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Redox regulation of SUMO enzymes is required for
ATM activity and survival in oxidative stress
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Abstract

To sense and defend against oxidative stress, cells depend on
signal transduction cascades involving redox-sensitive proteins.
We previously identified SUMO (small ubiquitin-related modifier)
enzymes as downstream effectors of reactive oxygen species
(ROS). Hydrogen peroxide transiently inactivates SUMO E1 and E2
enzymes by inducing a disulfide bond between their catalytic
cysteines. How important their oxidation is in light of many other
redox-regulated proteins has however been unclear. To selectively
disrupt this redox switch, we identified a catalytically fully active
SUMO E2 enzyme variant (Ubc9 D100A) with strongly reduced
propensity to maintain a disulfide with the E1 enzyme in vitro and
in cells. Replacement of Ubc9 by this variant impairs cell survival
both under acute and mild chronic oxidative stresses. Intriguingly,
Ubc9 D100A cells fail to maintain activity of the ATM—Chk2 DNA
damage response pathway that is induced by hydrogen peroxide.
In line with this, these cells are also more sensitive to the ROS-
producing chemotherapeutic drugs etoposide/Vp1l6 and Ara-C.
These findings reveal that SUMO E1~E2 oxidation is an essential
redox switch in oxidative stress.
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Introduction

At elevated concentrations, reactive oxygen species (ROS) can
randomly damage many intracellular components (Winyard et al,
2005; Imlay, 2008); at lower levels, ROS such as hydrogen peroxide
or nitric oxide are essential and specific players in physiological
signal transduction processes (Rhee, 2006; D’Autreaux & Toledano,
2007; Finkel, 2011). ROS concentrations can temporally or chroni-
cally increase in cells and organisms due to exogenous sources
(e.g., ionizing radiation, xenobiotics, chemotherapeutics) or
(patho)physiological changes that trigger endogenous ROS produc-
tion (e.g., activation of NADPH oxidases in signal transduction,

mitochondrial malfunction). Increased ROS levels induce signal
transduction cascades that depend on proteins able to sense ROS
(Veal et al, 2007; Brandes et al, 2009). An emerging concept in the
field is that these proteins act as thiol switches, which are defined
as proteins that are specifically and reversibly modified by oxidation
(Groitl & Jakob, 2014). Protein thiol switches are involved in numer-
ous pathways, including signal transduction (e.g., the phosphoty-
rosine phosphatase PTP1B (Tonks, 2005)) and transcription
regulation (e.g., the bacterial transcription factor OxyR (Zheng et al,
1998), the yeast transcription factor YAP1 (Delaunay et al, 2002;
Wood et al, 2004) or the mammalian transcription factor STAT3
(Sobotta et al, 2015)). Another example 1is the ataxia-
telangiectasia mutated (ATM) protein kinase (Guo et al, 2010), a
key player in DNA double-strand break (DBS) repair pathways
(Paull, 2015). In 2006, we added SUMO pathway enzymes to the
growing list of thiol switches (Bossis & Melchior, 2006).

Attachment of the ubiquitin-like protein (Ubl) SUMO (small
ubiquitin-related modifier) serves to regulate hundreds of proteins
in all eukaryotic cells and is essential for viability in most organisms
including mammals (Gareau & Lima, 2010; Flotho & Melchior,
2013). SUMO targets include numerous transcription factors and co-
regulators, proteins involved in cell cycle control and signal trans-
duction, and proteins involved in chromatin organization and
repair. Attachment of SUMO to its targets requires an enzymatic
cascade: The El-activating enzyme Aosl/Uba2 (also known as
SAE1/SAE2) utilizes ATP to form a thioester bond between its cata-
lytic cysteine (Uba2 C173) and the C-terminal carboxy group of
SUMO. From there, SUMO is transferred to the catalytic cysteine
(C93) of the single E2-conjugating enzyme Ubc9. Finally, an isopep-
tide bond is formed between SUMO and the e-amino group of a
lysine side chain in the target, usually with the help of an E3 ligase.
SUMO-specific isopeptidases, all of which are cysteine proteases,
reverse SUMOylation (Gillies & Hochstrasser, 2012; Nayak & Muller,
2014).

Oxidative stress affects SUMOylation via multiple direct and indi-
rect mechanisms (Fig 1A): First, we found that H,0, can inhibit
SUMOylation reversibly by inducing a disulfide bond between the
catalytic cysteines of the SUMO E1 and SUMO E2 enzymes (Bossis &
Melchior, 2006). Intriguingly, chemotherapeutic drugs that are used
to treat acute myeloid leukemia (AML) also induce E1-E2 disulfide
bond formation and concomitant loss of SUMO conjugates (Bossis
et al, 2014). Second, H,0, can activate deSUMOylation by
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Figure 1. While ROS susceptibility of SUMO targets vary between cells, SUMO E1~E2 redox regulation is conserved.

A Multiple pathways alter SUMOylation in response to oxidative stress.

B Consequences of ROS on the SUMO proteome vary among cell lines. HeLa, MCF7, U20S or RPEL1 cells were treated with increasing H,0, concentration for 15 min and
lysed in Laemmli buffer supplemented with 20 mM N-ethylmaleimide (NEM). Samples were analyzed by immunoblotting with SUMO1 antibodies.

C H,0, induces loss of TRIM28 SUMOylation in HeLa cells but not in U20S cells. HeLa or U20S cells were mock treated or treated with 500 uM H,0, for 5 or 15 min.
Cells were lysed with 1% SDS in PBS buffer and 20 mM NEM. Upon immunoprecipitation of the SUMO1 proteome, samples were analyzed by immunoblotting with
TRIM28 antibodies.

D Induction of the Uba2~Ubc9 disulfide is a conserved mechanism. HeLa, MCF7, U20S or RPE1 cells were treated with increasing concentration of H,0, for 15 min,
lysed in non-reducing buffer supplemented with 20 mM NEM, and analyzed by immunoblotting with Uba2 antibodies.
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reversibly oxidizing a cysteine motif in the isopeptidase Senp3; this
protects Senp3 from proteasomal degradation and leads to its relo-
calization from nucleoli to the nucleoplasm (Huang et al, 2009; Yan
et al, 2010). Third, ROS can inactivate SUMO isopeptidases—either
reversibly by disulfide bond-induced dimerization or irreversibly by
overoxidation of their catalytic cysteine (Xu et al, 2008). The latter
may explain the observed increase in SUMO conjugates in mamma-
lian cells at lethal doses of hydrogen peroxide (Saitoh & Hinchey,
2000). Fourth, ROS can influence SUMO E3 ligase activities. For
example, the interaction of the E3 ligase PIAS4 with its target NEMO
is enhanced upon H,O, treatment (Mabb et al, 2006). Whether this
involves oxidation of the E3 ligase or the target remains to be seen.
Moreover, ROS can activate the E3 ligase PIAS1 indirectly by hydro-
gen peroxide-induced phosphorylation. This in turn seems to
increase SUMOylation of various transcription factors (Leitao et al,
2011). Finally, since H,0, is known to influence the activity of
numerous kinases and phosphatases, it may cause altered SUMO
target phosphorylations, which in turn influence their SUMOylation.
Among several specific targets that were found to change SUMOyla-
tion in response to oxidative stress are, e.g., HIPK2 (de la Vega et al,
2012) or TPS3INP1 (Peuget et al, 2014).

To gain deeper insights into the interplay between SUMOylation
and oxidative stress response, we decided to specifically interfere
with SUMO E1~E2 disulfide bond formation. As described below,
our findings reveal that the reversible SUMO E1~E2 oxidation is an
essential thiol switch required for cell survival in oxidative stress
that is accompanied by DNA damage.

