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RNF111/Arkadia is a SUMO-targeted ubiquitin
ligase that facilitates the DNA damage response
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rotein modifications by ubiquitin and small ubiquitin-

like modifier (SUMO) play key roles in cellular sig-

naling pathways. SUMO-targeted ubiquitin ligases
(STUbLs) directly couple these modifications by selectively
recognizing SUMOylated target proteins through SUMO-
interacting motifs (SIMs), promoting their K48-linked
ubiquitylation and degradation. Only a single mammalian
STUbL, RNF4, has been identified. We show that human
RNF111/Arkadia is a new STUbL, which used three ad-
jacent SIMs for specific recognition of poly-SUMO2/3
chains, and used Ubc13-Mms2 as a cognate E2 enzyme

Introduction

Protein modification by ubiquitin and the small ubiquitin-like
modifier (SUMO) play important, often interconnected, regula-
tory roles in numerous signaling pathways in eukaryotic cells
(Kerscher et al., 2006; Gareau and Lima, 2010; Komander
and Rape, 2012). Similar enzymatic cascades involving activat-
ing (E1), conjugating (E2), and ligase (E3) enzymes underlie
protein modification by ubiquitin and SUMO (Kerscher et al.,
2006). Although no consensus sequences surrounding ubiquity-
lation sites have been described, SUMOylation is frequently, but
not always, targeted to K-X-E/D motifs or an inverted version
of this sequence (Matic et al., 2010). Three different SUMO iso-
forms, SUMO1-3, are expressed in cells, and although SUMO2
and SUMO3 are 97% identical and thus often referred to as
SUMO2/3, SUMOL1 and SUMO2/3 only share ~50% sequence
identity (Gareau and Lima, 2010). Both ubiquitin and SUMO

S.L. Poulsen and R.K. Hansen contributed equally to this paper.
Correspondence to Niels Mailand: niels.mailand@cpr.ku.dk

Abbreviations used in this paper: EdU, 5-ethynyl,2"-deoxyuridine; IP, immuno-
precipitation; MEF, mouse embryonic fibroblast; MS, mass spectrometry; NER,
nucleotide excision repair; SILAC, stable isotope labeling by amino acids in cell
culture; SIM, SUMO-interacting motif; STUbL, SUMO-targeted ubiquitin ligase;
SUMO, small ubiquitin-like modifier; UDS, UV-induced DNA repair synthesis;
WT, wild type.

The Rockefeller University Press  $30.00
J. Cell Biol. Vol. 201 No. 6 797-807
www.jcb.org/cgi/doi/10.1083/jcb.201212075

to promote nonproteolytic, K63-linked ubiquitylation of
SUMOylated target proteins. We demonstrate that RNF111
promoted ubiquitylation of SUMOylated XPC (xeroderma
pigmentosum C) protein, a central DNA damage recogni-
tion factor in nucleotide excision repair (NER) extensively
regulated by ultraviolet (UV)-induced SUMOylation and
ubiquitylation. Moreover, we show that RNF111 facili-
tated NER by regulating the recruitment of XPC to UV-
damaged DNA. Our findings establish RNF111 as a new
STUbL that directly links nonproteolytic ubiquitylation and
SUMOylation in the DNA damage response.

can be attached to target proteins as single moieties but addi-
tionally share the ability to form chains via internal lysine residues.
Unlike ubiquitin, only a single lysine residue in SUMO that con-
forms to the SUMO consensus sequence is used for chain for-
mation, and this ability is exclusive to SUMO2/3 (Tatham et al.,
2001; Komander and Rape, 2012).

Different polyubiquitin chains have distinct cellular func-
tions (Komander and Rape, 2012). Although most of the known
ubiquitylation processes generate K48-linked chains, which tar-
get substrates for degradation by the 26S proteasome, protein
ubiquitylation does not always promote destruction; in particu-
lar, K63-linked polyubiquitylation, catalyzed by the E2 enzyme
Ubc13 in conjunction with its partner proteins Mms2 or Uevl, is
anondegradative modification used in a range of signaling path-
ways, including cellular stress responses such as DNA damage
and inflammatory responses (Chen and Sun, 2009; Al-Hakim
et al., 2010; Komander and Rape, 2012). The function of poly-
SUMO chains is less well understood, but roles in processes
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Figure 1. Human RNF111 binds to poly-SUMOylated proteins via an N-terminal SIM region. (A) Schematic of human RNF111/Arkadia. The RING domain,
two putative NLSs (Episkopou et al., 2001), and three SUMO-interacting motifs (SIMs; top), conserved in higher vertebrates (bottom), are shown. Core
hydrophobic SIM residues are highlighted in green. (B) Amino acid substitutions (highlighted in red) in the RNF111 SIM region to disrupt its SUMO-binding
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such as chromosome segregation, DNA damage, and heat shock
responses have been described (Schwartz et al., 2007; Golebiowski
et al., 2009; Yin et al., 2012). Several cellular processes, includ-
ing the DNA damage response, are intimately coregulated by
ubiquitin- and SUMO-mediated signaling (Kerscher et al., 2006;
Bergink and Jentsch, 2009; Bekker-Jensen and Mailand, 2011).
The discovery of SUMO-targeted ubiquitin ligases (STUbLs)
revealed a further, direct interplay between these modifications.
By means of tandem SUMO-interacting motifs (SIMs; Hecker
et al., 2006), STUbLs recognize poly-SUMOylated proteins
and target them for K48-linked polyubiquitylation and degra-
dation via their E3 ubiquitin ligase activities (Prudden et al.,
2007; Sun et al., 2007). Accordingly, although SUMOylation is
not a degradative modification per se, it can indirectly promote
proteasomal destruction via STUbLs. Only a few STUBLs have
been identified so far, including S1x5-SIx8 in Saccharomyces
cerevisiae, Rfpl/Rfp2-SIx8 in Schizosaccharomyces pombe,
and RNF4 in mammalian cells. All of these enzymes play impor-
tant roles in maintenance of genome stability (Prudden et al.,
2007; Sun et al., 2007; Galanty et al., 2012; Yin et al., 2012),
consistent with the extensive involvement of both ubiquitin and
SUMO in cellular responses to DNA damage.

