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nucleosomes to promote the DNA

damage response

Lynda M Groocock®, Minghua Nie', John Prudden?, Davide Moiani? Tao Wang?, Anton Cheltsov?,
Robert P Rambo”, Andrew S Arvai?, Chiharu Hitomi? John A Tainer®®, Karolin Luger®,  Jefferson P

Perry*®

Abstract

The post-translational modification of DNA repair and checkpoint
proteins by ubiquitin and small ubiquitin-like modifier (SUMO) criti-
cally orchestrates the DNA damage response (DDR). The ubiquitin
ligase RNF4 integrates signaling by SUMO and ubiquitin, through
its selective recognition and ubiquitination of SUMO-modified
proteins. Here, we define a key new determinant for target discrim-
ination by RNF4, in addition to interaction with SUMO. We identify
a nucleosome-targeting motif within the RNF4 RING domain that
can bind DNA and thereby enables RNF4 to selectively ubiquitinate
nucleosomal histones. Furthermore, RNF4 nucleosome-targeting is
crucially required for the repair of TRF2-depleted dysfunctional
telomeres by 53BP1-mediated non-homologous end joining.
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Introduction

Post-translational protein modifications by ubiquitin and small
ubiquitin-like modifier (SUMO) execute critical functions in orches-
trating the DNA damage response (DDR) pathways at DNA double-
strand breaks (DSBs) [1,2]. For example, the ubiquitin E3 ligases
RNF8 and RNF168 polyubiquitinate histones H2A and H2AX [3,4],

, Eros Lazzerini-Denchi”” & Michael N Boddyl’*

which like the sumoylation of DSB-associated substrates such as
BRCA1 by the E3 SUMO ligases PIAS1 and PIAS4 [5,6], is a crucial
component of the DDR to DSBs.

As at DSBs, ubiquitin signaling also plays a critical role in the
cellular response to dysfunctional telomeres. Telomere function
is ensured by a protein complex, termed shelterin, bound at
telomeric DNA repeats [7-11]. A key shelterin constituent is the
double-stranded DNA repeat-binding protein TRF2 [10]. Depletion
of TRF2 activates an ATM-dependent DDR that leads to phos-
phorylation of the histone H2AX (yH2AX) and the serial recruit-
ment of MDCI1, RNF8, RNF168, 53BP1 and RIF1 [9,12-17].
Telomeres depleted for TRF2 become a substrate for the non-
homologous end joining (NHEJ)-pathway leading to end-to-end
chromosomal fusions [18]. In the absence of RNF8 or RNF168,
53BP1 cannot be recruited to telomeres, and NHEJ-mediated telo-
mere fusions are severely impaired [14,16]. Although sumoylation
by PIAS1/4 has not yet been implicated in the processing of
dysfunctional telomeres, the Nse2 (MMS21) E3 SUMO ligase is
required for the maintenance of telomere length by the “alterna-
tive lengthening of telomeres” (ALT) pathway in telomerase-
deficient cancer cells [19].

How signaling through the SUMO and ubiquitin pathways is
integrated to promote telomere repair is not known. The SUMO-
targeted E3 ubiquitin ligase (STUbL) family of proteins mediates
crosstalk between ubiquitin and SUMO. STUbL-dependent ubiqui-
tination of SUMO conjugated target proteins, coupled or not with
target degradation at the proteasome, drives key processes in the
maintenance of genome stability [20-23]. The human STUbL
RNF4 was recently demonstrated to act directly in DSB repair, by
targeting multiple sumoylated proteins including MDC1, 53BP1
and BRCA1 [24-27].
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Herein, we demonstrate that RNF4 critically supports the
ATM- and 53BP1-dependent NHEJ pathway that promotes the
fusion of dysfunctional telomeres. Furthermore, we determine
that in addition to its SUMO-interacting motifs (SIMs), RNF4
requires a previously undefined DNA binding and/or nucleo-
some-targeting motif within its RING domain to execute its DNA
repair functions.