Results

SUMO E1~E2 disulfide formation is conserved between various
cell lines

Reactive oxygen has been reported to either increase or decrease
SUMO conjugate levels in mammalian cells (Saitoh & Hinchey,
2000; Manza et al, 2004; Zhou et al, 2004; Bossis & Melchior, 2006;
Leitao et al, 2011). To directly compare different cell lines for global
changes in the SUMO proteome upon exposure to hydrogen perox-
ide, we analyzed the cancer cell lines HeLa, U20S and MCF7 and
the immortal normal cell line hTERT-RPE1 for their response to
increasing doses of hydrogen peroxide by immunoblotting with
anti-SUMOL1 or anti-SUMO2 antibodies. The differences were indeed
striking: Whereas HeLa cells lost detectable SUMO conjugates
within 15 min of exposure to 250 uM H,0, (Fig 1B, upper panel
and Appendix Fig S1), U20S or hTERT-RPE1 cells required much
higher doses (between 1 and 2 mM, Fig 1B, lower panel); MCF7
cells showed no deSUMOylation at the tested concentrations
(Fig 1B, upper panel). Of note, analysis of global SUMO patterns by
immunoblotting reveals only the most abundant SUMO targets.
However, analysis of the specific SUMO target TRIM28 (Ivanov
et al, 2007) led to similar differences between cell lines: While
15-min exposure to 250 pM hydrogen peroxide led to loss of
SUMOylated TRIM28 in HeLa cells, it increased TRIM28 SUMOyla-
tion in U20S cells (Fig 1C). The underlying reasons for these dif-
ferences are presently unclear. However, as described in the
introduction, numerous mechanisms have been identified that
contribute to ROS-induced changes in the SUMO proteome (Fig 1A).
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If one assumes that the relative activity of stimulatory and inhibitory
pathways varies between cell types, the degree of steady-state
SUMOylation may differ dramatically between cell lines.

Much more revealing than the fate of individual SUMOylated
proteins may thus be analysis of upstream ROS-sensing mecha-
nisms. We thus decided to compare the different cell lines for their
ability to induce the disulfide bond between the SUMO E1 and E2
enzymes in response to ROS. For this, we treated HeLa, U20S,
MCF7 and hTERT-RPELI cells again with increasing H,O, concentra-
tion for 15 min, lysed the cells in Laemmli buffer (2% SDS) without
reducing agent, and tested for the presence of the Uba2~Ubc9 disul-
fide upon non-reducing SDS-PAGE and immunoblotting with anti-
Uba2 antibodies. As shown in Fig 1D, all four cell lines formed the
Uba2~Ubc9 disulfide with comparable dose-response curves. Thus,
while the fate of individual SUMO targets may differ between cell
lines, Uba2~Ubc9 disulfide formation upon H,O, treatment is a
conserved mechanism, both in cancer and in immortalized normal
cell lines. Uba2~Ubc9 oxidation may thus play a general role in
ROS-dependent signaling pathways including oxidative stress
response.

A random mutagenesis screen to identify H,0,-resistant
Ubc9 variants

To gain insights into the specific contribution of the SUMO E1~E2
disulfide in oxidative stress response, we decided to search for
SUMO enzyme variants that are resistant to oxidative inactivation.
This seemed feasible in light of the observation that E1~E2 disulfide
bond formation is not a general feature of all Ubl E1-E2 pairs
(Kumar et al, 2007; Doris et al, 2012). Susceptibility to oxidation
should hence not be an intrinsic consequence of E1 and E2 enzyme
chemistry. We decided to focus on Ubc9, a monomeric 18-kDa
protein, for which we had established a straightforward bacterial
expression/purification scheme. To identify the desired Ubc9 vari-
ant, we designed a random mutagenesis screen that involves an
in vitro FRET-based SUMOylation assay (Bossis et al, 2005;
Stankovic-Valentin et al, 2009) (Fig 2A). In brief, random Ubc9
mutants were generated by PCR, expressed in E. coli and released
from bacteria by simple freezing/thawing (Bossis et al, 2005). The
Ubc9-containing supernatant was incubated with recombinant
SUMO E1 enzymes with or without 1 mM H,0, for 30 min at 37°C,
before YFP-SUMO, CFP-RanGAP1tail and ATP were added to start
the SUMOylation reaction. Of note, 0.06 mM DTT were introduced
at this point due to its presence in the storage buffer of the
substrates. Approximately 300 individual clones were analyzed in
this assay, 40% of which behaved like wt Ubc9. They were active
without H,0, and inactive in the presence of H,0,. Approximately
60% of the clones did not show activity at all, probably because of
severe mutations. Importantly, lysate from one clone showed activ-
ity both with and without H,O, treatment. Sequencing of the corre-
sponding plasmid revealed that this clone expressed an Ubc9
variant in which tryptophan 103 was mutated to arginine (Ubc9
W103R, Fig 2A).

To confirm H,0, resistance of Ubc9 W103R, and to test whether
less drastic mutations of Trp103 also showed resistance, we gener-
ated Ubc9 W103R, Ubc9 W103A and Ubc9 WI103F and compared
their activity to wt Ubc9 in the presence of H,0,. Indeed, each of
the three variants remained active in the assay (Fig 2B, left panel),
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Figure 2. A random mutagenesis screen for the identification of H,0,-resistant Ubc9.

A Upper panel: Strategy for the identification of oxidation-resistant Ubc9 variants. Ubc9 was mutagenized by PCR under conditions that introduced 1-3 random
mutations. Ubc9 variants were expressed in bacteria and the bacterial lysates of individual clones tested for E2 activity in the presence or absence of 1 mM H,0,. For
this purpose, we used a FRET-based in vitro SUMOylation assay with recombinant SUMO E1, YFP-SUMO and CFP-RanGAPtail and ATP. Lower panel: Ubc9 W103R is
H,0, resistant. Bacterial lysates containing Ubc9 wt (left panel) or Ubc9 W103R (right panel) were tested as described.

B Ubc9 W103 mutants are H,0, resistant but not fully active. Left panel: Recombinant Ubc9 W103R, W103A and W103F were purified (embedded panel). Resistance
against oxidation was tested under conditions of limiting E1 enzyme: 21 nM Aos1/Uba2 and 73 nM Ubc9 were incubated with H,0, prior to the addition of 160 nM
each of YFP-SUMO1 and CFP-RanGAPtail. Right panel: To compare specific activities of wt and mutants in the absence of H,0,, SUMOylation assays were carried out
using limiting Ubc9 concentration. Reactions contained 35 nM Aos1/Uba2, 11 nM Ubc9, 85 nM each of YFP-SUMO1 and CFP-RanGAPtail and 1 mM ATP.
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indicating that W103 is critical for stable oxidation. We then
compared specific activities of wt and Ubc9 W103 mutants in
SUMOylation assays with limiting concentration of Ubc9 (35 nM
SUMO E1, 11 nM Ubc9). While Ubc9 W103R was severely impaired,
Ubc9 W103F was only 2.5-fold reduced in activity, indicating that
ROS susceptibility and catalytic activity can indeed be separated
(Fig 2B, right panel).

Ubc9 D100A is a suitable variant to study the relevance of SUMO
E1-E2 oxidation

While Ubc9 W103F was a promising mutant, its twofold reduction
in specific activity compared to wt Ubc9 may cause problems in
subsequent cell-based assays. Inspection of Ubc9’s crystal structure
(Fig 3A) suggested that mutating the conserved tryptophane residue
may influence the orientation of a small Ubc9-specific loop that is
formed by insertion of two amino acids between W103 and the cata-
lytic cysteine. To test the idea that the loop residues D100 and K101
contribute to formation or stability of the Uba2~Ubc9 disulfide, we
generated and tested the four Ubc9 variants D100A, K101A, K101Q
(mimicking yeast Ubc9) and DK100AA (Appendix Fig S2A, Fig 3A).
Whereas Ubc9 K101A and K101Q were inactivated like wt Ubc9, the
double mutant Ubc9 DK100AA and the single-point mutant Ubc9
D100A remained catalytically active upon pretreatment with H,0,
(Fig 3B and Appendix Fig S2B). Importantly, without H,O, treat-
ment, Ubc9 D100A was as active as wt Ubc9 (Fig 3C). Thus, Ubc9
D100A seemed to be much better suited than Ubc9 W103F to study
consequences of impaired redox regulation.

