minimal region in cells is sufficient to target this small
truncated region of the protein to mitotic chromosomes [32].
Additionally, mutation of the 8-10 amino acid region (named
8LRS10) of this 32 amino acid LANA peptide abolishes the
interaction of LANA with the nucleosome acidic patch. To assess
whether this acidic patch interacting peptide from LANA could
compete with RNF168- and RING1B/BMII1-dependent H2AX/
H2Aub, we synthesized the minimal acidic patch interacting
peptide from LANA along with the 8LRS10 mutant peptide and
analyzed the effects of these peptides on our previously charac-
terized i wvitro Ub assays. Interestingly, the acidic patch binding
LANA peptide reduced H2Aub that was catalyzed by both
RINGIB/BMII and RNFI168 in a concentration-dependent
manner (Figure 4A, S5). The reduction of H2Aub by the LANA
peptide required the ability to bind the acidic patch as the 8LRS10
mutant peptide was unable to compete away H2Aub. These
results supported our previous findings that the acidic patch was
directly promoting histone ubiquitination by these E3 ligases and
also suggested that the LANA peptide could interfere with this
reaction in cells.
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To begin to address this question, we wanted to ask whether we
could observe a decrease in H2AXub in cells expressing LANA
peptide. We cloned and engineered a GFP-fusion of LANA
containing only the first 32 amino acids (GFP-LANA (1-32a.a.),
[32]). Next, we co-transfected our H2AX derivatives with GFP-
LANA and analyzed H2AXub by western blotting. We observed
that the ubiquitination of WT H2AX, H2AX-K118/119 only and
H2AX-K13/15 only were reduced when co-expressed with GFP-
LANA in cells (Figure 4B-D). These results are in agreement with
both our @ vitro and i vive data demonstrating that the nucleosome
acidic patch of H2AX is required for K13/15 and K118/119
ubiquitination (Figure 1, 2).

The ability of LANA to inhibit H2AXub i vivo suggested that
cells expressing LANA would exhibit impaired DNA damage
signaling. If this were indeed the case, a clear prediction would be

PLOS Genetics | www.plosgenetics.org

that cells expressing LANA would exhibit reduced 53BP1 IRIF
due to H2AX/H2Aub inhibition from LANA blocking RNF168
through the acidic patch. To test this possibility, we expressed
GFP-LANA in human U20S and HEK293T cancer cells and
analyzed 53BP1 IRIF with and without GFP-LANA. Upon DNA
damage, we observed reduced 53BP1 IRIF in cells expressing
GFP-LANA compared to GFP alone expressing cells (Figure 5A,
B, S6). Importantly, the upstream DDR factor MDC1, as well as
YH2AX, were unaffected by GFP-LANA expression (Figure 5A—
(). This is consistent with RNF168 inhibition by LANA as
RNF168 acts downstream of YH2AX and MDC1 [23,37]. To rule
out any potential cell cycle effects due to GFP-LANA expression,
we analyzed the cell cycle of GFP-LANA expressing cells. Analysis
of these cells using FACS, DNA labeling by hoechst and phospho-
Histone H3 (S10) immunostaining, a histone mark specific for
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mitotic cells, did not reveal any detectable differences in cell cycle
stage or DNA staining between control and GFP-LANA
expressing cells (Figure S7A-D). In addition, expression of mutant
GFP-LANA-8LRS10, a mutation that is unable to bind the acidic
patch, had no discernable effect on 53BP1 IRIF showing that the
effect of GFP-LANA on the DDR required its interaction with the
nucleosome acidic patch (Figure 5C-D). We also confirmed the
inhibition of 53BP1, but not MDC1, in GFP-LANA expressing
cells by laser micro-irradiation (Figure 5E). We observed that cells
expressing high levels of GFP-LANA were able to fully inhibit
53BP1 recruitment to laser damage compared to cells expressing
lower levels of GFP-LANA (Figure 5E). These results are
consistent with GFP-LANA targeting the nucleosome acidic patch
resulting in inhibition of 53BP1 recruitment to DNA damage.
53BP1 functions in DNA double-strand break repair by both
promoting NHE]J and inhibiting HR (reviewed in [38]). 53BP1
recruits the DDR factor RIF1 to DNA damage sites where it
inhibits DNA end-resection and acts as the main effector of
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53BP1-dependent NHE]J [39-43]. Consistent with GFP-LANA
inhibiting RNF168-dependent 53BP1 recruitment, we also
observed reduced RIF1 accumulation at IRIF in GFP-LANA
expressing cells (Figure 6A). RNF168 is also required for the
recruitment of the HR factor BRCA1 to DNA damage sites
[23,37]. Interestingly, GFP-LANA also impaired BRCAI IRIF in
S/G2 cells (Figure 6B; S/G2 cells were identified by CyclinA
positive staining). Quantification of IRIF in GFP-LANA express-
ing cells revealed a greater than 50% reduction in cells with
greater than 10 foci for either RIF1 or BRCAL (Figure 6C, D).
The ability of GFP-LANA to impair IRIF of DDR factors appears
to be dependent on expression levels. We observed that high
LANA expressing cells displayed a greater reduction in DDR
factor recruitment compared to low LANA expressing cells, which
explains the incomplete inhibition of DDR factor recruitment to
DNA damage sites by GFP-LANA (Figure 5E, 6B). 53BP1 also
inhibits DNA-end resection in G1 to block HR and promote
NHE]J [39,41,42,44]. Since expression of GFP-LANA impaired
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53BP1 foci formation at DNA damage sites, we analyzed whether
these cells exhibited functional inhibition of 53BP1 by monitoring
DNA end-resection in G1 cells. RPA is recruited to, and binds,
resected DNA, which is normally restricted to CyclinA-positive
S/G2 cells. As expected, in control cells that do not express GFP-
LANA or cells expressing mutant GFP-LANA-8LRS10, RPA foci
at laser damage were virtually undetectable using our experi-
mental conditions (Figure 6E, F, quantified in G). Interestingly,
GFP-LANA expressing cells readily formed RPA foci at laser
damage in CyclinA-negative G1 cells (Figure 6L, F, quantified in
G). Thus, GFP-LANA expression resulted in DNA end-resection
in Gl cells, which supports our previous results showing im-
paired 53BP1 recruitment to DNA damage by GFP-LANA.
Taken together, these results are consistent with a role for the
nucleosome acidic patch in promoting both 53BP1 and BRCAI1
DDR pathways by mediating RNF168-dependent DNA damage
signaling i vivo.

