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C E L L  B I O L O G Y

DUSP6 SUMOylation protects cells from  
oxidative damage via direct regulation of  
Drp1 dephosphorylation
Ruining Ma1*, Lina Ma2*, Weiji Weng1*, Yingping Wang1, Huiqing Liu1, Rongjun Guo1, 
Yingwei Gao1, Jun Tu1, Tian-Le Xu3, Jinke Cheng1, Michael X. Zhu4, Aiwu Zhou2†, Yong Li1†

Imbalanced mitochondrial fission/fusion, a major cause of apoptotic cell death, often results from dysregulation 
of Drp1 phosphorylation of two serines, S616 and S637. Whereas kinases for Drp1-S616 phosphorylation are 
well-described, phosphatase(s) for its dephosphorylation remains unclear. Here, we show that dual-specificity 
phosphatase 6 (DUSP6) dephosphorylates Drp1-S616 independently of its known substrates ERK1/2. DUSP6 keeps 
Drp1-S616 phosphorylation levels low under normal conditions. The stability and catalytic function of DUSP6 are 
maintained through conjugation of small ubiquitin-like modifier-1 (SUMO1) and SUMO2/3 at lysine-234 (K234), 
which is disrupted during oxidation through transcriptional up-regulation of SUMO-deconjugating enzyme, SENP1, 
causing DUSP6 degradation by ubiquitin-proteasome. deSUMOylation underlies DUSP6 degradation, Drp1-S616 
hyperphosphorylation, mitochondrial fragmentation, and apoptosis induced by H2O2 in cultured cells or brain 
ischemia/reperfusion in mice. Overexpression of DUSP6, but not the SUMOylation-deficient DUSP6K234R mutant, 
protected cells from apoptosis. Thus, DUSP6 exerts a cytoprotective role by directly dephosphorylating Drp1-S616, 
which is disrupted by deSUMOylation under oxidation.

INTRODUCTION
Oxidative cell death is characterized by mitochondrial damage, 
including mitochondrial arrest and time-dependent mitochondrial 
fragmentation. As one of the key regulators of mitochondrial fission, 
Drp1 is thought to play a vital role in the cellular response to oxidation 
that eventually results in mitochondrial fragmentation and the con-
sequent cell demise (1, 2). The effect of Drp1 on mitochondrial fission 
is dependent on the phosphorylation states of two serine (S) residues 
at the C-terminal guanosine triphosphatase (GTPase) effector domain 
of Drp1. Whereas the phosphorylation of Drp1 at S616 activates 
mitochondrial fission, that at S637 inhibits the fission (3, 4). Several 
different protein kinases have been reported to phosphorylate Drp1-​
S616, including cyclin-dependent kinase 1 (CDK1) or CDK5 (1), 
protein kinase C (PKC) (2), mitogen-activated protein kinase 
(MAPK)/extracellular signal-regulated kinase 1/2 (ERK1/2) (5, 6), 
Rho-associated coiled-coil kinase (ROCK), and Ca2+/calmodulin-
dependent protein kinase II (CaMKII) (7). On the other hand, 
Drp1-S637 is phosphorylated by protein kinase A (8, 9), as well as 
ROCK1, CaMKI, and adenosine monophosphate (AMP)–activated 
protein kinase (AMPK) (10, 11). Thus, Drp1 is prone to phosphor-
ylation under many different conditions, implicating the importance 
of dephosphorylation in keeping the optimal Drp1 activity. However, 

whereas the dephosphorylation of Drp1-S637 has been shown to be 
catalyzed by protein phosphatase 2A and/or calcineurin (8, 9), little 
is known about how Drp1-S616 is dephosphorylated, although 
mechanisms that dampen the activity of the kinases described above 
could help reduce Drp1-​S616 phosphorylation levels.

Dual-specificity phosphatases (DUSPs) have been implicated as 
major modulators of signaling pathways affecting various physio-
logical processes (12). Among them, DUSP6, also known as MAPK 
phosphatase-3 (MKP-3) or DUSP6/MKP-3, is a cytoplasmic enzyme 
reported to specifically dephosphorylate ERK1/2 at both tyrosine 
and serine/threonine residues, leading to inactivation of ERK1/2 
MAPKs in vitro and in vivo (12, 13–16). As a key tyrosine and serine/
threonine phosphatase under highly coordinated and multilayered 
regulation, including at the levels of transcription, posttranscription, 
and posttranslation (17–19), DUSP6 is thought to act as a critical 
regulator of the ERK signaling cascade and a cytoplasmic anchor 
of ERKs.