In a search for new SUMO-binding proteins, we discov-
ered that the human RNF111 ubiquitin ligase (also known as
Arkadia) is a STUbL, which can promote nonproteolytic ubiq-
uitylation of target proteins through cognate E2 enzymes such
as Ubc13. We demonstrate that RNF111 has a physiological
role in nucleotide excision repair (NER), catalyzing DNA dam-
age—induced ubiquitylation of SUMOylated XPC (xeroderma
pigmentosum C). Our findings reveal direct coupling between
nonproteolytic ubiquitylation and SUMOylation in the DNA
damage response.

Results and discussion

RNF111 recognizes poly-SUMO chains

via tandem SiIMs

In a search for proteins containing SIMs, we noted that the
human RNF111/Arkadia E3 ubiquitin ligase, which has been
shown to function in amplification of TGF-f3 signaling path-
ways (Miyazono and Koinuma, 2011), contains three highly con-
served, potential SIMs in its N-terminal region (Fig. 1, A and B).
To test whether these putative SIMs are functional SUMO-
binding modules, we generated an RNF111 mutant (¥*SIM) in
which the core hydrophobic residues in each of the three SIMs
were mutated to alanines, predicted to disrupt their SUMO-
binding ability (Fig. 1 B; Hecker et al., 2006). We first assessed
the SUMO-binding ability of ectopically expressed Strep-tagged
forms of RNF111 wild type (WT) or *SIM purified on Strep-
Tactin agarose. We found that RNF111 bound purified poly-
SUMO?2 chains with high affinity in vitro but was virtually unable

to bind free SUMO?2 (Fig. 1 C). This was fully dependent on the
integrity of the SIM motifs, as the RNF111 *SIM mutant did not
interact with poly-SUMO?2 (Fig. 1 C). To test whether RNF111
binds to SUMOylated proteins in cells, we overexpressed
RNF111 WT or *SIM in cells stably expressing FLAG-SUMO1
or 2 and analyzed their interactions in immunoprecipitation
(IP) experiments. Consistent with in vitro binding experiments,
RNF111 interacted with high-molecular weight SUMOylated
species, but not free SUMO?2, in a SIM-dependent manner
(Fig. 1 D and not depicted). Moreover, RNF111 selectively in-
teracted with proteins modified with SUMO2 but not SUMO1
(Fig. 1 D), in agreement with the notion that SUMO2, but not
SUMOV, forms poly-SUMO chains in vivo (Tatham et al., 2001).
Surface plasmon resonance analysis showed that the RNF111
SIM region bound directly to poly-SUMO?2 with a K of ~15 uM,
whereas the *SIM mutations reduced binding to a K4 > 80 uM
(Fig. 1 E). These data demonstrate that RNF111 interacts with
poly-SUMOylated proteins via three N-terminal SIM motifs,
in accordance with recent findings that showed an additive
contribution of each SIM to poly-SUMO binding (Sun and
Hunter, 2012).

RNF111 promotes Ubc13-Mms2-
dependent ubiquitylation
To gain insight into the functional significance of RNFI111
SUMO binding, we performed quantitative mass spectrometry
(MS)-based analysis of cellular RNF111-interacting proteins
(Fig. 2 A and Fig. S1 A). Several potential RNF111-binding
factors were identified by this approach, including components
of the AP2 (clathrin adaptor 2) complex, consistent with the
known role of RNF111 in regulating endocytosis via interaction
with this complex (Fig. S1, A and B; Miyazono and Koinuma,
2011). Among the RNF111-associated proteins, we also found
two E2 ubiquitin—conjugating enzymes: Ubc13-Mms2, which
specifically catalyzes K63-linked ubiquitin chain formation,
and UBE2O, a large E2 enzyme of unknown function (Fig. 2 A
and Fig. S1 B). The presence of both Ubc13 and Mms2 lends
strong support to the possibility that this complex is a physio-
logical E2 partner for RNF111. We validated the interactions
between RNF111 and Ubcl3 or UBE20 by reciprocal co-IP
analysis (Fig. 2 B and Fig. S2, A and B). In contrast, we did not
observe binding of RNF4, the known mammalian STUbL, to
Ubc13 under a range of conditions (Fig. S2, C and D).
Because RNF111 promotes degradation of factors in
TGF-f signaling pathways, the interaction with Ubc13—Mms2
was unexpected, and we set out to investigate its physiologi-
cal relevance. We noted that endogenous RNF111 is primarily
localized in the nucleus (Fig. 2 C), suggesting that in addition
to facilitating amplification of TGF-[3 signaling and endocy-
tosis, RNF111 might have other important nuclear functions.
To test whether RNF111 has E3 ligase activity in the presence

ability (*SIM). (C) S-FLAG-Strep—tagged RNF111 (SFSRNF111) proteins expressed in U20S cells were purified on Strep-Tactin Sepharose, incubated with
purified SUMO2 or poly-SUMO2 (3-8), and washed extensively. Bound complexes were immunoblotted with the SUMO2 antibody. WCE, wholecell
extract. (D) Hela cells stably expressing FLAG-SUMO isoforms were transfected with Strep-HARNF111 plasmids as indicated. Whole-cell extracts were
subjected to Strep-Tactin pull-down and immunoblotting with the FLAG antibody. (E) Plasmon surface resonance analysis of poly-SUMO2 binding kinetics
of RNF111 fragments spanning the SIMs. Data shown are from a single representative experiment out of three repeats. MM, molecular mass.

RNF111 is a SUMO-targeted ubiquitin ligase * FPoulsen et al.