In summary, our results support a model whereby RNF168 and
RING1B/BMII require the nucleosome acidic patch on H2AX/
H2A to target these histones on site-specific lysines and that GFP-
LANA can inhibit these processes (Figure 7). By overcoming the
limitations of mutating the acidic patch of both H2A and H2AX
through the expression of GFP-LANA, we have determined that
the nucleosome acidic patch functions i viwo to promote RNF168-
dependent DNA damage signaling. We have also created a novel
tool that has the ability to silence DNA damage signaling at the
level of RNF168 as well as inhibit RING1B/BMII1-dependent
H2AX/H2Aub in vivo, which could be useful for studying these
ubiquitin-dependent processes in cells. Of note, some viruses
inactive the DDR by ubiquitin-dependent degradation mecha-
nisms that target DDR factors, including RNF168 [45,46]. Our
results suggest that viruses, including LANA expressing KSHV,
could inactive the DDR through another means by interfering
with the nucleosome acidic patch. This potential mechanism
would inhibit H2A/H2AX ubiquitination and subsequent DNA
damage responses whose inhibition can affect viral transcription
and activation of latent viruses in mammalian cells [47].
Additionally, other nucleosome acidic patch binding factors,
including RCC1 and HMGN2, could also potentially affect the
DDR. RCC1 and HMGN2 have opposing effects on chromatin
dynamics with RCC1 promoting condensation of DNA prior to
mitosis and HMGN2 decompacting chromatin through interac-
tions with linker histone H1 [48]. We envision that these factors
could regulate the DDR in multiple ways including chromatin
dynamics and/or competition with other nucleosome acidic patch
interacting proteins including RNF168 and RINGI1B/BMII.
Additional studies are warranted to investigate the interplay
between nucleosome interacting factors and the DDR.

To our knowledge, this study has identified the first nucleosome
domain that participates in both H2A/H2AXub and the DDR in
human cells. Most studies have focused on the role of histone
modifications, including ubiquitination, in the DDR. Our findings
provide evidence that the DDR engages the nucleosome acidic
patch, which participates in promoting histone ubiquitinations that
mediate DDR factor interactions with chromatin including
53BP1. Chromatin interaction motifs within both RNI168 and
RING1B/BMI1 have been identified. For example, RNF168
contains multiple ubiquitin-binding domains that target RNF168
to chromatin [49] and the RING1B/BMII complex contains
DNA binding activity that is critical for histone ubiquitination
[50]. Similar to the bivalent reading of histone marks by 53BP1,
our results suggest that the histone ubiquitin writers, RNF168 and
RINGI1B/BMI1, utilize multivalent chromatin interactions, in-
cluding the nucleosome acidic patch, to write their “histone code.”