DUSP6 is a short-lived protein, with its stability affected by 
serum growth factors and oxidation (17, 19). In particular, it has been 
reported that, H2O2, a major contributor to oxidative damage, can 
cause DUSP6 degradation, resulting in increased phosphorylation of 
ERK1/2 (21, 22). This is thought to form a plausible cascade linking 
oxidation to cell death through DUSP6 destabilization by oxidation, 
which, in turn, leads to augmentation of ERK1/2 phosphorylation, 
Drp1-S616 phosphorylation, mitochondrial fragmentation, and then 
cell death. However, whether the cascade actually works in such a 
fashion and the molecular mechanism by which oxidation causes 
DUSP6 degradation remain unclear.

The degradation of DUSP6 may involve phosphorylation, which 
is followed by ubiquitination and proteasome-mediated degradation 
(17, 23). Therefore, posttranslational modifications (PTMs) may 
serve a vital link in oxidation-induced DUSP6 degradation. It 
would be of importance to know whether additional PTMs on 
DUSP6 also exist and how they interact with phosphorylation and 
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ubiquitination to affect DUSP6 stability. Here, we show that DUSP6 
degradation is countered by SUMOylation, a form of PTMs through 
covalent enzymatic conjugation of small ubiquitin-like modifier 
(SUMO) proteins to specific lysine residues of substrate proteins. 
SUMOylation is reversed by specific deSUMOylation enzymes called 
Sentrin-specific proteases (SENPs). By examining the SUMOylation 
status of DUSP6 during the treatment with H2O2, we found that 
DUSP6 deSUMOylation precedes its degradation by oxidation. En-
hancing DUSP6 SUMOylation not only attenuated its degradation 
by H2O2 through disrupting its ubiquitination but also suppressed 
oxidative mitochondrial fragmentation and cell death. Furthermore, 
we demonstrate that DUSP6 is a Drp1 phosphatase that mediates 
dephosphorylation of Drp1-S616, which underlies the mechanism of 
cytoprotective effect of DUSP6 SUMOylation. Thus, DUSP6 functions 
as a specific negative regulator of mitochondrial damage through 
dephosphorylating Drp1-S616, which is disrupted by oxidation through 
deSUMOylation.

RESULTS
Oxidation destabilizes DUSP6 via ubiquitin-mediated 
degradation, and overexpression of DUSP6 protects cells 
against oxidative stress
As a redox-sensitive phosphatase, DUSP6 has been shown to be 
destabilized by the treatment of H2O2, leading to increased phospho
rylation of ERK1/2 (21, 22). Known to be degraded via the ubiquitin-
proteasome pathway (17), the H2O2-induced DUSP6 degradation may 
also involve direct ubiquitination of DUSP6 proteins. To test this, 
we first measured the levels of endogenous DUSP6 proteins in HeLa 
cells following the treatment with different concentrations of H2O2 for 
1 hour (Fig. 1A) and with 0.5 mM H2O2 for different times (Fig. 1B). 
Consistent with previous findings (20), H2O2 treatment decreased 
DUSP6 levels in a concentration- and time-dependent manner (Fig. 1, 
A and B). Furthermore, the treatment with H2O2 (0.5 mM, 1 hour) 
caused caspase-3 cleavage (Fig. 1C) and increased DUSP6 ubiquitination 
(Fig. 1D), supporting the view that oxidation destabilizes DUSP6 by 
promoting its ubiquitination.

To assess the possible role of DUSP6 in oxidative cell damage, we 
examined the effect of DUSP6 overexpression on H2O2-induced cell 
apoptosis and mitochondrial fragmentation. In HeLa cells transfected 
with Flag-DUSP6, the exposure to 0.5 mM H2O2 for 1 hour caused 
less increase in caspase-3 cleavage (Fig. 1E) and TUNEL (terminal 
deoxynucleotidyl transferase–mediated deoxyuridine triphosphate 
nick end labeling)–positive cells (Fig. 1F) than vector-transfected 
control cells. H2O2-induced mitochondrial fragmentation was also 
attenuated by the overexpression of DUSP6, as shown by the exam-
ination of mitochondrial morphology using MitoTracker Red (Fig. 1G). 
Following the previous classification (24), we categorized the cells 
according to their mitochondrial morphology as tubular, fragmented, 
or mixed. The H2O2 treatment caused a marked increase in cells that 
contained mainly fragmented mitochondria in control (Fig. 1G). 
However, this change was quite moderate in Flag-DUSP6–transfected 
cells, with more than 46.0 ± 4.3% (n = 310 cells of three independent 
experiments) cells still containing mainly tubular mitochondria after 
the H2O2 treatment as compared to the control (20.7 ± 1.7%, n = 308 
cells of three independent experiments). Together, these results in-
dicate that DUSP6 plays a protective role against oxidative damage. 
However, the H2O2 treatment disrupts the protective function by 
degrading DUSP6 through the ubiquitination-proteasome pathway, 