To ensure that Ubc9 D100A indeed functions as efficiently as wt
Ubc9 in SUMOylation, we subjected it to a wide range of additional
assays: The first E2-dependent event in SUMOylation is the charging
of Ubc9 with a thioester-linked SUMO. This can be tested in single
turnover reactions: First, the E1-SUMO thioester was generated by
the incubation of the SUMO El1 enzyme with SUMO and ATP.
Second, ATP was depleted, Ubc9 was added and the transfer of
SUMO onto Ubc9 was analyzed by immunoblotting. As shown in
Fig 3D, and in accordance with previous work showing a small
increase in trans-thioesterification activity (Tatham et al, 2003),
Ubc9 D100A functioned efficiently in single turnover reactions. To
test it in E3 ligase-dependent reactions, we investigated GST-p53
SUMOylation in dependence of the E3 ligase Pias2f (Fig 3E) and
SUMOylation of YFP-Sp100 in dependence of the SUMO E3 ligase
RanBP2 (Fig 3F). In both assays, reaction rates were indistinguish-
able for wt and D100A Ubc9. These in vitro experiments indicated
that Ubc9 D100A is fully functional. As a final control, we tested
functionality of the Ubc9 D100A variant in Saccharomyces cerevisiae.
Since yeast SUMO El1 and E2 enzymes are not readily oxidized
in vitro (our unpublished observation) and SUMOylation in yeast is
not inhibited by hydrogen peroxide (Zhou et al, 2004), an oxidative
stress-specific phenotype for D1I00A Ubc9-expressing yeast was not
expected. However, since the SUMO pathway is essential in baker’s
yeast (Seufert et al, 1995; Johnson et al, 1997), major defects in
Ubc9’s activity would be expected to impair cell doubling. Using a
shuffle plasmid strategy (Pereira et al, 2001), we replaced endoge-
nous UBCY by either wt or mutant S.c. UBCY9. Yeasts cells expressing
wt or UBC9 D100A showed the same Ubc9 expression levels, steady-
state SUMOylation ability and growth rate at different temperatures
(Appendix Fig S3). Together, these findings indicate that introducing
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D100A in Ubc9 does not affect critical functions of this essential
protein in yeast. In conclusion, Ubc9 D100A seemed a perfect tool to
study the relevance of SUMO E1~E2 oxidation in mammalian cells.

Ubc9 D100A renders the SUMO E1~E2 disulfide highly sensitive
to reductants

Prior to moving into cells, we wanted to gain insights into why
Ubc9 D100A showed activity in our primary assay. Due to the speci-
fic assay condition, we envisioned two possibilities: Either the
mutant was resistant to disulfide bond formation with the SUMO E1
enzyme, or the Uba2~Ubc9 D100A disulfide was much more sensi-
tive to reduction by the low amount of DTT (60 uM) that was added
in the second step of the assay (Fig 2A). To distinguish between
these two possibilities, we repeated the assays in the presence of
DTT concentration that ranged from 6 to 200 pM. In contrast to wt
Ubc9 that required more than 200 uM DTT to restore activity, as
little as 6 pM DTT sufficed to partially activate Ubc9 D100A. With
56 uM DTT, Ubc9 D100A was fully active (Fig 4A). This suggested
that Ubc9 D100A was indeed oxidized, but that this oxidation is
unstable in the presence of low concentration of reductants.

Up to this point, we had used activity-based assays as an indirect
readout for disulfide bond formation. To get direct evidence for our
interpretation, we next compared rates of disulfide formation and
cleavage in non-reducing SDS-PAGE. As shown in Fig 4B, treatment
of SUMO E1 and Ubc9 with 1 mM H,0, leads to fast appearance of
the E1~E2 disulfide. Surprisingly, the rate of Ubc9 D100A disulfide
formation was even faster than for wt Ubc9 (Fig 4B). Importantly,
however, the rate of reduction in the disulfide by 0.5 mM
glutathione, one of the most important and versatile ROS scavengers
in cells, differed dramatically between disulfides formed with wt or
mutant Ubc9 (Fig 4B): Whereas the Uba2~Ubc9 wt disulfide was
quite resistant to reduction (Fig 4B, upper panel), the Uba2~Ubc9
D100A disulfide was rapidly resolved (Fig 4B, lower panel). In
conclusion, mutating the conserved Ubc9 residue D100, a surface-
exposed residue that is unlikely to affect Ubc9’s catalytic pocket and
overall fold, accelerates formation but also strongly decreases the
stability of the Uba2~Ubc9 disulfide.

Replacement of Ubc9 with Ubc9 D100A in mammalian cells leads
to cell survival defects

Our detailed characterization of Ubc9 D100A indicated that this
mutant is ideally suited to investigate physiological consequences of
SUMO E1~E2 disulfide bond persistence under oxidative stress
conditions. We thus decided to generate human cell lines that
express untagged wt or D100A Ubc9, under conditions that would
allow depleting endogenous Ubc9 by siRNA. The latter was accom-
plished using murine Ubc9 c¢DNA for transfection of human cells
(mouse and human Ubc9 proteins are identical). Untagged Ubc9 was
chosen, because N- and C-terminal HA-tags reduce Ubc9’s specific
activity (data not shown). However, multiple attempts to generate
single MCF7 or HeLa cell clones that express significant levels of the
oxidation-resistant variant failed. Because such clones were readily
obtained for wt Ubc9, this provided first evidence that the mutant
may be toxic for the cells. To better control for Ubc9 expression
levels, we turned to pIRES constructs that allow simultaneous
expression of Ubc9 and GFP from one mRNA via an internal

© 2016 The Authors
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Figure 3. Ubc9 D100A remains active in the presence of H,0,.

A Ubc9 possesses a specific insertion of two amino acids between the catalytic cysteine and tryptophane W103. Sequences of human UbcH5B (GI: 1145689), human
E2-25k (GI: 1381164), human UbcH6 (GI: 1064914), human Ubc12 (GI: 4507791), human Ubc9 (Gl: 4507785) and S. cerevisiae Ubc9 (Gl: 1431070) were aligned using
Clustalw with default parameters. The catalytic cysteine is shown in bold. Identical residues are indicated by an asterisk under the aligned sequences. The model of
Ubc9 (PDB: 1A3S) was generated using Deepview and rendered using POV-Ray.

B In FRET-based assay, Ubc9 D100A is active upon H,0, treatment. Ubc9 D100A was purified and compared for activity in the presence of H,0, as described in Fig 2B.

(@}

Ubc9 wt and D100A are equally active in CFP-RanGAPtail SUMOylation. Assays were with 35 nM Aos1/Uba2 and 15 nM Ubc9.

D Ubc9 D100A is fully competent to form a thioester with SUMO. Single turnover reactions were performed using 630 nM E1, 3.3 pM SUMO1 and 600 nM Ubc9.
Reactions were stopped at different time points by addition of non-reducing buffer.

E Ubc9 wt and D100A are equally active in PIAS23-dependent SUMOylation. Assays were with 300 nM GST-p53, 170 nM E1, 120 nM Ubc9, 5 uM SUMO2 and 49 nM
GST-Pias2p.