PLOS Genetics | www.plosgenetics.org
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Methods

Cell cultures

HEK293T and BOSC23 cells were cultured in RPMI 1640
medium supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin. Human U20S cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 pg/
ml streptomycin and 2 mM L-glutamine. WT and H2AX-
deficient MCF10A cells were cultured in DMEM/F12 medium
supplemented with 5% horse serum, EGF (20 ng/ml), hydrocor-
tisone (0.5 mg/ml), cholera toxin (100 ng/ml), insulin (10 pug/ml)
and 1% penicillin/streptomycin. Cells were kept at 37 C in a
humidified incubator containing 5% COs.

Plasmids

Human H2AX c¢DNA was a generous gift from Dr. Michael
Huen from The University of Hong Kong. WT and mutant
human H2AX cDNAs were cloned into gateway compatible entry
vector (pDONR201). The c¢DNAs were then subcloned into
expression vectors harboring N-terminal SFB (S-protein/2 xFlag/
Streptavidin-binding peptide), 3xFlag, Myc epitope tag, GIP
epitope tag or HA-Flag epitope tag as indicated. Bacterial
expression vectors for core histones (human H2A, H2B, H3 and
H4) in pET21 were previously described [51]. Human H2AX
cDNA were cloned into gateway compatible entry vector
(pPDONR201) and subcloned into bacterial expression vector
pDEST17 harboring N-terminal 6 x His tag. Constructs contain-
ing the nucleosomal 601 sequence was a kind gift from Ilya
Finkelstein (UT Austin). 5'-biotin tagged 601 nucleotide sequence
was generated by PCR using the primer pairs: 5'(Btn) CTGGA-
GAATCCCGGTGCC (forward primer) and 5’ ACAGGATGTA-
TATATCTGACACG (reverse primer) to be used for reconstitu-
tion of nucleosomes. pET24b (+)-Bmil-Hisg (residues 1-108),
pGEX-6P-1-RING1B (residues 1-116) and pPROEX HTa-
RNF168 (residuesl—113) were obtained as described [10]. Full
length LANA ¢cDNA was a gift from Chris Sullivan (UT Austin).
The N-terminal 32 amino acids of LANA were PCR amplified
with the following primers Forward: 5-TTGTCGACATGGC-
GCCCCCGGGAATGCGCCTGA-3'; Reverse: 5'-TTTCTA-
GACTATCTTTCCGGAGACCTGTTTCG-3" and cloned into
e¢GFP-C1 (Clontech) vector using 5'-Sall and 3'-Xbal restriction
sites to create GFP-LANA (1-32a.a.). Primers for mutating
8RLS10 to AAA of LANA have been described by a previous
study and were used to mutate GFP-LANA (1-32a.a.) to GFP-
LANA-8LRS10 [52]. All mutations were generated using site-
directed mutagenesis following standard protocols. All plasmid
mserts and mutations were confirmed by DNA sequencing.

Antibodies

The primary antibodies used were as follows: mouse anti-FLAG
antibody (Sigma-Aldrich; F1804), mouse anti-yH2AX (Cell
Signaling; #9718) and (Millipore; #05-636), rabbit anti-53BP1
(Novus Biologicals; NB100-304), mouse anti-53BP1 (BD trans-
duction laboratories; 612522), rabbit anti-MDC1 (Abcam;
ab11169), goat anti-Rifl (N-20) (Santa Cruz, sc-55979), rabbit
anti-beta-tubulin  (Abcam; ab6046), mouse anti-c-Myc (Santa
Cruz; sc-40), rabbit anti-H2AX (Cell Signaling; #2595). Second-
ary antibodies for western blotting were as follows: anti-rabbit igG,
HRP-linked (Cell Signaling; #7074), anti-mouse IgG, HRP-linked
(Cell Signaling; #7076). Secondary antibodies for IF analysis from
Invitrogen were as follows: Alexa Fluor 488 (Rabbit, A11034),
Alexa Fluor 594 (Rabbit, A11037), Alexa Fluor 594 (Mouse,
A11032), Alexa Fluor 594 (Goat, A11058), Alexa Fluor 647
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foci from >100 cells were quantified. Error bars=SEM. (E) GFP-LANA (1-32a.a.) expressing cells exhibit DNA end-resection as detected by RPA
accumulation at laser damage in G1 (CyclinA-negative) cells. Experiments were performed as in Figure 5E with indicated antibodies after 4 h post
micro-irradiation. (F) RPA32 laser lines in CyclinA-negative cells without or with GFP-LANA (1-32a.a.) expression are indicated by yellow and green
dotted lines respectively. Enlarged images from each category are shown. All cells have been laser damaged. (G) Quantification of F and G from either
WT GFP-LANA (1-32a.a.) or mutant (Mut) GFP-LANA-8LRS10 expressing cells. Laser damaged CylclinA negative cells positive for LANA expression
were scored for RPA laser line formation. Graph represents data obtained from >50 cells from two independent experiments. Error bars = SEM.