consistent with the previous reports that DUSP6 is a substrate of 
ubiquitination (20–22).

DUSP6 is modified by SUMO
SUMO modification has emerged as a key PTM that regulates protein 
stability, protein-protein interactions, trafficking, and transcriptional 
activities, thereby regulating a plethora of biological processes (25). 
To investigate whether SUMOylation is involved in regulating DUSP6 
stability, we first examined whether DUSP6 is SUMOylated using 
HeLa cells transiently cotransfected with Flag-DUSP6 and hemag-
glutinin (HA)–SUMO1 or SUMO2. As shown in Fig. 2A and fig. S1A, 
the anti-Flag antibody pulled down not only Flag-DUSP6, recognized 
by both anti-DUSP6 and anti-Flag antibodies, but also a SUMO-
conjugated band that is ~20 kDa larger than the unmodified protein 
and detected by the anti-SUMO1 or anti-SUMO2/3 antibody. The 
same band was also pulled down by anti-HA antibody when immuno-
blotting was performed using the anti-DUSP6 antibody, indicating 
that DUSP6 is SUMOylated. The SUMOylated DUSP6 was abolished 
by the coexpression of arginine-glycine-serine (RGS)–SENP1 but not 
the catalytically dead SENP1 mutant (SENP1m) (Fig. 2A and fig. 
S2A), consistent with deSUMOylation action of SENP1. To further 
examine whether DUSP6 is SUMOylated in vitro, purified DUSP6 pro-
tein generated in Escherichia coli was used for in vitro SUMOylation 
assay. By immunoblotting with the anti-SUMO1 or anti-DUSP6 
antibody, we detected the SUMOylated band of DUSP6 (Fig. 2B).

Next, to test whether DUSP6 is conjugated by endogenous SUMO1, 
immunoprecipitants from HeLa cells transiently transfected with Flag-
DUSP6 were subjected to immunoblotting with the anti-SUMO1 or 
anti-DUSP6 antibody. In both cases, a band with the size predicted 
for SUMO1-conjugated DUSP6 was detected with the coexpression 
of the SUMO E2–conjugating enzyme, UBC9 (Fig. 2C). Furthermore, 
to examine whether DUSP6 is SUMOylated in vivo, we performed 
immunoprecipitation using the anti-DUSP6 antibody against lysates 
prepared from mouse brain cortex. By immunoblotting with the 
anti-SUMO1 or anti-DUSP6 antibody, we detected two weak but 
nonetheless clear bands, corresponding to SUMOylated-DUSP6 
forms with estimated molecular weights of 62 and 64 kDa, which 
represent the sum of DUSP6 [~42 and 44 kDa (26)] and SUMO1 
(~20 kDa) (Fig. 2D). Together, these results suggest that DUSP6 
can be SUMOylated both in vivo and in vitro.