799

€102 ‘6 Joqweidag uo Bio ssaidni-qol woly papeojumoq


http://www.jcb.org/cgi/content/full/jcb.201212075/DC1
http://www.jcb.org/cgi/content/full/jcb.201212075/DC1
http://jcb.rupress.org/

Published June 10, 2013

A 2 siRNF111

g <.  RNFIT et~ 4 4+ - SFS-RNF111WT
' - - — - + SFS-RNF111*R
2 & Inyltrp - + + + Ubc13-Mms2
’ Libigu- + — + + HA-ubiquitin
= tylation 9
o e MM -
o * 6| kD)
2 : o
B8 | Lo g }‘j.. 191-
£, 28| o HA-ubiquitin
>: o ) g_g
g . P 8 E _g 64—
~4° o =
o e
T 148-
% = : : S S —— - -SS-RNF111
L
Z-score (log2) (éj gg:
DD A Ctin
B U208 "

- + Strep-HA-Ubc13 E ——
e

MM+ GFP-RNF111

WT WT WT *SIM “SIM -
(kD) exdiracts SFS-RNF111

P””“’g‘;;‘;“r; 14888 -GFP-RNF 111 Invito] = + + + + + Ubc13/Mms2
148-mmm i GFP-RNF111 ubiqui-| + = + + + + HA-ubiquitin
WCE — tylation| - - - + - + polySUMO2
22~ M -Strep-HA-Ubc13 MM
kD) 2
C & DNA 5 ' " ¢
3|19t | " | HA-ubiquitin
T 2| o 9
2 =
i ol s
:'g'
£ | 51-
. i\
i Q.
o 1101
= %
> | = polySUMO2
3 a
5| o .
U20S ' -
MM ——— 2 51—
kD) — + SIRNF111
s —pNF111 e
WCE| og- :-— = g - o —— -SFS-RNF111
5o S ~Tubulin = SarauPysr s e —/\Ctin
36—

Figure 2. RNF111 has STUbL activity in the presence of Ubc13-Mms2. (A) MS-based analysis of RNF11 1-interacting proteins. U20S and U20S/GFP-
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by MS. Plot shows z scores (from SILAC heavy/light ratios) and total intensity of identified proteins. RNF111, Ubc13 (UBE2N), and Mms2 (MMS2) are
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of Ubc13-Mms2, we performed in vitro ubiquitylation assays
using ectopic RNF111 immunopurified from cells. Because
RNF111 appeared to form homodimers in cells (unpublished
data), we depleted endogenous RNF111 to remove background
E3 ligase activity of copurifying endogenous RNF111. We
found that RNF111 was highly active as an E3 ligase in the
presence of purified Ubc13-Mms2, as judged from its autou-
biquitylation (Fig. 2 D). As expected, this required the integrity
of the RNF111 RING domain (Fig. 2 D), whereas mutation of
the SIMs did not impair intrinsic RNF111 E3 ligase activity
(Fig. S2 E). In addition to Ubc13-Mms2, RNF111 was active
with more generic E2 enzymes, such as UbcHS, as expected
(Fig. S2 F). To test whether RNF111 has STUbL activity in
the presence of Ubc13—-Mms?2, we analyzed the impact of SUMO2
on RNF111 E3 ligase activity. Strikingly, we found that poly-
SUMO?2 chains, but not free SUMO2, were efficiently targeted
for Ubc13—-Mms2-dependent ubiquitylation by RNF111 in a
manner fully dependent on the integrity of the SIMs (Fig. 2 E
and not depicted). We conclude from these experiments that
RNF111 functions as a STUbL that employs Ubc13-Mms2 and
likely other cognate E2 partners in ubiquitylation of SUMO-
ylated substrates.

RNF111 promotes UV-induced
ubiquitylation of XPC

We next attempted to identify physiological substrates for the
STUbBL activity of RNF111. The NER factor XPC is known to un-
dergo both SUMOylation and ubiquitylation in response to UV
radiation, and the UV-induced ubiquitin chains on XPC do not
appear to destine XPC for proteasomal destruction (Sugasawa
et al., 2005; Wang et al., 2005). We reasoned that SUMOylated
XPC might be a candidate target of the Ubc13—Mms2-dependent
E3 ligase activity of RNF111. Indeed, knockdown of RNF111
by any of several independent siRNAs impaired UV-induced
ubiquitylation but not SUMOylation of XPC (Fig. 3, A and B;
and Fig. S3, A and B), suggesting that XPC is SUMOylated
before ubiquitylation by RNF111. The slow-migrating, UV-
inducible XPC species seen in immunoblots represent a mixture
of ubiquitin- and SUMO-modified forms; hence, the dramatic
decrease in XPC ubiquitylation but not SUMOylation in RNF111-
depleted cells manifests less prominently in total XPC blots
(Fig. 3 A). Consistent with a direct role of RNF111 in ubiquity-
lating XPC after UV, we found that elevated levels of RNF111
augmented the UV-induced increase in XPC-GFP ubiquitylation
(Fig. 3 C). In contrast, depletion of RNF4, the known STUbL
in mammalian cells, had no effect on UV-induced XPC ubiqui-
tylation (Fig. S3 C). The ability of RNF111 to promote Ubc13—
Mms2-dependent ubiquitylation prompted us to test whether

UV-induced XPC ubiquitylation required Ubc13 function. Like
RNF111 knockdown, depletion of Ubc13 decreased UV-induced
XPC ubiquitylation substantially (Fig. 3 D and Fig. S3 D), sug-
gesting that RNF111-dependent XPC ubiquitylation after UV
exposure was, at least partially, mediated by Ubc13-dependent,
nonproteolytic ubiquitylation.

To further probe the basis of RNF111-dependent XPC
ubiquitylation in response to UV, we asked whether RNF111
and XPC interact in cells. Indeed, UV induced prominent, but
transient, interaction between RNF111 and XPC at early time
points after UV (Fig. 3 E). Interestingly, like several known
NER factors, both endogenous and ectopic RNF111 underwent
partial degradation after UV in a proteasome-dependent manner,
which, however, did not require the intrinsic E3 ligase activity
of RNF111 (Fig. 3, E and F; and Fig. S3 E). In general, the kinet-
ics of UV-induced RNF111 interaction with XPC and degradation
correlated with that of XPC ubiquitylation after UV exposure
(Fig. 3, E and F; and Fig. S3 F).