F  Ubc9 wt or D100A are equally active in RanBP2—dependent SUMOylation. Assays were with 650 nM YFP-SP100, 110 nM of E1, 25 Ubc9, 40 nM RanBP2AFG and

3.5 pM SUMO1 (left panel) or SUMO2 (right panel).
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Figure 4. Ubc9 D100A sensitizes the E1~E2 disulfide to reduction.

A Ubc9 D100A enzymatic activity can be recovered by limited amount of DTT. 21 nM Aos1/Uba2 and 75 nM Ubc9 were incubated with H,0, for 30 min prior to
addition of 65 nM each YFP-SUMO1 and CFP-RanGAPtail diluted in DTT-free buffer. The final DTT concentration in the reaction was 6 uM. Prior to addition of ATP,
extra amount of DTT was added at the indicated final concentration.

B Both Uba2~Ubc9 disulfide formation and reduction are accelerated with Ubc9 D100A. 100 nM E1 and 1 uM E2 were incubated in the presence of 1 mM H,0,. One
hour after H,0, addition, 500 uM reduced glutathione was added. Samples were taken at the indicated time points and the Uba2~Ubc9 disulfide was monitored by
immunoblotting against Uba2. Lower panel: Quantification of the ratio between cross-linked Uba2 vs. total Uba2.
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Figure 5. Ubc9 D100A compromises cell survival upon oxidative stress.
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A Generation of polyclonal populations of stable cells. Top panel: Replacement strategy: U20S cells transfected with pIRES-hrGFP II-based vectors were selected via
addition of G418. After 4 weeks, low-level GFP-expressing cells were sorted by FACS and again after 8 weeks. Bottom panel: stable cells express Ubc9 wt and D100A
at levels comparable to endogenous Ubc9: U20S or U20S stable cells were transfected with siRNA targeting human Ubc9 mRNA for 72 h or mock transfected. Cells
were lysed in Laemmli buffer, and Ubc9 and a-tubulin as loading control were detected by immunoblotting.

B Ubc9 D100A is severely impaired for disulfide bond formation with Uba2. Stable U20S cells were transfected with siRNA against Ubc9 for 72 h, treated with 250 uM
H,0, for different time points, from 2 min to 2 h, lysed in non-reducing buffer and analyzed by immunoblotting against Ubc9 to detect the disulfide (upper panel) or
free Uba2 as loading control (see also Appendix Fig S5). Lower panel: relative intensities of Ubc9 bands were measured using image). Highest intensities in both cell

populations were set to 1.

C Ubc9 D100A impairs cell survival upon H,0, treatment. Ubc9 wt or Ubc9 D100A cells were transfected with siRNA against endogenous Ubc9 for 72 h, transferred into
6-well plates (20,000 cells/well) and treated with increasing H,0, concentration for 1 h. Ten days later, cells were washed with PBS, fixed with 4% formaldehyde and
stained with crystal violet. The area occupied by the cells was evaluated using Image] and the ColonyArea plugin. An arbitrary value of 1 was given to the area
occupied by non-treated cells. The graph is showing the mean of 4 independent experiments. Error bars are SEM. *P < 0.05

D Constitutive expression of Ubc9 D100A affects cell growth. 10° cells were plated per 10-cm plate and cultivated for 10 days in 20% or 5% O, incubators. Subsequently,
cells were colored using crystal violet. The area of each clone was measured using ImageJ. Representative plates are shown in the upper panel. Lower left panel:
Distribution of colony sizes, shown for one of the three biological replicates. Lower right panel: Comparison of the colonies size between “Ubc9 wt” and “Ubc9 DA” cells.
The average size of “Ubc9 wt” was set to 1. Shown is the mean of 3 independent experiments, each of which was performed in technical triplicates. Error bars are SEM.

ribosome entry site (Fig SA, upper panel). Since Ubc9 expression
directly correlates with GFP expression, the GFP signal can be used
for fluorescence-based cell sorting (FACS). Upon transfection of
U20S cells and 4 weeks of selection under antibiotic pressure, we
collected GFP-positive cells by FACS. This resulted in polyclonal cell
populations that expressed wt and D100A Ubc9 at a comparable
expression level range, with an average expression level that was
approximately 5-times higher than endogenous Ubc9 in U20S cells.
Again, the mutant caused problems: As revealed by repeated FACS
analyses, its expression levels dropped substantially within a few
passages (Appendix Fig S4A and B). Together, these findings
revealed that Ubc9 D100A has a dominant-negative effect on cell
proliferation or survival when expressed at elevated levels. The strat-
egy that finally allowed stable expression of wt and variant Ubc9
over 2-3 months was to only chose cells in two rounds of FACS
selection that have very low GFP expression levels (Appendix Fig
S4C). Under those conditions, exogenous wt and variant Ubc9 were
expressed at levels that are comparable to that of endogenous Ubc9
(Fig 5A, analysis of Ubc9 levels in stable cells with or without siRNA
treatment). These cell populations in combination with siRNA deple-
tion of the endogenous Ubc9 (from now on referred to as “Ubc9 wt”
and “Ubc9 DA” cells) were used for all subsequent experiments,
unless indicated otherwise. To ensure that the replacement of
endogenous Ubc9 with exogenously expressed variants had no
severe consequences for the SUMO proteome, we analyzed “Ubc9
wt” and “Ubc9 DA” cells by immunoblotting with SUMO1 and
SUMO2 antibodies. As shown in Appendix Fig S5, we did not
observe any significant differences in the pattern of SUMO conju-
gates without or upon treatment with 250 pM H,0,. Because
immunoblotting of total lysates detects only the most abundant
SUMO targets, this finding does obviously not exclude that individ-
ual low-abundant SUMO targets differ between the two cell popula-
tions. Time-resolved analyses of the Uba2~Ubc9 disulfide in “Ubc9
wt” and “Ubc9 DA” cells upon exposure to 250 uM H,0, (Fig 5B and
Appendix Fig S6) revealed that wt and mutant Ubc9 behaved in cells
very similar to their behavior in vitro (Fig 4B): There was a striking
difference in the kinetics of appearance and disappearance, indicat-
ing that the disulfide bond is more readily formed—but also much
less stable—when Ubc9 is mutated. Both species could be stabilized
by buthionine sulfoximine (BSO), indicating that the glutathione
system is involved in resolving the disulfide bond irrespective of
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whether wt or mutant Ubc9 is involved (Appendix Fig S7). In conclu-
sion, replacement of Ubc9 wt by Ubc9 D100A does not prevent initial
oxidation but strongly reduces the persistence of the SUMO E1~E2
disulfide upon exposure of cells to hydrogen peroxide.

These findings allowed us to ask whether redox regulation of the
SUMO E1 and E2 enzymes contributes to survival upon oxidative
stress. For this, we turned to clonogenic survival assays: First, we
tested consequences of acute stress by treating “Ubc9 wt” and “Ubc9
DA” cells with a single dose of the indicated H,0, concentration for
1 h. Ten days later, we measured the area occupied by the cells as
an indicator for cell survival (Fig 5C, upper panel). While high
concentrations of H,0, (250 uM) were equally detrimental for both
cell populations, we observed a statistically significant reduction in
“Ubc9 DA” cell survival compared to “Ubc9 wt” cells at low doses of
H,0, (62.5 uM H,0,; Fig 5C, lower panel). To confirm these find-
ings in a condition that represents mild but chronic oxidative stress,
we compared the survival of cells in standard cell culture condition
(20% 0,), known to create a mild oxidative stress situation
(Halliwell, 2007), with cells kept at 5% O,. When cells were kept at
5% O,, colony sizes did not differ significantly. In contrast, “Ubc9
DA” colonies were significantly smaller than those formed by “Ubc9
wt” cells when cells were kept at 20% O, (P < 0.005, Fig 5D). An
example of the area distribution of “Ubc9 wt” and “Ubc9 DA” colo-
nies is represented in Fig 5D, bottom left panel. These findings
reveal that interfering with the H,0,-induced Uba2~Ubc9 crosslink
leads to a growth defect even in mild oxidative stress.