doi:10.1371/journal.pgen.1004178.g006

(Rabbit, A21245) and Alexa Fluor 647 (Mouse, A21236). For
experiments involving cell cycle analysis, the following antibodies
were used; mouse anti-BRCA1 (D-9) (Santa Cruz; sc-6954), mouse
anti-RPA32/RPA2 [9HS8] (Abcam; ab2175), rabbit anti-Phospho-
histone H3 (Ser10) (D2C8) (Cell Signaling, #3377) and rabbit
anti-CyclinA (H-432) and (Santa Cruz; sc-751).

Transfections and retrovirus infection

Mammalian expression (SFB-, Myc- and GFP-) vectors were
transfected using lipofectamine 2000 according to manufacturer’s
instruction and HA-Flag-retroviral expression constructs were co-
transfected with pCL-ampho in BOSC23 cells using Lipofecta-
mine 2000 (Invitrogen) according to the manufacturer’s instruc-
tion. Viruses were harvested and filtered at 48 h and 72 h after
transfection. MCF10A H2AX ™™ cells were transduced by virus
containing medium and selected by puromycin (2 ug/ml). The
GFP-LANA (1-32a.a) or GFP-LANA-8LRSI10 constructs were
transfected into the U20S cells using HilyMax (Dojindo)
according to the manufacturer’s instruction. After 24 h post-
transfection, cells were treated with 2 Gy IR and processed 2 h
post-treatment. A Faxitron X-ray machine (Faxitron X-ray
Corporation) was used for gamma irradiation (IR).

Western blotting analysis

Mammalian cells were lysed in NETN (150 mM NaCl, 1 mM
EDTA, 10 mM Tris-Cl, pH 8.0, 0,5% Nonidet P-40 (v/v)
containing protease inhibitors. Samples were separated by SDS-
PAGE in sample loading buffer, transferred to PVDF membranes,
incubated overnight in primary antibodies as indicated, followed
by 1 h of incubation in HRP-conjugated secondary antibodies.
Western blots were detected by standard chemiluminescence (GE
Healthcare Amersham ECL prime) using a Bio-Rad Molecular
Imager ChemiDoc XRS+ system.

Laser micro-irradiation

U20S cells were plated on glass-bottomed dishes (Willco Wells).
Post 8 h of transfection with GFP-LANA (1-32a.a), cells were pre-
sensitized with 10 uM of 5-bromo-2'deoxyuridine (BrdU) in
normal DMEM medium for 20 h. Laser micro-irradiation was
carried out with a Fluoview 1000 confocal microscope (Olympus).
Laser setting and protocols were as previous described [53]. After
incubation with the indicated time points, cells were fixed and
analyzed by immunofluorescence and microscopic imaging as
described below. For quantification, >50 cells were scored for all
conditions from at least two independent experiments.

Nucleosome Acidic Patch and

Histone Ubiquitination

Nucleosome

DNA

H3, H4, H2B
H2A(X)
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RING1B
/BMI1

Figure 7. The nucleosome acidic patch and histone ubiquitination. Summary of our results within the context of the nucleosome structure.
The acidic patch is required for RNF168- and RING1B/BMI1-dependent histone ubiquitination and LANA inhibits these processes. See text for details.
Nucleosome structure was created in Pymol as previously described [20].

doi:10.1371/journal.pgen.1004178.9g007
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Immunofluorescence (IF) and confocal microscopy