RNF 111 selectively ubiquitylates
SUMOylated XPC

The aforementioned findings suggested that RNF111 targets
SUMOylated XPC for ubiquitylation in response to UV. Hence,
we tested whether RNF111 specifically interacts with SUMO-
modified XPC via its SIMs, using a strategy wherein GFP-
tagged XPC immunopurified from cells was SUMOylated
in vitro and then incubated with extracts of cells transfected with
WT or mutant forms of ectopic RNF111 (Fig. 4 A). Under these
conditions, RNF111 efficiently interacted with XPC, but only
if XPC had been pre-SUMOylated, and this required the integ-
rity of the RNF111 SIMs (Fig. 4 B), in agreement with the
notion that RNF111 specifically recognizes SUMOylated XPC.
We next tested whether RNF111 functions as a STUbL for
XPC. To do this, we extended the setup to monitor SUMO-
dependent RNF111-XPC binding, by subjecting the bound
complexes to an in vitro ubiquitylation assay in the presence
of Ubc13-Mms2 as an E2 (Fig. 4 A). Although a background
level of Ubcl13-Mms2-dependent ubiquitylation of XPC-GFP
could be seen in the absence of ectopically expressed RNF111
(Fig. 4 C, compare lanes 1-6), the addition of RNF111 WT
markedly enhanced XPC ubiquitylation (Fig. 4 C, compare
lanes 6 and 7) but only if XPC had been pre-SUMOylated
(Fig. 4 C, compare lanes 2, 3, and 7). Importantly, this increase
in RNF111-dependent XPC ubiquitylation required the func-
tional integrity of both the RNF111 RING and SIM domains
(Fig. 4 C, compare lanes 7-9). These data suggest that RNF111
acts as a STUDbL for XPC, catalyzing its nonproteolytic ubiqui-
tylation in response to UV damage.

highlighted. See also Fig. S1 (A and B). (B) U20S cells were cotransfected with indicated combinations of GFP-RNF111 and Strep-HA-Ubc13 plasmids.
Whole-cell extracts (WCE) were subjected to Strep-Tactin pull-down followed by immunoblotting with GFP and HA antibodies. (C) U20S cells transfected
with nontargeting (control [CTRL]) or RNF111 siRNAs were collected 72 h later and processed for immunostaining (top) or immunoblot (bottom) with
RNF111 antibody. Asterisk indicates a nonspecific band. Bar, 10 pm. (D) Extracts of U20S cells sequentially transfected with RNF111 siRNA and S-FLAG-
Strep—tagged RNF111 (SFS-RNF111) plasmids were subjected to Strep-Tactin pull-down. Bound complexes were incubated with ubiquitylation reaction
mixture containing ET, Ubc13-Mms2 complex, and HA-ubiquitin as indicated and washed extensively, and RNF111 E3 ligase activity was analyzed by
immunoblotting with the HA antibody. (E) As in D, except that ubiquitylation reactions were performed in the presence or absence of poly-SUMO2 (3-8)
chains followed by immunoblotting with HA and SUMO2 antibodies. MM, molecular mass.
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Figure 3. RNF111 promotes UV-induced ubiquitylation of XPC. (A) U20S or U20S/Strep-HA-ubiquitin cells transfected with control (—) or RNF111 siRNAs
were exposed or not exposed to UV and collected 1 h later, and XPC ubiquitylation was analyzed by immunoblotting Strep-Tactin pull-downs of whole-
cell extracts (WCE) with the XPC antibody. (B) Hela/FLAG-SUMO? cells transfected with control (—) or RNF111 siRNAs and left untreated or induced to
express FLAG-SUMO?2 by addition of doxycycline (DOX) were exposed or not exposed to UV and collected 1 h later. Cells were lysed under denaturing
conditions, and XPC SUMOylation was analyzed by immunoblotting of FLAG IPs with XPC antibody. (C) U20S/Strep-HA-ubiquitin cells transfected with
empty vector (—) or FLAG-RNF111 plasmid were exposed or not exposed to UV and collected 1 h later. XPC ubiquitylation was analyzed as in A. (D) XPC
ubiquitylation in U20S/Strep-HA-ubiquitin cells depleted of RNF111 or Ubc13 was analyzed as in A. Ubc13 knockdown efficiency is shown in Fig. S3 D.
(E) Extracts of U20S/GFP-RNF111 cells collected at the indicated times after UV radiation were subjected to GFP IP followed by immunoblotting with XPC
antibody. (F) Extracts of U20S cells incubated with or without MG132, exposed to UV 30 min later, and collected at the indicated times after UV were
analyzed by immunoblotting with the RNF111 antibody. Asterisks denote a nonspecific band. MM, molecular mass.
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Figure 4. RNF111 ubiquitylates XPC in a SUMOylation-dependent manner. (A) Outline of in vitro SUMO-binding and STUbL assays. XPC-GFP expressed in
U20S cells was immunopurified on GFP-Trap resin and subjected to in vitro SUMOylation. After washing, the XPC-GFP—containing beads were incubated
with extracts of cells transfected or not transfected with S-FLAG-Strep-RNF111 (SFS-RNF111) constructs, washed again, and processed for immunoblotting
(IB) of bound SFS-RNF111 with FLAG antibody (i) or subjected to in vitro ubiquitylation followed by washing and immunoblotting with the HA antibody to
analyze ubiquitin ligase activity (ii). (B) SUMOylation-dependent binding of RNF111 to XPC, analyzed as described in A. (C) Analysis of SUMOylation-
dependent XPC ubiquitylation by RNF111 was performed as described in A. MM, molecular mass.
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Figure 5. RNF111 promotes NER by regulating XPC recruitment to UV-
damaged DNA. (A) UDS of the indicated MEF cell lines, determined by
EdU incorporation for 3 h after exposure to 16 J/m? UV-C. Error bars
indicate SDs of three independent experiments. (B) Cells stably expressing
XPC-GFP were transfected with indicated siRNAs and locally exposed to
laser-induced UV-C damage. XPC-GFP fluorescence intensity at the dam-
aged area relative to predamage intensity was recorded in time using
livecell confocal imaging (mean of three independent experiments, n = 8
cells per experiment, +SD). (C) As in B, except that cells were transfected
with control (CTRL) or DDB2 siRNA. Results of a representative experiment
(n = 8 cells per sample, +SEM) are shown.