Results and Discussion
DNA binding by the RNF4 RING domain

Sequence analysis revealed a cluster of basic residues, Ry77-Kjzg-
K179, adjacent to the human RNF4 RING domain C-terminal zinc-
binding site, which is well conserved amongst homologs (Supple-
mentary Fig S1). Like hRNF4, RNF168 and RING1b also contain
this three residue basic cluster adjacent to their zinc-binding site
(Fig 1A), while other RING-type E3 ubiquitin ligases do not
(Supplementary Fig S1). Interestingly, this basic cluster supports
nucleosome-specific ubiquitination of H2A by both RNF168 and
RING1b, and additionally, DNA binding by RING1b [4,28].

We structurally determined human RNF4,,, 199 RING domain
by both in-solution small angle X-ray scattering (SAXS) and by
protein crystallography to 2.0 A resolution (4PPE.pdb; Supplemen-
tary Table S1). The latter provided a structure consistent to that

A

RNF4(171.181) NTCPTCRKKIN
RNF168(49-509) LCCPFCRRRVS
RING1bgs-95)y KECPTCRKKLV

Figure 1. DNA binding motif within hRNF4 RING domain.
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previously determined (3NG2.pdb) and an indication of the quality
of our recombinant material. Superimposition of the hRNF4 RING
domain crystal structure with that of RING1b and RNF168 (PDB
codes: 2CKL & 3L11) revealed a well-conserved architecture at the
basic cluster region (Fig 1B). Rigid body-based docking analyses
using DOT [29,30] of DNA oligonucleotides against both the entire
hRNF4 crystal structure and against the entire RNF4:UbcHS:ubiqu-
itin complex structure (PDB code: 4AP4; [31]) suggested a local-
ized DNA binding site. These predicted interactions are centered at
the RKK basic cluster, in addition to a neighboring set of basic resi-
dues, His;g,-Lysis3-Argiss, occurring in hRNF4 but not RING1b and
RNF168 (Fig 1C and Supplementary Fig S2A). Using in-solution
SAXS [32], we determined that hRNF4 RING domain forms a
dimer in solution. Interestingly, the RNF4 structures with the
C-terminus in a folded conformation, either apo-protein (PDB code
2XEU) or as observed in a complex with UbcHS:ubiquitin (4AP4),
are a closer fit to the in-solution SAXS experimental data than
RNF4 structures with the C-terminus in the extended conforma-
tion (Supplementary Fig S2). The in-solution folded C-terminus
conformation of hRNF4 is consistent with previous studies indi-
cating that this conformation is required for RNF4 activity [31].
We used the SAXS-based method MONSA that employs a multi-
phase modeling to fit simultaneously multiple curves, and thus
applies a contrast method to define interaction of protein and
DNA constituents within the larger complex [33,34]. We collected
SAXS data on apo-hRNF4 (Supplementary Fig S3), hRNF4 bound

A Sequence alignment of human RNF4 RING domain with the homologous regions of RNF168 and RING1b.
B Structural superimposition of the basic RKK cluster of hRNF4 RING domain (cyan) with the homologous RRR cluster in RNF168 (green) and RING1b (salmon); zinc

atoms are shown as gold spheres.

C DNA docking (DOT)-based molecular docking studies on the RNF4:UbcH5a:ubiquitin trimeric complex crystal structure (4AP4.pdb) with 12-bp DNA, RNF4 RING
domains in cyan, ubiquitin in blue and UbcH5a E3 in green. The 2,000 most favorable interactions denoted by red spheres, with the R17,-K17g-K179 basic cluster in the
C-terminus of the RNF4 RING domain highlighted in yellow, and top scoring dsDNA predictions depicted as cartoon images in orange.

D Left panel: GASBOR space fill model of the in-solution small angle X-ray scattering (SAXS) structure of apo-hRNF4, into which the hRNF4 RING crystal structure
(2XEU.pdb) is fitted and illustrated as a cartoon diagram. Right panel: MONSA-based calculation of the in-solution SAXS shape of hRNF4 (cyan) in complex with a

12-bp dsDNA oligonucleotide (orange), depicted as dummy beads.
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to a 12-bp double-stranded (ds) DNA oligonucleotide, and the
12-bp oligonucleotide alone (Supplementary Fig S4). The experimental
SAXS curve of the hRNF4 RING domain in complex with 12-bp
DNA versus the theoretical best linear combination of free DNA
and free protein, revealed a distinct difference between these two
plots (Supplementary Fig S4), indicating an interaction between
the DNA and protein. MONSA provided a further clear indication
that the protein and DNA components form an overall complex
in solution that is in agreement with DOT-based predictions
(Fig 1D).