Ubc9 D100A impairs DNA damage response

Overexpression and replacement experiments indicated that redox
regulation of Ubc9 contributes to cell survival even under conditions
of mild chronical oxidative stress. To rule out a general defect in the
glutathione system as a downstream consequence of Ubc9 D100A
expression, we compared the total GSH concentration and the ratio
between the reduced (GSH) and the oxidized form (GSSG) of
glutathione in Ubc9 wt and D100A cells with or without H,O, treat-
ment. However, we did not find any significant difference between
the two populations of cells (Appendix Fig S8A).

In light of the fact that SUMO is a major player in numerous DNA
repair pathways (reviewed in Sarangi & Zhao, 2015), we hypothe-
sized that Ubc9 D100A cells may have a mild defect in one or several
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DNA damage repair (DDR) pathways that would lead to sporadic cell
death. This would be consistent with our finding that Ubc9 D100A
has long-term detrimental effects on cell proliferation but is not
acutely toxic. DNA repair pathways involve numerous proteins and a
cascade of events that starts with the recognition of the damage. For
example, double-strand breaks are detected by the MRN sensor
complex (Lavin, 2007) that contributes to the recruitment and the
activation of sensor kinases such as ATM. These kinases will in turn
phosphorylate mediator proteins such as H2AX or 53BP1. As a conse-
quence, discrete foci containing, e.g., phosphorylated 53BP1 and
phosphorylated histone H2AX, are formed. With the help of these
mediators, sensor kinases activate effector kinases, such as Chk2 in
the case of DSB (Polo & Jackson, 2011; Sulli et al, 2012).

Exposure of “Ubc9 wt” and “Ubc9 DA” cells to 250 uM H,0, led
to rapid and very comparable accumulation of DNA damage
(Appendix Fig S8B). Because H,0, is known to induce (among other
lesions) DNA double-strand breaks (Barzilai & Yamamoto, 2004),
we followed the appearance of the above-mentioned indicators,
phosphorylated ATM, yH2AX and phosphorylated Chk2 in “Ubc9
wt” and “Ubc9 DA” cells upon exposure to 250 uM H,0, by
immunoblotting. As shown in Fig 6A-C, the two cell populations
showed striking differences in the timing and maintenance of the
DNA damage response: pATM could be detected in both cell popula-
tions 30 min after exposure to H,0,, persisted for 4 h after initial
stress in “Ubc9 wt” cells, but rapidly declined in “Ubc9 DA™ cells
(after 1 h, pATM was barely detectable). Phosphorylated H2A.X
appeared within 15 min in Ubc9 wt cells and peaked at 60 min, but
was less abundant in Ubc9 DA cells. Similarly, phosphorylated
Chk2, which could first be detected after 30 min, was significantly
reduced in “Ubc9 DA” cells compared to “Ubc9 wt” cells (Fig 6C).
The failure to maintain signaling correlated remarkably well with
the disappearance of the SUMO E1~E2 disulfide in “Ubc9 DA™ cells
shown in Fig 5B, allowing to speculate that oxidation of the SUMO
El and E2 enzymes is required to maintain ATM activity upon expo-
sure to hydrogen peroxide.

To gain further evidence for this idea, we tested whether “Ubc9
DA” and “Ubc9 wt” cells also differ in DNA damage pathways that
do not involve oxidative stress. This was not trivial, as many insults
that cause DNA damage also lead to significant oxidative stress,
either directly or indirectly (Caputo et al, 2012). One suitable treat-
ment is exposure of cells to hydroxyurea, which leads to replication
stress and can activate both the ATM-Chk2 (Matsuoka et al, 2000)
and the ATR-Chk1 pathway (Cimprich & Cortez, 2008). Consistent
with the absence of oxidative stress, exposure of cells to hydroxy-
urea did not promote formation of the Uba2~Ubc9 disulfide
(Appendix Fig S9). Upon exposure of cells to 2.5 mM hydroxyurea
or 250 uM H,0,, we followed time-dependent appearance of pATM
by immunoblotting (Fig 6D). While H,0, led to the expected dif-
ferences between “Ubc9 wt” and “Ubc9 DA” cells (compare with
Fig 6A), pATM induction by HU was identical in both cell lines for
up to 240 min. Finally, we compared “Ubc9 wt” or “Ubc9 DA” cells
for activation of the ATR pathway upon treatment with HU: As
shown in Fig 6E, levels of pChkl were comparable in both cell lines
between 1 and 8 h after addition of hydroxyurea. Together, our
findings indicate that the “Ubc9 DA” cells are not generally impaired
in DNA damage repair pathways, but that they have a specific defect
in oxidative stress-dependent activation (or maintenance) of the
ATM-Chk2 DDR pathway.
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Ubc9 D100A cells fail to maintain DNA damage repair foci

A consequence of a defect in the ATM-Chk2 DDR would be a failure to
maintain or recruit DNA repair proteins at DSB sites. To test this
hypothesis, we followed the accumulation of 53BP1 and yH2AX foci
over several hours (Fig 7A) in the stable cell populations upon treat-
ment with 125 uM H,0,. Three hours after H,0, addition, the number
of “Ubc9 DA” cells containing DNA damage foci was significantly
lower compared to “Ubc9 wt” cells. This difference was even more
pronounced 7 h after the initial treatment (< 20% compared to 45%;
P < 0.05). To evaluate the role of ATM activation in foci formation, we
treated cells with the ATM kinase inhibitor KU55933 one hour before
exposure to H,0,. In “Ubc9 wt” cells, the number of cells with yYH2AX
foci was clearly decreased to a level comparable of the “Ubc9 DA” cells
without inhibitor (Appendix Fig S10). This suggests a major role of
ATM phosphorylation in H,0,-dependent foci formation. Finally, to
confirm that the absence of YH2AX or 53BP1 foci in most of the “Ubc9
DA” cells 7 h after exposure to H,O, was the consequence of a defec-
tive DDR pathway rather than a very efficient repair mechanism, we
quantified the number of cells with damaged DNA (Fig 7B). Indeed,
comparable numbers of damaged cells (65%) were detected in comet
assays for “Ubc9 wt” and “Ubc9 DA” cells. Based on these findings,
we conclude that “Ubc9 DA” cells fail to form or maintain repair foci.

E1~E2 disulfide formation acts downstream of
ATM phosphorylation

Reduced levels of phosphorylated ATM could either be due to
impaired activation or enhanced inactivation of ATM. ATM can be
activated in response to DNA damage but also via DNA damage-inde-
pendent disulfide formation (Guo et al, 2010). To test whether SUMO
E1~E2 disulfide formation acts upstream of these two ATM activation
pathways, we treated cells with the thiol oxidizing agent diamide.
Importantly, diamide is not reported to induce DNA damage. 500 uM
diamide promotes SUMO E1~E2 disulfides very rapidly (Fig 8A,
upper panel) and more efficiently than 500 uM H,0,. Consistent with
our earlier observations with H,0,, Ubc9 D100A was more rapidly
oxidized but also faster reduced than wt Ubc9. Diamide also induced
rapid appearance of DTT-sensitive ATM oligomers (Appendix Fig
S11). However, diamide did not induce activation of ATM between 5
and 60 min, the times at which the E1~E2 disulfides were most abun-
dant. Some pATM was detected at 120 min, but significantly less
than with H,0, at 60 min. In line with the low pATM signal, diamide
treatment did not lead to phosphorylation of Chk2, contrary to H,0,
(Fig 8A, lower panel). From this, we conclude that SUMO E1~E2
oxidation does not lead to ATM activation in the absence of DNA
damage. This leaves the idea that SUMO E1~E2 dimer formation is
needed downstream of ATM activation, for example, to protect it
from dephosphorylation. If so, defects in “Ubc9 DA” cells may be
rescued by inhibition of phosphatases. Indeed, treatment of “Ubc9
DA” cells with okadaic acid, which has been shown to inhibit the
protein phosphatase PP2A (Goodarzi et al, 2004), increases the
number of cells with yYH2AX foci to that of “Ubc9 wt” cells (Fig 8B).