U208, HEK293T and MCF10A cells were grown on poly-L-
lysine Cellware 12 mm round coverslips (BD Biosciences). After
the indicated treatments in HEK293T or U20S cells, samples
were treated and processed for IF as previously described
[54].For MCF10A cells, cells were pre-extracted by incubating
coverslips in CSK buffer (10 mM PIPES, pH 6.8, 100 mM
NaCl, 300 mM sucrose, 3 mM MgCl,;, 1 mM EGTA, 0.5% (v/v)
Triton X-100) for 10 min on ice before fixing followed by IF
analysis as previously described [20]. Cells were imaged using an
inverted Fluoview 1000 confocal microscope (Olympus) and Z-
stacked images were analyzed with Fluoview 3.1 software. For
IRIF quantification, >100 cells were counted for all conditions.
Data was analyzed in Prism and graphs were plotted from
data obtained from two or three independent experiments as
indicated.

FACS analysis

U20S cells were transfected with either GFP-LANA, Myc-
LANA or a control vector for 8 h. 24 h after transfection, cells
were harvested and fixed for 24 h with 80% ethanol. The fixed
samples were then washed three times with 1 x PBS containing 1%
FCS and incubated with phospho-histone H3 (S10) primary
antibody for 2 h followed by incubation of goat anti-rabbit
secondary antibody for 2 h at room temperature for the mitotic
index assay. For DNA content analysis, the cells were washed and
stained with propidium iodide and processed on a BD Accuri C6
flow cytometer (BD Biosciences) for cell cycle analysis.

In vitro assays

Nucleosome core particle (NCP) reconstitution. Recom-
binant human histones were expressed in £.cols BL21 (DE3)/RIL
cells from pET21 vectors and extracted from inclusion bodies as
described [55-57]. All histones were purified under denaturing
conditions on 5 ml HiTrap Q) and HiTrap SP cation exchange
columns (GE Healthcare). Peak fractions were confirmed using
SDS-PAGE and fractions containing pure histones were pooled
and dialyzed extensively into 10 mM Tris-HCI (pH 8.0) before
lyophilization. Octamers were refolded from purified histones by
mixing the four histones in equimolar ratios (10% more of H2A/
H2B relative to H3/H4), followed by dialysis into 2M NaCl and
then purified on a Superdex 200 (16/60) size exclusion column
(GE Healthcare). NCPs were reconstituted by salt deposition as
described [57]. The 147 bp ‘601" DNA was biotinylated and used
to wrap the mononucleosomes. NCP formations were confirmed
on 6% native TBE gels by gel mobility shift assays.

Protein purifications. E3 Ub ligase enzymes used in our
vitro Ub assays were as follows; the Hisg tagged RNF168 (1-113)
construct was expressed in Rosetta 2 (DE3) pLysS cells and
purified over a Ni-NTA column (Qiagen) and stored in elution
buffer (50 mM NaHyPO,, 300 mM NaCl, 250 mM imidazole,
pH 8.0) containing 10% glycerol. The pET24b(+)-Bmil-Hisg (1
108) and pGEX-6P-1-RINGI1B (1-116) expression plasmids were
co-transformed in Rosetta 2 (DE3) pLysS cells and the proteins
were purified as a complex as described [50].

In vitro Ub assay. Assays were performed essentially as
described [10]. Briefly, 2.5 pug of recombinant mononucleosomes
were incubated in a 50 pl reaction buffer containing 50 mM Tris-
HCL, pH 7.5, 100 mM NaCl, 10 mM MgCly, 1 uM ZnOAc,
I mM DTT, 30 nM ubiquitin activating enzyme El (Boston
Biochem), 1.5 uM ubiquitin conjugating enzyme UbcHba (Boston
Biochem), 4 uM RNF168 (1-113) or RINGIB/BMII complex,
22 uM ubiquitin (Boston Biochem) and 3.33 mM ATP at 30°C for
4 h. The reaction was terminated by addition of SDS-PAGE
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loading buffer. Assays with free histones were carried out with
10 uM of H2A or H2AX and the reactions were incubated
overnight at 30 C. The samples were boiled and loaded on 15%
SDS-PAGE gels, transferred to a nitrocellulose membrane, probed
using specific antibodies and detected as described above.

In vitro methylation assay. 2.5 g of recombinant mono-
nucleosomes were incubated at 30°C for 2 h in a 50 pl reaction
containing 50 mM Tris-HCI, pH 7.5, 100 mM NaCl, 10 mM
MgCly, 1 uM ZnOAc, 1 mM DTT, 0.1 mM S-adenosyl methi-
onine (NEB), and 100 ng recombinant human Set8 (Active Motif).
The reaction was terminated by addition of SDS-PAGE loading
buffer. Western blots were probed for H2AX, H2A or H4K20mel
(Abcam).