We verified the DNA binding property of the hRNF4 RING in
vitro, using a biotin-labeled DNA duplex immobilized on strepta-
vidin beads. Compared to the Glutathione S-transferase (GST)
control, hRNF4 RING bound well to the DNA duplex (Fig 2A).
Our molecular docking analyses suggested that K179 within the
RKK basic cluster directly interacts with DNA (Fig 1C). In agree-
ment, both our hRNF4 structure and that of the RNF4:UbcHS5:
ubiquitin [31] complex show that K179 is solvent exposed and
not involved in protein—protein interactions (Fig 1B). Strikingly, a
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point mutation, hRNF4-K179D, abolished the interaction between
hRNF4 RING and DNA, which has a Kd of approximately 1 uM
(Fig 2A, Supplementary Fig S5).

We next compared the activity of wild-type versus K179D mutant
hRNF4 RING in an in vitro E3 ubiquitin ligase assay. Wild-type and
K179D hRNF4 support similar kinetics of diubiquitin and polyubiqu-
itin species formation, indicating that hRNF4-K179D retains full E3
ubiquitin ligase activity (Fig 2B and D, Supplementary Fig SS5).
Titration up to 150-fold molar excess of DNA over hRNF4 into the
ubiquitination reaction demonstrated that DNA binding is neither
activating nor inhibitory for hRNF4 (Fig 2C).

Together, the foregoing data show that the hRNF4 RING domain
contains a non-specific DNA binding element related to that in the
RING1b RING domain [28]. However, we note that DNA binding
per se may not be the key function of the hRNF4 basic cluster, as it
is structurally related to motifs in the RNF168 and RING1b RING
domains that support nucleosome-targeting [4,28]. This structural
homology has interesting implications for hRNF4 function in
the DDR.

A (o} — 4+ + + + GST-RNF4
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ot Slotin phaa 31 -m-csTRNFaWT H HH E%
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Figure 2. DNA binding and E3 Ligase activity of RNF4-K179D.

A GST-hRNF4 RING120-100aa domain purified using biotin-labeled duplex DNA, detected with an anti-GST antibody. Wild-type (WT) RNF4 RING domain, mutant K179D

(KD) and free GST are shown.

B Kinetics of di-ubiquitin species formation by GST-RNF4. Mean and s.d. scored from triplicate experiments.

(@]

Anti-FLAG western of in vitro ubiquitination assay in the presence of 12-bp duplex DNA titrated up to 150-fold molar excess relative to GST-RNF4 (0.2 uM).

D Anti-FLAG and anti-H3 western blot of in vitro ubiquitination of recombinant (H3) versus nucleosomal (N) histone H3 by wild-type (WT) and K179D mutant (KD) GST-

RNF4 RING domain.

E Quantitation of unmodified H3 relative to free H3 and nucleosomal H3 input [lanes 1 and 2, respectively, in anti-H3 blot of (D)]. Mean and s.d. scored from triplicate

experiments.

© 2014 The Authors
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Nucleosome targeting supported by hRNF4 RING basic cluster

As both RNF168 and RING1b utilize their basic clusters to selec-
tively modify histones within the nucleosomal context [4,28], we
tested for similar functionality of hRNF4. Assayed against free
histone, both wild-type and K179D hRNF4 strongly promoted H3
ubiquitination (Fig 2D and E). Notably however, whereas wild-
type hRNF4 potently ubiquitinated H3 within assembled nucleo-
somes, the K179D mutant was strongly defective in this context
(Fig 2D and E). Thus, the K179D mutation specifically attenuates
the nucleosome-directed ubiquitin ligase activity of hRNF4.
Importantly, the ability of hRNF4 to ubiquitinate nucleosomal H3
is mirrored by the ability of wild-type, but not K179D, to inter-
act with nucleosomes in a gel shift assay (Supplementary
Fig S5). As these nucleosomes lack linker DNA, the hRNF4

RNF4 functions in telomere repair  Lynda M Groocock et al

RING likely binds nucleosomal DNA and may optimally position
hRNF4 to ubiquitinate H3. Overall, these results echo those
for RNF168 and RING1b [4,28], indicating the existence of a
small subfamily of RING-type E3 ubiquitin ligases that share a
nucleosome-targeting motif.