Ubc9 D100A sensitizes cells to chemotherapeutics

To gain further evidence that SUMO E1-E2 oxidation is required for
DNA damage repair after oxidative stress, we turned to
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Figure 6. Ubc9 D100A cells have a defective DNA damage response pathway.
A

Phosphorylation of ATM is impaired in Ubc9 D100A cells. Stable U20S cell populations were depleted from endogenous Ubc9 by siRNA for 72 h before addition of

250 uM H,0,. At the indicated times, cells were lysed in Laemmli buffer and analyzed by immunoblotting with the indicated antibodies.

Phosphorylation of H2AX is impaired in Ubc9 D100A. Experiment was performed as in (A).
Phosphorylation of Chk2 is impaired in Ubc9 D100A. Experiment was performed as described in (A).

(@}

Ubc9 D100A cells are fully competent for phosphorylation of ATM upon hydroxyurea exposure. Stable U20S cell populations were exposed to 2.5 mM hydroxyurea or
250 puM H,0,. Cells were lysed at the indicated time points and analyzed by immunoblotting with the indicated antibodies.

Phosphorylation of Chk1 is not impaired in Ubc9 D100A cells. Stable U20S cells were depleted from endogenous Ubc9 by siRNA for 72 h before addition of 2.5 mM
hydroxyurea. At the indicated times, cells were lysed in Laemmli buffer and analyzed by immunoblotting with the indicated antibodies.
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Figure 7. Ubc9 D100A cells fail to maintain repair foci despite DNA damage.

A Impaired yH2AX and 53BP1 accumulation in Ubc9 D100A cells. Stable U20S cells were transfected with siRNA against endogenous Ubc9 for 72 h. Cells were treated
with 125 uM H,0, and immunofluorescence was performed. Left panel: representative immunofluorescence images. Right panel: quantification of cells with yH2AX
and 53BP1 foci. Error bars represent SEM, n = 3 independent experiments, *P < 0.05.

B H,0, exposure leads to prolonged DNA damage in Ubc9 wt and Ubc9 D100A cells. Cells were treated as described in (A). An alkaline comet assay was performed to
evaluate the DNA damage. Representative images are shown. Error intervals represent SEM, n = 4 independent experiments.
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Figure 8. The E1~E2 thiol switch maintains pATM level upon DNA damage.

A Diamide is inducing the SUMO E1~E2 disulfide but not ATM phosphorylation. U20S stable cell populations were depleted from endogenous Ubc9 by siRNA for 72 h
before addition of 500 uM diamide or 500 pM H,0,. Cells were subsequently washed in PBS with 20 mM NEM and lysed in Laemmli buffer. The lysates were resolved

by SDS-PAGE.
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B Left panel: The PP2A inhibitor okadaic acid rescues the yH2AX defect of the “Ubc9 DA” cells. “Ubc9 wt” or “Ubc9 DA” cells were treated with 0.25 uM okadaic acid for
30 min. After addition of 250 uM H,0, in fresh medium for 3 h, immunofluorescence was performed as described in Fig 7A. Error bars represent SEM, n = 3
independent experiments. Right panel: Representative immunofluorescence images.

C Left panel: Ubc9 D100A enhances sensitivity to Ara-C or etoposide. Cell survival assays were performed as described in Fig 5C. Cells were exposed to Ara-C or
etoposide (VP16) for 1 h and evaluated 10 days later. Right panel: N-acetylcysteine treatment rescues the higher toxicity of Ara-C or etoposide on “Ubc9 DA” cells.
Cells were treated with 0.5 mM NAC 16 h prior to addition of etoposide or Ara-C. Graphs represent means of three to four independent experiments, error bars

represent SEM. *P < 0.05.

The EMBO Journal Vol 35| No 12 | 2016

© 2016 The Authors



Nicolas Stankovic-Valentin et al

Chemotherapeutics

20% O, 2Y, Hydroxyurea
—

el ROS <> DNAdamage

E1-E2 disulfide 17 <
Su v ATM
4" N

o) @) —1 |

SUMO isopeptidases P ATM

DNA damage response
Survival

Figure 9. Redox regulation of SUMO enzymes is required to maintain
ATM activity upon ROS-induced DNA damage.

Temporal inactivation of a specific E1 and E2 pool by disulfide bond formation
leads to local deSUMOylation of one or several unknown SUMO targets. This in
turn is required to maintain ATM activity, which is required for DNA damage
response and cell survival.

chemotherapeutics. Recently, Bossis et al (2014) demonstrated that
chemotherapeutic drugs used against acute myeloid leukemia, a
combination of the nucleoside analog cytarabine (Ara-C), the topo-
isomerase II inhibitor etoposide (VP16) and the anthracycline
daunorubicin (DNR), induce the SUMO EI~E2 disulfide when
applied to AML cells at therapeutic concentration. While these drugs
function by diverse mechanisms, ROS production seems to contri-
bute to their efficacy (Gorrini et al, 2013). Our findings suggested
that SUMO E1~E2 disulfide formation may protect cells against these
therapeutics. We thus evaluated their effect on survival of “Ubc9
wt” and “Ubc9 DA” cells. For this, we treated cells with increasing
concentration of Ara-C (0-1.6 uM), VP16 (0-2.5 uM) and DNR
(0-60 nM). While DNR was equally toxic for “Ubc9 wt” and “Ubc9
D100A” cells (Appendix Fig S12), cell death induced by VP16 and
Ara-C was significantly enhanced in “Ubc9 DA” cells compared to
“Ubc9 wt” cells (Fig 8C, left graphs). To investigate whether this
higher sensitivity is the direct consequence of ROS production
induced by these drugs, we added the antioxidant N-acetylcysteine
(NAC) 16 h before VP16 or Ara-C treatment. Indeed, addition of
NAC prevented the enhanced cell death of “Ubc9 DA” cells treated
with Ara-C or VP16 (Fig 8C, right panel). In line with a contribution
of the ATM pathway to these differences, pATM levels were higher
in “Ubc9 wt” than in “Ubc9 DA” cells and this difference was lost
by pretreatment with NAC (Appendix Fig S13). These findings
revealed that Ubc9 DI00A sensitizes cells to specific chemothera-
peutic drugs and demonstrated that their enhanced sensitivity
depends on ROS production. In conclusion, SUMO E1-E2 oxidation
is required for survival after oxidative stress-induced DNA damage
and acts downstream of damage-induced ATM phosphorylation.

Discussion

Here, we showed that the SUMO E1 and E2 enzymes are essential
thiol switches whose rteversible oxidation contributes to cell
survival-——not only upon acute oxidative stress that is caused by
exposure of cells to hydrogen peroxide or selected chemotherapeutic
drugs, but also in mild chronic oxidative stress that is caused by cell
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cultivation at 20% oxygen. Our findings provide novel insights into
the regulation of SUMO enzymes, link the SUMO pathway to essen-
tial aspects of redox signaling in oxidative stress and suggest that
specific interference with SUMO E1~E2 redox regulation may be an
attractive strategy to enhance efficacy of chemotherapeutics.