Because RNF111 promotes ubiquitylation of XPC after UV,
we asked whether RNF111 regulates NER. Although UV-
induced ubiquitylation of XPC has been suggested to increase
its DNA-binding affinity (Sugasawa et al., 2005), the exact
role of this modification in NER is unclear. Previous work
suggested that XPC is ubiquitylated by CRL4""®? an E3 ligase
complex functioning as a proximal sensor of UV lesions in DNA
(Sugasawa et al., 2005). It is possible that XPC is ubiquitylated
by both CRL4"®? and RNF111 in response to UV. Indeed,
using MS, we found that XPC ubiquitylation involves a vari-
ety of ubiquitin chains and >15 individual ubiquitylation sites
(unpublished data; Povlsen et al., 2012); hence, the nature and
regulation of XPC ubiquitylation appears to be highly com-
plex, likely involving several E3 ligases. To determine whether
RNF111 loss affects NER, we measured UV-induced DNA
repair synthesis (UDS) in RNF111~/~ mouse embryonic fibro-
blasts (MEFs; Mavrakis et al., 2007). Strikingly, these MEFs
showed a marked reduction in UDS, as was also observed in
XPC™'~ MEFs (Fig. 5 A). Moreover, using two independent
siRNAs, we found that RNF111 knockdown resulted in increased
accumulation of XPC-GFP to locally UV-irradiated chroma-
tin, whereas knockdown of DDB?2 had the opposite effect, as
previously observed (Fig. 5, B and C; Nishi et al., 2009). Hence,
although DDB2 and RNF111 have opposing effects on XPC
accumulation at UV lesions, interfering with the proper ki-
netics of XPC interaction with damaged chromatin by inacti-
vation of either E3 reduces the efficiency of NER. These data
suggest that RNF111 has a physiological role in promoting
NER by regulating ubiquitylation of XPC and its association
with damaged DNA.

Our findings show that RNF111 is a STUbL that pro-
motes nonproteolytic ubiquitylation of at least a subset of its
substrates, including XPC, implying that STUbL activity is not
confined to RNF4 in higher vertebrates and that STUbLs do not
always target substrates for proteasomal degradation. Although
Ubc13-Mms2 appears to be a major cognate E2 enzyme for
RNF111 in cells, RNF111 also interacts with other E2 enzymes
and is known to promote ubiquitin-dependent degradation of
TGF-p signaling factors (Koinuma et al., 2003; Levy et al.,
2007; Nagano et al., 2007). Hence, depending on the context,
RNFI111 may work with different E2s to promote degrada-
tive or nonproteolytic ubiquitylation of SUMOylated substrate
proteins. Despite the fact that both RNF4 and RNF111 interact
with poly-SUMOylated proteins through tandem SIMs, they
appear to have largely nonoverlapping roles in the cell. For in-
stance, RNF4, but not RNF111, was dispensable for UV-induced
ubiquitylation of XPC, whereas RNF111 was not recruited to
laser microirradiation-induced DNA double-strand breaks, un-
like RNF4 (unpublished data; Galanty et al., 2012; Yin et al.,
2012). This distribution of labor between RNF4 and RNF111
in targeting distinct subsets of SUMOylated factors may reflect
differences in the SUMO-binding properties of their tandem
SIMs, which have a distinct configuration, as well as differen-
tial target-binding specificity contributed by other domains in
these proteins.
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Although our comprehensive analysis of RNF111-binding
factors in unperturbed cells uncovered several E2 partner pro-
teins, we did not detect any known components of TGF-f3 sig-
naling pathways, nor XPC. Given the involvement of RNF111
in regulating these proteins, we speculate that processes medi-
ated by the RNF111 STUbL activity may, in many cases, be
induced by stimuli such as TGF-3 or UV treatment, which
may promote SUMOylation of specific factors and thus trigger
their RNF111-mediated ubiquitylation. This is consistent with
previous findings that elevated levels of RNF111 only cause
degradation of SnoN in TGF-pB-stimulated cells (Levy et al.,
2007). Based on the large and heterogeneous group of proteins
identified by MS as putative RNF111-interacting proteins, we
propose that RNF111, like RNF4, is a multifunctional STUbL
regulating a diverse range of cellular signaling processes, de-
termined to a large extent by the SUMOylation state of target
proteins. This scenario reconciles the involvement of RNF111
in radically different cellular processes, such as TGF-3 signal-
ing and endocytosis (Miyazono and Koinuma, 2011), and NER.
Whether the ability of RNF111 to ubiquitylate proteins in the
former processes involves its STUbL activity remains to be ad-
dressed. Our findings shed further light on how STUbLS directly
couple ubiquitylation and SUMOylation in important cellular
signaling pathways.

Materials and methods

Plasmids and siRNA

FulHength human RNF111 cDNA was amplified by PCR and inserted into
pEGFP-C1 (Takara Bio Inc.) and pcDNA4/TO (Invitrogen) containing
N-erminal Strep-HA or S-FLAG-Strep tags to generate mammalian expression
constructs for GFP-, StrepHA-, and SFLAG-Strep-tagged RNF111, respec-
tively. The RNF111 *RING (W963A) point mutation was infroduced using
the site-directed mutagenesis kit (QuikChange; Agilent Technologies). The
RNF111 *SIM mutations (VVVI(300-303)AAAA, VEIV(326-329)AAAA, and
VVDL(382-385)AAAA) were introduced by replacing part of the coding se-
quence of human RNF111 (nucleotides 665-1,677 of the RNF111 ORF) with
a synthefic gene spanning this region and containing the mutated *SIM se-
quence using the unique Kpnl and EcoNl sites in RNF111. All constructs were
verified by sequencing. Constructs expressing StrepHA-tagged Ubc13 and
GFP-XPC were described previously (Bekker-Jensen et al., 2010). Plasmid
transfections were performed using GeneJuice (EMD Millipore) according to
the manufacturer’s instructions. siRNA transfections were performed with Lipo-
fectamine RNAIMAX (Invitrogen) as described. siRNA target sequences used
in this study were control, 5-GGGAUACCUAGACGUUCUA-3"; RNF111
(#1), 5-GGAUAUUAAUGCAGAGGAA3’; RNF111 (#4), 5-GGAUAUG-
AAGAGUGAGAUU-3’; Ubc13, 5-GAGCAUGGACUAGGCUAUA-3"; XPC,
5-GCAAAUGGCUUCUAUCGAAUU-3’; DDB2, 5'-CCCAGAUCCUAAUU-
UCAAA-3"; RNF4 (#1), 5-GCUAAUACUUGCCCAACUU-3’; and RNF4
(#2), 5'-GACAGAGACGUAUAUCUGA-3'.