A key role for RNF4 at dysfunctional telomeres

We next determined whether RNF4 plays a critical role at dysfunc-
tional telomeres. To obtain complete and synchronous telomere
deprotection, we used TRF2 conditional knockout mouse embryonic
fibroblasts (MEFs) [13] that contain an inducible Cre recombinase
(TRF2 Flox/Flox, Rosa26-Cre-ER; [35]). Following 4-hydroxy-
tamoxifen (OHT) treatment, CRE-mediated recombination eliminates
TRF2, thereby deprotecting chromosome ends.

A - OHT + OHT B TRF2 FIF R26-CreER ¢ TRF2 FFR26-CreER
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Figure 3. RNF4 is required for DNA damage response at telomeres.

A Metaphase spreads derived from mouse embryonic fibroblasts infected with the indicated constructs and either depleted for TRF2 (+OHT) or untreated (-OHT) were
stained for telomeric DNA (green) and with DAPI (red). Percentages of fused chromosome ends are indicated.

B Telomeric restriction analysis performed on genomic DNA derived from cells treated as in (A). Hybridization in native conditions shows single-stranded telomeric DNA
(Native). Hybridization following denaturation shows total telomeric DNA (Total).

C Quantitation of signal in (B); slow migrating fragments represent telomere end-to-end fusions and signal in native condition represents the single-stranded telomeric
G-overhang. Mean and s.d. scored from triplicate experiments; *P < 0.05 as determined by two-tailed Student’s t-test.

D Localization of 53BP1 to telomeric DNA (TTAGGG).

E Graph representing the percentage of cells with telomere dysfunction-induced foci (TIFs); Mean and s.d. scored from triplicate experiments, n > 200; *P < 0.05 as
determined by two-tailed Student’s t-test.

F FACS mediated cell cycle analysis of the indicated cells.

G ATM activation following TRF2 depletion as determined by Chk2 phosphorylation.

604 EMBO reports Vol 15| No 5] 2014 © 2014 The Authors
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To test whether RNF4 plays a role in the DDR at TRF2-depleted
telomeres, we reduced RNF4 expression by more than 90 % using two
independent lentiviral shRNA constructs (Supplementary Fig S6).
Strikingly, metaphase spread analysis revealed that RNF4 is required
for the formation of telomere fusions in TRF2-depleted cells (Fig 3A,
Supplementary Table S2). This was confirmed in terminal restriction
fragment analysis by the absence of slower migrating species that
correspond to telomere fusions (Fig 3B and C). Given the pivotal role
of 53BP1 in telomere fusion [13,18], we tested whether 53BP1 recruit-
ment to dysfunctional telomeres was inhibited in RNF4-depleted cells.
Indeed, attenuating RNF4 activity caused a significant reduction in
53BP1 co-localization with yH2AX in telomere dysfunction-induced
foci (TIFs; Fig 3D and E, Supplementary Fig S7). These defects in telo-
mere fusion and 53BP1 localization are not explained by changes in
cell cycle profile in TRF2- and RNF4-depleted cells (Fig 3F); or a fail-
ure to activate the ATM pathway as assessed by CHK2 phosphoryla-
tion (Fig 3G). Moreover, the levels of yYH2AX, MDC1, RNF168 and
bulk ubiquitin conjugates (FK2) in TIFs at TRF2-depleted telomeres
were similar in the presence or absence of RNF4 activity (Supplemen-
tary Fig S8). Interestingly, we detected a concurrent increase in the
recruitment of BRCA1 into TIFs when RNF4 activity was compro-
mised (Supplementary Fig S7). This result is consistent with the
recent finding that 53BP1-binding protein RIF1 antagonizes recruit-
ment of BRCA1 into TIFs [36].

hRNF4 nucleosome-targeting ability is critical to the
telomeric DDR

We next tested whether RNF4’s nucleosome-targeting activity is
required for the DDR at dysfunctional telomeres by expressing