A SUMO E2 variant that enhances E1~E2 disulfide sensitivity
toward reduction

Here, we identified Ubc9 D100 as a residue whose mutation to
alanine allows to selectively disrupt pathways that require rever-
sible SUMO enzyme oxidation without interfering with Ubc9’s
essential role in SUMOylation. Based on multiple lines of evidence,
including the observation that Ubc9 D100A impairs cell proliferation
at 20%—but not at 5%—oxygen and the finding that N-acetyl
cysteine rescues “D100A cells” from increased sensitivity toward
chemotherapeutics, the mutant has no other toxic defect than its
negative effect on the stability of the SUMO E1~E2 disulfide. At
present, we can only speculate why the Uba2~Ubc9 D100A disulfide
is much more prone to reduction than wt Ubc9: Initial interaction
between Ubc9 and the SUMO E1 enzyme in catalysis requires bind-
ing of Ubc9 to the ubiquitin fold domain of Uba2. During the cata-
lytic cycle, the E1 enzyme undergoes dramatic changes, during
which the catalytic cysteine of the E1 is unmasked to attack the
SUMO adenylate (Olsen et al, 2010). Thioester transfer of SUMO
from E1 to Ubc9 requires Ubc9’s catalytic cysteine to come into
immediate proximity of the E1 active site. Close proximity of these
two cysteines is also essential for disulfide bond formation in oxida-
tive stress, and we thus assume that the relative orientation of E1
and E2 during thioester transfer and during oxidation is very simi-
lar. How Ubc9’s and Uba2’s catalytic cysteines may face each other
has been deduced from a recent crystal structure of disulfide-linked
ubiquitin E1 and the E2 enzyme UbcH4 (Olsen & Lima, 2013). Based
on this, Ubc9 D100 is part of the Ubc9 surface that faces the E1, but
it is distant from E1’s catalytic cysteine. Since the D100A mutation
leads to charge removal and to side chain shortening, we consider
the following explanations: First, the D100A mutation may have a
subtle influence on the exact orientation of Ubc9 on the El. This
may increase a mechanical strain on the E1~E2 disulfide, which in
turn could influence its redox potential (Baldus & Grater, 2012).
Second, side chain shortening and/or removal of the negative
charge may facilitate access of the reducing agents DTT and
glutathione. Facilitated access may in fact also explain the increased
propensity for oxidation by H,0, or diamide. While detailed insights
into the in vitro and in vivo mechanism of oxidation and reduction
require further investigations, the Ubc9 D100A variant turned out to
be an excellent tool to study the physiological role of SUMO E1 and
E2 enzymes as reversible thiol switches.

A role for reversible SUMO enzyme oxidation in ATM-
dependent DDR

Overexpression of Ubc9 D100A or replacement of endogenous Ubc9
by Ubc9 D100A is detrimental for long-term cell proliferation, when
cells are cultivated under conditions of chronic low oxidative stress
(20% oxygen), exposed to acute oxidative stress or treated with two
very different DNA damage-inducing chemotherapeutics (Ara-C or
VP16). Here, we showed that this can be explained, at least in part,
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by a defect of “Ubc9 D100A” cells in a ROS-dependent pathway that
leads to maintenance of activated ATM.

Considering that levels of the SUMO E1~E2 disulfide are low in
acute stress and undetectable in cells grown at 20% oxygen, we
hypothesize that a specialized fraction of SUMO E1 and E2 enzymes
rather than the freely diffusible enzyme pool is regulated by oxidation
in mild oxidative stress: On the one hand, stochastic DNA damage
may lead to selective oxidation of DNA-associated SUMO enzymes.
Evidence for this idea comes from studies that suggest a feedback
loop, in which the DNA damage response pathway activates ROS
production; this in turn seems required to maintain DDR (reviewed
in Caputo et al, 2012). SUMO E1 and Ubc9 have both been observed
at sites of DNA damage (Galanty et al, 2009). On the other hand,
SUMO EI and E2 may be components of a ROS-sensing signaling
complex that is required to maintain DNA damage response. Such a
complex could operate in the nucleus or the cytoplasm, in line with
the finding that ATM exists in both compartments (Lavin, 2008).

What could be the molecular role of a pathway that involves
SUMO enzyme oxidation? A requirement for SUMO E1~E2 oxidation
indicates that one or several SUMOylated proteins need to be rapidly
demodified to allow persistent ATM activity. Based on our findings,
these proteins influence levels of pATM, but whether directly or
indirectly remains to be seen. Candidates include ATM phos-
phatases and their regulators, signaling kinases that may alter the
activity of ATM phosphatases, but also pATM binding partners that
may protect ATM from dephosphorylation. Finding the relevant
proteins will be challenging, as DNA damage causes dramatic
changes in the SUMO proteome (reviewed in Bekker-Jensen &
Mailand, 2010; Jackson & Durocher, 2013; Sarangi & Zhao, 2015):
For example, SUMOylation and deSUMOylation are essential events
in the assembly and disassembly of repair complexes (Psakhye &
Jentsch, 2012; Wu et al, 2014). Our “Ubc9 D100A” cells will be a
very valuable tool for the identification of proteins whose
deSUMOylation specifically depends on SUMO E1~E2 oxidation.

Interference with SUMO E1~E2 oxidation—a strategy for
cancer treatment?

Chemotherapeutic drugs are given in cancer therapy to induce
massive DNA damage and cell death of rapidly dividing cells. While
different drugs function by diverse mechanisms, a common side
effect is their frequent ability to induce ROS (Gorrini et al, 2013).
Bossis and co-workers (Bossis et al, 2014) found that the
chemotherapeutic drugs Ara-C, VP16 and DNR, which are used in
combination to treat AML, induce ROS-dependent SUMO E1~E2
disulfide formation and deSUMOylation in leukemia cells. The find-
ings presented here reveal that this is a pro-survival pathway that
counteracts ROS-induced cell death. Specific interference with
E1~E2 disulfide bond formation may thus be a suitable strategy to
increase the efficacy of ROS-producing chemotherapeutics.

Materials and Methods

DNA constructs

SUMO-1, CFP-RanGAPtail, YFP-SUMO-1, Uba2, His-Aosl and Ubc9
plasmids used for recombinant protein production have been
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described (Pichler et al, 2002; Bossis et al, 2005). Sequences of
oligonucleotides used for site-directed mutagenesis of Ubc9 are
available upon request. HA-tagged mouse Ubc9 has been described
(Bossis & Melchior, 2006). For pIRES-Ubc9 constructs, Ubc9 wt or
D100A were PCR amplified and cloned into BamHI/EcoRI sites of
pIRES-hrGFPII (Agilent Technologies).

Protein purification

SUMO-1, SUMO-2, YFP-SP100, PIAS1, GST-p53, Pias2f, RanBP2
AFG, Aos1/Uba2, Ubc9, YFP-SUMO-1 and CFP-RanGAPtail purifica-
tion procedures have been described (Pichler et al, 2004; Stankovic-
Valentin et al, 2009; Werner et al, 2009).