Cell culture

Human U20S and Hela cells were cultured in DMEM containing 10%
fetal bovine serum. SV40-immortalized XP4PA cells stably expressing XPC-
GFP (Hoogstraten et al., 2008) were cultured in DMEM containing 5% fetal
bovine serum and 2 mM tglutamine. RNF111~/ primary mouse fibroblasts of
mixed 129Sv/MF1 genetic backgrounds (provided by V. Episkopou, Imperial
College London, London, England, UK; Mavrakis et al., 2007), and XPC~/~
MEFs in which exons 4-7 of the XPC gene were deleted (Sands et al., 1995)
were cultured in a 1:1 ratio of Ham’s F10 and DMEM supplemented with 10%
fetal calf serum and 1% nonessential amino acids. To generate cell lines stably
expressing GFP-tagged WT and mutant RNF111 alleles, U20S cells were
cotransfected with GFPRNF111 constructs and pBabe-puromycin plasmid,
and positive clones were selected with 1 pg/ml puromycin. A stable U20S/
Strep-HA-ubiquitin cell line (Danielsen et al., 2011) was generated by select
ing cells transfected with Strep-HA-ubiquitin expression plasmid in medium
containing 400 pg/ml G418 until resistant clones grew out. Stable Hela

cell lines expressing FLAG-SUMO1/2 in a doxycycline-inducible manner
(Danielsen et al., 2012) were generated by cotransfection of Hela/FRT/TRex
cells (Invitrogen) with pcDNAS5/FRT/TO-3xFLAG-SUMO1/2 and pOG44 fol-
lowed by selection with 200 pg/ml Hygromycin B. Unless stated otherwise,
cells were exposed to 30 J/m? UV and collected 1 h later.

MS-based analysis of RNF111-interacting proteins

For stable isotope labeling by amino acids in cell culture (SILAC) label-
ing, U20S or U20S/GFPRNF111 cells were cultured for 14 d in Eagle’s
minimum essential medium (Sigma-Aldrich) supplemented with L-arginine
and tysine or arginine-U-"*C4"*N4 and Llysine-U-"*C4-'°N, (Cambridge
Isotope Laboratories), respectively (Ong et al., 2002). Cells were lysed in
EBC buffer supplemented with protease and phosphatase inhibitor cock-
tails (Roche), and GFPRNF111 and its interacting proteins were enriched
using GFP-Trap resin. Proteins were resolved by SDS-PAGE and in-gel
digested with trypsin. Peptide fractions were analyzed on a quadrupole mass
spectrometer (Q Exactive; Orbitrap; Thermo Fisher Scientific) equipped
with a nanoflow HPLC system (Thermo Fisher Scientific; Michalski et al.,
2011). Raw data files were analyzed using MaxQuant software (version
1.2.2.9; Cox and Mann, 2008). Parent ion and MS2 spectra were searched
against protein sequences obtained from the UniProt knowledge base using
the Andromeda search engine (Cox et al., 2011). Spectra were searched
with a mass tolerance of 6 ppm in MS mode and 20 ppm in higher-energy
C-rap dissociation MS2 mode, strict trypsin specificity, and allowing up to
two missed cleavage sites. Cysteine carbamidomethylation was included
as a fixed modification, and N-terminal protein acetylation was included
as variable modification. The dataset was filtered based on posterior error
probability to arrive at a false discovery rate <1% for peptide spectrum
matches and protein groups. For calculation of z scores, the protein group
ratios were logarithmized, and the standard deviation was estimated sepa-
rately for ratios below and above O based on the 0.159 and 0.841 quan-
tile (Cox and Mann, 2008).

Immunochemical methods and antibodies

Immunoblotting, IP, and Strep-Tactin pull-downs were performed as previ-
ously described (Poulsen et al., 2012). In brief, cells were lysed in EBC
buffer (50 mM Tris, pH 7.5, 150 mM NaCl, T mM EDTA, 1 mM DTT, and
0.5% NP-40) or denaturing buffer (20 mM Tris, pH 7.5, 50 mM NaCl,
1 mM EDTA, 1 mM DTT, 0.5% NP-40, 0.5% sodium deoxycholate, and
0.5% SDS) supplemented with protease and phosphatase inhibitors and
incubated on ice for 10 min, and lysates were cleared by centrifugation
for 10 min at 20,000 rpm. lysates were incubated with FLAG agarose
(Sigma-Aldrich), GFP-Trap agarose (ChromoTek), or Strep-Tactin Sepharose
(IBA BioTAGnology) for 1.5 h on an end-over-end rotfator at 4°C, washed
five times with EBC buffer or denaturing buffer, and resuspended in
2x Laemmli sample buffer.

Antibodies used in this study included mouse monoclonals to RNF111
(MO5; Abnova), GFP (sc-9996) and B-actin (sc-130301; Santa Cruz Bio-
technology, Inc.), and FLAG (F1804; Sigma-Aldrich), rat monoclonal to HA
(Roche), and rabbit polyclonals to XPC (Bethyl Laboratories, Inc.), SUMO1
(ab32058), SUMO2/3 (ab3742), Btubulin (ab6046; Abcam), and Ubc13
(4919; Cell Signaling Technology). Rabbit polyclonal RNF4 antibody was a
gift of J. Palvimo (University of Eastern Finland, Kuopio, Finland).