A TRF2 FF R26-CreER +OHT
KD  SIM Myc-RNF4

iy

o myc

+ Empty Vector (E) |+ RNF4 (WT)

+ RNF4-KD(KD)

+ RNFA-SIM(SIM)

TRF2 FIF R26-CreER +OHT+ RNF4 shRNA O

Relative 53BP1/ yH2AX colocalization (n>15)
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sh-resistant RNF4 constructs in TRF2- and RNF4-depleted cells
(Fig 4A). Cells expressing the RNF4-K179D mutant allele
showed a strong defect in 53BP1 recruitment at telomeres
(Fig 4B) and consistent with this, impaired NHEJ-mediated
chromosome fusion (Fig 4C, Supplementary Table S2). A similar
phenotype was observed in cells complemented with an empty
vector or an RNF4 allele lacking its SUMO-interacting motifs
(SIMs; Fig 4B and C). In contrast, expression of an sh-resistant
wild-type RNF4 construct fully restored the ability of cells to
process dysfunctional telomeres (Fig 4B and C). Together, these
data indicate that both hRNF4 nucleosome-targeting ability and
SIM-dependent SUMO recognition are required for the telomeric
DDR.

RNF4 functions in the ATM-dependent DDR

The critical role for RNF4 at dysfunctional telomeres contrasts with
its minor role at DNA DSBs induced by either ionizing radiation (IR)
or laser irradiation [24-26]. Distinct from IR-induced DSBs that first
evoke an ATM-dependent, and then rapidly following 5-3' DNA
resection, an ATR-dependent response [37], TRF2 depletion acti-
vates the ATM- but not the ATR-dependent pathway [12]. We there-
fore speculated that RNF4 plays a crucial role in the ATM-
dependent DDR, which we tested by depleting the telomere-associ-
ated protein TPP1 to trigger ATR but not ATM activation [12]. Inter-
estingly, RNF4 activity was dispensable for the recruitment of
53BP1 at TPP1-depleted telomeres (Fig SA and C, Supplementary
Fig S9). These data indicate that RNF4 plays an important role in
53BP1 recruitment downstream of ATM, but is dispensable once
ATR is activated.

1 [ shLuc + Empty

* [ shRNF4 + Empty
[l shRNF4 + WT
[l shRNF4 + KD
[ shRNF4 + SIM

o
o

o
Y

o
~

o
[+

0.5
TRF2 FIF R26-CreER +OHT

Figure 4. DNA binding activity of RNF4 is required for the DNA damage response.

A

Expression levels of MYC-tagged RNF4 (WT) and RNF4 mutants [K179D (KD), SIM mutant (SIM)]. Tubulin (tub) was used as a loading control.

B TRF2 null cells depleted for endogenous RNF4 (shRNF4) were complemented with the indicated constructs and stained for yH2AX and 53BP1. The graph represents
the proportion of cells with yH2AX and 53BP1 containing foci relative to control cells (shLuc). Mean and s.d. scored from triplicate experiments, n > 200; *P < 0.05,

calculated using a two-tailed Student’s t-test.

© 2014 The Authors

Metaphases harvested from cells treated as indicated were stained for telomeric DNA (green) and DAPI (red). Percentages of fused chromosome ends are indicated.
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Figure 5. RNF4 acts downstream of ATM kinase signaling.
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Mouse embryonic fibroblasts (MEFs) infected with the indicated constructs were stained for yH2AX and 53BP1.
MEFs infected with the indicated constructs were irradiated with 2 Gy and stained for 53BP1 and yH2AX.
The graph represents the percentage of cells that display >15 DNA damage foci containing 53BP1 and yH2AX. Mean and s.d. scored from triplicate experiments,

Quantitation of cells containing >20 53BP1 foci at the indicated time post-ionizing radiation exposure. Mean and s.d. scored from triplicate experiments; n > 200;

E Quantitation of 53BP1 foci 10 min after irradiation (2 Gy) in MEFs expressing the indicated shRNA and RNF4 WT, K179D (KD), SIM mutant or empty vector (EV). Foci
are normalized to mock treated cells with EV. Mean and s.d. scored from triplicate experiments; n > 200; *P < 0.05, calculated using a two-tailed Students t-test.