Reagents and antibodies

Cytosine-p-D-arabinofuranoside (Ara-C, Cat. No. C1768), daunoru-
bicin-hydrochloride (DNR, Cat. No. 30450), etoposide (VP-16, Cat.
No. 1383), N-ethylmaleimide (Cat. No. E3876), L-glutathione reduced
(Cat. No. G4251), diamide (Cat. No. D3648), hydroxyurea (Cat. No.
H8627), hydrogene peroxide (Cat. No. H1009) anda-tubulin antibody
(Cat. No. T9026) were from Sigma. N-acetyl-L-cysteine was from
Merck (Cat. No. 1.12422). Rabbit anti-Ubc9 antibody was raised
against GST-Ubc9 and affinity-purified against Ubc9. Goat a-Uba2 has
been described (Bossis & Melchior, 2006). Okadaic acid (Cat. No.
sc-3513), anti-GFP (Cat. No. sc-8334), anti-p53 (Cat. No. sc-126) and
S. cerevisiae Ubc9 (Cat. No. sc-6721) antibodies were from Santa
Cruz. Anti-yH2AX (S139) was from Millipore (Cat. No. 05-636). Anti-
phospho-ATM (s1981) was from Rockland (Cat. No. 200-301-400,
Fig 6A) or Abcam (Cat. No. ab81292). Anti-clathrin heavy chain (Cat.
No. 2410), anti-phospho-Chk1l (S345, Cat. No. 2341), anti-phospho-
Chk2 (T68, Cat. No. 2661) and anti-TRIM28 (Cat. No. 4124) were
from Cell Signaling. Anti-53BP1 was from Novus Bio (Cat. No.
NB-100-304). Rabbit polyclonal a-GST and rabbit a-Smt3 were kindly
provided by Dr. Ludger Hengst, Innsbruck, and Dr. Stephan Jentsch,
Martinsried, respectively. Secondary antibodies were obtained from
Jackson Laboratories.

Generation of random Ubc9 mutant proteins

Random mutagenesis PCR on a cDNA fragment encoding Ubc9 aa
49-153 was performed using Taqg DNA polymerase, 0.1 mM dATP,
0.1 mM dCTP, 1 mM dGTP, 1 mM dTTP and 0.1 nM of MnCl,. PCR
products were cloned via Ncol/BamHI into pET23a-Ubc9 in which
the corresponding wild-type sequence was deleted. After transfor-
mation of BL21(DE3) bacteria, single colonies were grown in
96-well plates. At OD 0.6, Ubc9 expression was induced with 1 mM
IPTG for 3 h. Bacteria were resuspended in transport buffer (TB:
110 mM KOAc, 20 mM HEPES [pH 7.3], 2 mM Mg[OAc],, 1 mM
EGTA, 1 pg/ml of each leupeptin, pepstatin and aprotinin) and
lysed by a single freeze/thaw cycle, which is sufficient to release
Ubc9. The supernatant was used as a source of E2 in in vitro
SUMOylation assays.

In vitro SUMOylation assay

SUMOylation of CFP-RanGAPtail with YFP-SUMO was carried out
using a FRET-based high-throughput assay (Bossis et al, 2005).
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SUMOylation of YFP-SP100 was performed at 30°C using 650 nM
YFP-SP100, 110 nM E1, 3.5 uM SUMO1 or SUMO2, 40 nM
RanBP2AFG and 25 nM wt or mutant Ubc9 in TB buffer supple-
mented with protease inhibitors, 1 mM DTT, 0.05% Tween-20 and
0.2 mg/ml ovalbumin. For GST-p53 SUMOylation, 300 nM GST-
p53, 170 nM E1, 5 uM SUMO2, 49 nM GST-Pias2f and 120 nM wt
or D100A Ubc9 were used. SUMOylation was started by addition of
S mM ATP, and reactions were stopped by addition of 2x SDS
sample buffer.

SUMO E1 discharge

630 nM E1 and 3.3 uM SUMO1 were incubated with 6 mM of ATP
at 30°C in TRB buffer (50 mM Tris pH 7.5; 10 mM NaCl; 10 mM
MgCl,). After 30 min, E1 loading was stopped by addition of 30 mM
EDTA and 600 nM of Ubc9 wt or mutant was added. Reactions were
stopped by addition of TLB buffer (50 mM Tris pH 6.8, 2% SDS,
4 M urea, 10% glycerol).

Cell culture, transfection, siRNA

HeLa and MCF-7 were obtained from DSMZ (Cat. No. ACC-57, ACC-
115, respectively). U20S cells were from ATCC (Cat. No. HTB-96).
HTERT-RPE1 cell line was kindly provided by Dr. Oliver Gruss
(University of Bonn). Mammalian cells were maintained at 37°C in
5% CO, in Dulbecco’s modified Eagles’s medium (Invitrogen) with
10% fetal bovine serum (FBS, GIBCO). Transfection was with
Fugene HD reagent (Promega). H,0, treatment and lysis was
performed 36 h after transfection. Silencing of human Ubc9 was
performed using a pool of oligonucleotides (Ubc9-1: 5'-GAGGAAAG
CAUGGAGGAAAUU-3/, Ubc9-2: 5-CCAUCUUAGAGGAGGACAAUU-3',
Ubc9-3: 5-GGGAAGGAGGCUUGUUUAAUU-3') and Lipofectamine
RNAimax reagent (Invitrogen). For analysis of the SUMO E1~E2
disulfide, cells were washed in PBS supplemented with 20 mM
N-ethylmaleimide (NEM) and lysed in non-reducing TLB buffer
supplemented with 20 mM NEM. Otherwise, cells were directly
lysed in 2x SDS sample buffer.

Generation of cell population stably expressing Ubc9

U20S cells were transfected with the pIRES-hrGFPII constructs using
Fugene HD. 48 h after the transfection, G418 (Sigma-Aldrich) was
added to the medium (800 pg/ml). After 4 weeks of selection, cells
were harvested and GFP-positive cells were sorted for the first time
using a FACSAria. Stable cells were maintained in the presence of
G418 and sorted a second time as indicated.

Clonogenical survival assay

U20S stable cells were transfected with siRNA against human Ubc9.
Seventy-two hours later, 2 x 10* cells per well of a 6-well plate were
seeded with DMEM + 10% FBS, and treated with H,0, or
chemotherapeutic drugs for 1 h. After 10 days, wells were washed
with PBS, fixed with 4% formaldehyde for 10 min, stained with
0.05% crystal violet for 20 min, rinsed with tap water and dried
overnight. Areas of the well occupied by cells were measured with
ImageJ using the “colonyArea” plugin. Graphs represent the mean
of at least three independent experiments.
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Immunofluorescence

After pre-extraction with 2% Triton X-100 in PBS for 2 min, cells
were fixed with 3.7% formaldehyde for 20 min, and blocked with
2% BSA in PBS. Cells were stained with rabbit a-53BP1 or mouse
o-yH2AX; a-rabbit-Alexa594 and o-mouse-Alexa594 were used for
detection. Samples were analyzed with a LSM780 confocal micro-
scope (Zeiss) set up with Zen 2010 software, using a Plan-
Apochromat 63x/1.4 oil immersion objective.

Comet assay

Comet assay was adapted from Olive and Banath (2006). Briefly,
72 h after siRNA transfection, cells were treated with H,0,,
resuspended in trypsin and washed with PBS. 5,000 cells combined
with 50 pl low melting point agarose (Sigma) at 37°C were dropped
off on a CometSlide (Trevigen). After gelling, slides were immersed
in the lysis buffer (10 mM Tris, 100 mM EDTA, 2.5 M NaCl, 1%
Triton X-100, pH 10) overnight at 4°C in the dark. Then, slides were
immersed in alkaline electrophoresis solution (300 mM NaOH,
1 mM EDTA, pH >13) for 1 h at 4°C before electrophoresis.
Electrophoresis was performed in alkaline electrophoresis solution at
20 V for 15 min. Slides were immersed twice in 0.4 M Tris pH 7.4,
once in 70% EtOH and dried at 37°C. DNA was stained by propidium
iodide (10 pg/ml for 20 min) and visualized with a Zeiss Axioskop 2
(CellObserver, Zeiss) and a 10x Plan-apochromat objective.

Immunoprecipitation

To investigate TRIM28 SUMOylation, the SUMO proteome of U20S
or HeLa cells was precipitated upon denaturing cell lysis as
described previously (Barysch et al, 2014) and analyzed by
immunoblotting with TRIM28 antibodies.

Statistical analysis

Experimental data were analyzed using two-tailed Student’s t-test.
P-values < 0.05 were considered statistically significant.

Expanded View for this article is available online.
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