Immunofluorescence staining, microscopy, and laser microirradiation
Cells were fixed in 4% formaldehyde, permeabilized with PBS containing
0.2% Triton X-100 for 5 min, and incubated with primary antibodies diluted
in DMEM for 1 h at room temperature. After staining with secondary anti-
bodies (Alexa Fluor 488 and 568; Life Technologies) for 30 min, coverslips
were mounted in Vectashield mounting medium (Vector Laboratories) con-
taining nuclear stain DAPI. Confocal images were acquired on a microscope
(LSM 510; Carl Zeiss) mounted on a confocal laser-scanning microscope
(Axiovert T00M; Carl Zeiss) equipped with Plan-Neofluar 40x/1.3 NA oil
immersion objective. Dual-color confocal images were acquired with stan-
dard settings using laser lines 488 and 543 nm for excitation of Alexa Fluor
488 and Alexa Fluor 568 dyes (Molecular Probes/Invitrogen), respectively.
Band pass filters 505-530 and 560-615 nm were used to collect the emit-
ted fluorescence signals. Image acquisition and analysis was performed with
LSM ZEN software (Carl Zeiss). Raw images were exported as TIF files, and
if adjustments in image contrast and brightness were applied, identical set-
tings were used on all images of a given experiment.

In vitro ubiquitylation, SUMOylation, and binding experiments

To analyze in vitro binding of RNF111 to SUMO, S-FLAG-Strep-RNF111
constructs were overexpressed in U20S cells, purified on Strep-Tactin
Sepharose, and incubated with purified free SUMO1, SUMO?2, or poly-SUMO
chains (3-8; all obtained from Boston Biochem) for 2 h at 4°C. Bound
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complexes were washed extensively in EBC buffer (50 mM Tris, pH 7.5,
150 mM NaCl, 1 mM EDTA, 1 mM DTT, and 0.5% NP-40), and immobilized
material was resolved by SDS-PAGE and analyzed by immunoblotting.

For in vitro RNF111 ubiquitylation assays, S-FLAG-StrepRNF111
purified from cells as described in the previous section and incubated in
20 pl ubiquitylation assay buffer (50 mM Tris, pH 7.5, 5 mM MgCl,, 2 mM
NaF, 2 mM ATP, and 0.6 mM DTT) supplemented with 60 ng E1, 300 ng
E2 (Ubc13-Mms2 complex or UbcH5¢), and 5 pg HA-ubiquitin (all ob-
tained from Boston Biochem) for 1 h at 37°C. Reactions were stopped by
addition of Laemmli sample buffer, resolved by SDS-PAGE, and immuno-
blotted with the HA antibody.

For in vitro SUMOylation and STUbL assays, XPC-GFP ectopically
expressed in U20S cells was captured on GFP-Trap resin and incubated
with 100 ng SAE1/2, 200 ng Ubc?, and 3 pg SUMO?2 (all obtained from
Boston Biochem) in ubiquitylation assay buffer for 1 h at 37°C. The beads
were washed extensively in EBC buffer and incubated with extracts of U20S
cells transfected with WT or mutant versions of S-FLAG-Strep-RNF111 for
2 h at 4°C. The immobilized material was then washed in EBC and pro-
cessed for immunoblotting or subjected to in vitro ubiquitylation assay as
described in the previous section.

For surface plasmon resonance analysis, recombinant His¢-tagged
fragments (WT and *SIM) of human RNF111 (encompassing amino acids
282-411) were expressed in Escherichia coliand purified on an AKTAxpress
system (GE Healthcare). The Hiss tag was removed with tobacco etch virus
protease, and the RNF111 fragments were further purified using reverse-
phase chromatography on an UltiMate 3000 system (Dionex), using C18
columns (Phenomenex). Eluted proteins were lyophilized, and their masses
were verified by SDS-PAGE and MS. Poly-SUMO2 chains (3-8) were
immobilized on a CM5 sensor chip using standard amine-coupling chem-
istry. Before fitration experiments, the RNF111(282-411) fragments were
dialyzed in running buffer (10 mM Hepes, pH 7.4, 150 mM NaCl, and
0.005% P20). After each titration point, the surface was regenerated
using 10 mM glycine, pH 2.5. All data were collected on an instrument
(T200; Biacore) at 25°C and analyzed using the T200 evaluation software
(Biacore), in which the data were fitted to a steady-state model.

UDS and XPC-GFP accumulation kinetics assays

UDS was performed as described previously (Limsirichaikul et al., 2009;
Schwertman et al., 2012). In brief, MEFs were seeded on coverslips 3 d
before the UDS assay and cultured in medium without serum to reduce the
number of S-phase cells. Cells were exposed to 16 J/m? UV-C and labeled
with 5-ethynyl,2"-deoxyuridine (EdU) for 3 h. Subsequently, cells were fixed
with 3.7% formaldehyde, and EdU incorporation was visualized using
Alexa Fluor 594 nm (Click-iT) according to manufacturer’s protocol (Invitro-
gen). UDS was quantified in >75 cells by measuring the overall nuclear
fluorescence using Image) software (National Institutes of Health). Images
were obtained using a microscope (LSM-700; Carl Zeiss).

Kinetic study of XPC-GFP accumulation was performed in SV40-
transformed XP4PA cells stably expressing XPC-GFP as described previ-
ously (Dinant et al., 2007). In brief, cells were cultured on 25-mm quartz
coverslips (SPI Supplies) and imaged on a laser-scanning confocal micro-
scope (SP5; Leica) using an Ultrafluar quartz 100x, 1.35 NA glycerol
immersion lens (Carl Zeiss) at 37°C and 5% CO,. Imaging medium was
the same as culture medium. For UV laser irradiation, a 2-mW pulsed
(7.8 kHz) diode pumped solid-state laser emitting at 266 nm (DPSL; Rapp
OptoElectronic) was connected to the microscope (SP5) with all-quartz op-
tics. Treated nuclei were imaged using the same scanning speed, zoom
factor, and laser power. Images were acquired using the LAS AF software
(Leica). Data analysis was performed using the Image) software package.
Measured fluorescence levels were determined in the specific region of
the damage in the nucleus over time and corrected for background values.
Resulting curves show the relative amount of protein in the damaged area
over time and were normalized to 1 for the data points before damage.