We next determined whether the differential requirement for RNF4
in 53BP1 recruitment extended to global DSB repair, as opposed to
reflecting a telomere specific role. To this end, we monitored the
formation of 53BP1 DDR foci following IR at both early (ATM-depen-
dent) and late (ATR-dependent) time points. RNF4 depletion caused a
significant reduction in 53BP1 recruitment at early time points
(~10 min), which was not apparent at later time points (Fig 5B and
D). Thus, the ATM to ATR transition in the DDR likely explains the
somewhat delayed but ultimately normal 53BP1 recruitment following
IR treatment of RNF4-depleted cells (Fig 5B and D [26]).

EMBO reports Vol 15| No 5| 2014

The kinetic defect observed in 53BP1 recruitment to DSBs in
RNF4-depleted cells provided an assay for any role of the RNF4
basic cluster in the DDR at DSBs. We tested whether RNF4-K179D
was able to support the recruitment of 53BP1 into early IR-induced
foci, by complementing RNF4-depleted MEFs with sh-resistant RNF4
constructs. Whereas wild-type RNF4 largely complemented the
defect in 53BP1 recruitment into DDR foci, both the SIM and
RNF4-K179D mutants were similarly deficient in this response
(Fig SE). Thus, the key role of the hRNF4 RING basic cluster in the
telomeric DDR extends to its genome-wide DDR function.

© 2014 The Authors
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Conclusions

Here, we have identified RNF4 as a key new player in the telomeric
DDR, acting downstream of ATM to promote the recruitment of
53BP1 and subsequent NHEJ-mediated fusion of chromosomes.
Furthermore, we have defined a basic cluster motif in the hRNF4
RING domain that is crucial for this DDR activity. The structural
similarity of the hRNF4, RNF168 and RINGI1b basic clusters that
enable selective ubiquitination of nucleosomal histones suggests
intriguing functional parallels for these E3 ubiquitin ligases.

Our analyses support a minimally bipartite model for target
discrimination by RNF4 in the DDR. The recognition of chromatin
bound SUMO conjugates via its intrinsically disordered amino
terminus acts as a primary “latch” for RNF4 recruitment [24,26].
Subsequently, we propose that the RNF4 RING domain can bind
proximal chromatin to ubiquitinate nucleosomal histones and
other chromatin-associated proteins to promote DNA repair
(Supplementary Fig S9).

Materials and Methods

Cell culture, telomere analysis, Fluorescence-activated
cell sorting

4-OHT treatment of TRF2"/F, R26-CreER MEFs as well as lentiviral
and retroviral infections were as previously described [35]. Cells
were harvested 60 h post-addition of 4-OHT. Telomere Blots, fluo-
rescence in situ hybridization, metaphase analysis and immunofluo-
rescence (IF) were performed using existing protocols [13]. For
quantification, at least 200 cells were counted following IF analysis.
Cell cycle was determined by propidium iodide staining and
acquired on a BD FACScalibur.

SAXS and crystallographic data collection/analysis

Small angle X-ray scattering data were collected at the SIBYLS beam-
line [38]. Data set on 15 pl sample volumes of purified hRNF4 RING
domain. Initial SAXS data analyses were conducted with ScAtter 2.0
software (https://bl1231.als.Ibl.gov/scatter), and subsequently with
the ATSAS software suite [39]. Standard data collection and process-
ing protocols were used for the MONSA analysis, with data being
collected on apo-RNF4, DNA oligonucleotide and RNF4 with DNA
oligonucleotide, and shape reconstructions were conducted over
multiple independent runs.

DNA docking

Docking calculations were performed using the global, systematic
search program DOT, which is part of the DOT2 Suite distributed at:
http://www.sdsc.edu/CCMS [29,40,41]. dsDNA of 10, 15 or 20 nt in
length were used in the docking calculations. The 2,000 placements
with the most favorable interaction energies, calculated as sum of
electrostatics and van der Waals intermolecular energy terms, were
kept, and the top 20 ranked hits were further analyzed in detail,
with the aid of computer graphics. Further details including anti-
bodies and primer sequences are available in Supplementary
Materials and Methods.

© 2014 The Authors
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Supplementary information for this article is available online:
http://embor.embopress.org
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