LANA competition assay. In vitro Ub assays were set up as
described above, except with 3, 10, 30, 50, 100 or 150 uM of the
indicated peptide. The peptides were synthesized by Bio Basic:
LANA (Biotin-Mini-PEG- MAPPGMRLRSGRSTGAPLTRGSY)
and 8LRSI10 (Biotin- Mini-PEG -MAPPGMRAAAGRSTGAPL-
TRGSY) and were based on data presented previously [32].

Supporting Information

Figure S1 Mutation of the Acidic Patch Impairs Human
H2AX/H2A Ubiquitination. (A and B) E92A mutation in the
acidic patch reduces H2AX/H2Aub. WT or E92A H2AX/H2A
constructs were transfected into HEK293T cells and analyzed by
western blotting with the indicated antibodies. Arrows indicate ub
forms. (SFB = S-tag, Flag epitope tag, and streptavidin-binding
peptide tag; e=endogenous; tub=tubulin loading control).
Molecular weights (kDa) are indicated on the left of each panel.
HEK?293T cells were used for all cellular assays.

(EPS)

Figure $2 H2AX-K118/119ub requires the Acidic Patch and is
Unaffected by the Overexpression of RNF168. H2AX derivatives
were transfected into HEK293T cells with or without Myc-
RNF168 and either (—) or (+) IR treated with 20 Gy and allowed
to recover for 6 h. Samples were harvested and analyzed by
western blotting with the indicated antibodies. Arrows indicate
H2AXub. (SFB = S-tag, Flag epitope tag, and streptavidin-binding
peptide tag, e = endogenous).

(EPS)

Figure 83 The Acidic Patch Does Not Affect Set8 Methylation
of NCPs. WT, H2AX-E92A (A) and H2A-E92A (B) NCPs were
subjected to methylation assays with Set8. Samples were analyzed
by western blotting with specific antibodies against H2AX, H2A
and H4K20mel, a SET8-dependent methylation mark. The
methylation reactions were performed for 2 h at 30 C. The
different apparent molecular weight of WT H2A is due to a 6 xHis
tag on WT H2A compared to untagged H2A-E92A. SAM = S-
Adenosyl methionine.

(TIF)

Figure $4 I Analysis of H2AX Derivatives Stably Expressed in
MCF10A™’" Cells. Cells analyzed in Figure 3C were probed
with o-Flag to detect tagged-H2AX derivatives and DAPI
identifies nuclear DNA. Cells were processed for IF as described
in methods.

(TTF)

Figure S5 The Acidic Patch Interaction Region of LANA
Inhibits H2Aub i vitro. Peptides derived from the KSHV acidic
patch binding protein LANA compete with RING1B/BMI1-
dependent H2Aub. In vitro Ub assays were performed (—) or (+)
either LANA peptide or mutant LANA peptide (8LRS10) that
does not interact with the nucleosome acidic patch. Assays were

March 2014 | Volume 10 | Issue 3 | e1004178



performed as in Figure 2 with increasing concentrations of
peptides (UM) as indicated (2 h reactions).

(TIF)

Figure S6 [In viwo expression of GFP-LANA (1-32a.a.) reduces
53BP1 IRIF in HEK293T cells. (A) HEK293T cells expressing
GFP-LANA (1-32a.a) were analyzed as in Figure 5A. (B)
Quantification of 53BP1 IRIF from A. Quantification and
statistical analysis were performed as in Figure 5.

(EPS)

Figure 87 GFP-LANA (1-32 amino acids) expression does not
alter the cell cycle in U20S cells. (A) Cell cycle distributions of
U20S cells expressing GFP and GFP-LANA (1-32a.a) were
analyzed by FACS and percentages of cells in G1, S, and G2/M
are shown. GFP and GFP-LANA (1-32a.a) transfected cells were
analyzed by western blotting with indicated antibodies. (B) Mitotic
index from empty vector and Myc-LANA (1-32a.a) transfected
cells were analyzed by anti-phospho-histone H3 (S10) staining and
quantified by flow cytometry. Graph represents triplicate exper-
iments. Error bars=SEM. (C-D) U20S cells expressing GFP-
LANA (1-32a.a) do not exhibit detectable changes in histone H3
(S10) phosporylation or nuclear DNA compaction. Untreated or
IR-treated GFP-LANA (1-32a.a) transfected U208 cells were
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