Online supplemental material

Fig. S1 shows MS-based analysis of RNF11 1-interacting proteins. Fig. $2
shows analysis of the interplay between RNF111 and E2 ubiquitin—
conjugating enzymes. Fig. S3 shows analysis of RNF111-dependent ubiqui-
tylation of XPC in response to UV. Online supplemental material is available

at http://www.jcb.org/cgi/content/full /jcb.201212075/DC1.
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Figure S1. Analysis of cellular RNF111-
interacting proteins. (A) MS-based analysis
of RNF111-interacting proteins. U20S or
U205 Control U20S/GFP-RNF111 U20S/GFPRNF111 cells grown in light

. or heavy SILAC medium, respectively, were
lysed and subjected to GFP IP. Subse-
quently, samples were combined, resolved
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by SDS-PAGE, and analyzed by MS. SILAC
(heavy/light) ratios for individual proteins
were determined. m/z, mass per charge.

(B) Overview of selected proteins with high
SILAC (heavy/light) ratios identified by the

IP: GFP experimental approach outlined in A. DUB,
l deubiquitylating enzyme.
Mix 1:1

Separation SDS-PAGE
Trypsin digestion

|

Mass spectrometry analysis

|

Potential specific

P
O
o
-
o
[01]
-
-l
L
o
L
o
-l
<
2z
a s
-
@
=
L
L
[

interact
g n era.c ars
_‘E « o Non specific
_g | interactors
]
m/z
Subunit:
1,2,3,4,5,6a,6b,7,8,
DUBs: 10b,11,12,13,14
USP5
USP7
e TFIIH-1 (p62)
UsP9

S

/ TFIIH-4 (p52)
‘ -

Ubc13
UBE2V2 (MMS2) AP2-u o AP2-0
.a
UBE20 AP2B

CK2-a

CK2-p

RNF111 is a SUMO-targeted ubiquitin ligase * Poulsen et al. S

€102 ‘6 Joqweideg uo Bio ssaidni-gol wouy pepeojumo(


http://jcb.rupress.org/

Published June 10, 2013

A U20S E

+ - 4+ + + + Ubc13-Mms?2
- + GFP-RNF111 g E e o b HA-ubiquitin
{:EIJ\;I + + Strep-HA-Ubc13 kD) ~ WT WT WT*SIM *R SFS-RNF111
IP: GFP| 22-1 | -Strep-HA-Ubc13 <
- 2o- B -Strep-HA-Ubc13 & [ 101
>
" -GFP-RNF111 S| or- HA-ubiquitin
o
g
o
o
b 64—
B U20S >
- + FLAG-UBE20 -
MM + + Strep-HA-RNF111 e
D) Q| oo IR -SFs-RNF111
IP: FLAG 98_- —Strep-HA-RNF111
98_-_3trep-HA-RN|:111 F & &+ & SFS-RNFI11WT
WCE + - + + HA-ubiquitin
-FLAG-UBE20 + - 4+ - Ubc13-Mms2
148—- UbcH5a
=
C U20S =
- + GFP-RNF4 2 o
P:g; + + Strep-HA-Ubc13 g HA-ubiquitin
P:GFP| ,  -Strep-HA-Ubc13 o
64— ] =
.| 8= -GFP-RNF4 f=
WCE =
5 — -Strep-HA-Ubc13 - —-SFS-RNF111
__—— .
= —Tubulin
D U20S

- + Strep-HA-Ubc13

MM i
WY + + GFP-RNF4

P“"'dgt‘:g; o=« -GFP-RNF4
2. MR -Strep-HA-Ubc13
WCE| 64-..
so-NEREN ~CFP-RNF4

Figure S2.  RNF111 promotes Ubc13-Mms2-dependent ubiquitylation. (A) U20S cells were cotransfected with indicated combinations of GFP-RNF111
and Strep-HA-Ubc13 plasmids. Whole-cell extracts (WCE) were subjected to GFP IP followed by immunoblotting with HA antibody. (B) U20S cells were
cotransfected with the indicated combinations of FLAG-UBE20O and Strep-HA-RNF111 plasmids. Whole<ell extracts were subjected to FLAG IP followed by
immunoblotting with HA antibody. (C) As in A, except that cells were transfected with combinations of GFP-RNF4 and Strep-HA-Ubc13 antibodies. (D) As
in C, except that extracts were subjected to Strep-Tactin pull-down followed by immunoblotting with the GFP antibody. (E) Extracts of U20S cells sequen-
tially transfected with RNF111 siRNA and S-FLAG-Strep—tagged RNF111 (SFS-RNF111) plasmids as indicated were subjected to Strep-Tactin pull-down.
Bound complexes were incubated with ubiquitylation reaction mixture containing E1, Ubc13-Mms2 complex, and HA-ubiquitin as indicated and washed
extensively, and RNF111 autoubiquitylation activity was analyzed by immunoblotting with HA antibody. (F) As in E, except that UbcH5a was used as an
E2 enzyme instead of Ubc13-Mms2 where indicated. MM, molecular mass.
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Figure S3. RNF111 promotes UV-induced ubiquitylation of XPC. (A) U20S or U20S/Strep-HA-ubiquitin cells transfected with control (—) or XPC siRNAs
were exposed or not exposed to UV as indicated and collected 1 h later, and XPC ubiquitylation was analyzed by immunoblotting Strep-Tactin pull-downs
of whole-cell extracts (WCE) with XPC antibody. (B) As in A, except that cells were transfected with indicated control (CTRL) or RNF111 siRNAs. (C) As in A,
except that cells were transfected with indicated control, RNF111, or RNF4 siRNAs. (D) Knockdown efficiency of Ubc13 siRNA. U20S/Strep-HA-ubiquitin
cells were transfected with control (=) or Ubc13 siRNAs, collected 72 h later, and analyzed by immunoblotting with the Ubc13 antibody. (E) U20S cell

lines stably expressing Strep-HA-tagged RNF111 WT or *R mutant were collected at the indicated times after exposure to UV and analyzed by immuno-

blotting with HA antibody. (F) Time course analysis of UV-induced XPC ubiquitylation. U20S/Strep-HA-ubiquitin cells were collected at the indicated times
after exposure to UV, and XPC ubiquitylation was analyzed as in A. MM, molecular mass.
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