K234 is the major SUMOylation site in DUSP6
Protein SUMOylation typically occurs at lysine (Lys) residues located 
within the consensus sequence -K-X-E, where  is any hydrophobic 
amino acid and X is any amino acid (27). To map the SUMOylation 
sites on DUSP6, we first mutated K123 of mouse DUSP6, the only 
Lys residue that perfectly adheres to the consensus SUMOylation site 
(Fig. 2E, inset), to an arginine (R) and tested the ability of SUMO1 
to conjugate it after coexpression in HeLa cells. However, K123R 
became SUMOylated similarly as the wild-type DUSP6, indicating 
that K123 is not the SUMOylation site of DUSP6. We then individually 
substituted the remaining lysine residues of mouse DUSP6 with 
arginines. Among the 13 substitutions, only K234R failed to show 
the SUMOylated band, indicating that K234 is the primary resi-
due of DUSP6 subjected to SUMO1 modifications (Fig. 2F). K234 
is well conserved, and it is exposed at the protein surface as a part 
of the C-terminal domain of DUSP6 (fig. S2D). Together, these 
findings indicate that DUSP6 is SUMOylated at the C-terminal 
residue K234.
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SUMO1 modification enhances DUSP6 stability
SUMO modification has been implicated in the regulation of protein 
degradation (28, 29). Here, we provide several pieces of evidence to 
demonstrate that SUMOylation plays an important role in stabilizing 
DUSP6 proteins by reducing its degradation in cells. First, when 
expressed in HeLa cells, the protein level of the SUMOylation-
deficient DUSP6K234R mutant was approximately a half of that of 
wild-type DUSP6 (Fig. 3A), despite the similar mRNA levels between 
the DUSP6K234R mutant and wild-type DUSP6 (Fig. 3B). Second, in 
cells cotransfected with Flag-DUSP6 and HA-SUMO1, the inhibition 
of de novo protein synthesis by cycloheximide (CHX; 100 g/ml) 
for 24 hours resulted in a markedly higher level of DUSP6 protein 
than cells transfected with Flag-DUSP6 alone, but this effect was 
abolished by cotransfection with SENP1 or the K234R mutation 
(Fig. 3C). This indicates that in the presence of SUMO1 conjugation, 

DUSP6 degradation is slowed down. Third, the degradation of DUSP6 
occurred mostly through the ubiquitin-proteasome, rather than the 
lysosomal, pathways as shown by the blocking effect of the specific 
proteasome inhibitor, MG132, but not the lysosomal inhibitor, chlo-
roquine, on DUSP6 degradation in the presence of CHX (Fig. 3D). 
Noticeably, the degradation occurred faster for Flag-DUSP6K234R than 
Flag-DUSP6, and this was abolished by MG132 but not chloroquine 
(Fig. 3D). A more detailed quantitative analysis of DUSP6 levels 
at different times after the addition of CHX also revealed that while 
Flag-DUSP6K234R had a half-life of about 8 hours, Flag-DUSP6 dis-
played a half-life of >24 hours, and the coexpression of HA-SUMO1 
markedly extended the lifetime of Flag-DUSP6 (fig. S3, A and B). 
Together, these results further demonstrate that SUMOylation 
protects DUSP6 against degradation by the ubiquitin-proteasome 
pathway.

Fig. 1. H2O2 destabilizes DUSP6 via ubiquitin-mediated degradation, and overexpression of DUSP6 protects cells against oxidative stress. (A and B) H2O2 treat-
ment decreased the levels of endogenous DUSP6 proteins in a dose- and time-dependent manner. Lysates from HeLa cells treated with H2O2 at different concentrations 
for 1 hour (A) and at 0.5 mM for different times (B) as indicated were analyzed by immunoblotting (IB) using an anti-DUSP6 antibody. -Actin was used as the loading 
control. (C and D) H2O2 treatment increased caspase-3 cleavage (C) and DUSP6 ubiquitination (D). Lysates from HeLa cells untreated or treated with 0.5 mM H2O2 for 
1 hour were subjected to IB with anti-cleaved caspase-3 and anti-DUSP6 antibodies (C) or they were subjected to immunoprecipitation (IP) with the DUSP6 antibody 
[or control immunoglobulin G (IgG)] before being used for IB with anti-Ubiquitin and anti-DUSP6 antibodies (D). -Actin was used as the loading control. (E to G) Over-
expression of DUSP6 suppressed oxidation-induced increases in caspase-3 cleavage (E), apoptosis (F), and mitochondrial fragmentation (G). HeLa cells transiently trans-
fected with either an empty control vector (−) or a vector encoding Flag-DUSP6 (+) were untreated or treated with 0.5 mM H2O2 for 1 hour at 24 hours after transfection. 
In (E), cell lysates were subjected to IB with the indicated antibodies. In (A) to (E), blots are representatives of at least three independent experiments. In (F), cells were fixed 
for TUNEL staining (red) to identify apoptotic cells and immunofluorescence (IF) labeling of Flag (green) to assess Flag-DUSP6 expression. 4′,6-diamidino-2-phenylindole 
(DAPI) (blue) was used for counterstaining of nuclei. Scale bar, 100 m. Representative confocal images are shown. Quantification of TUNEL-positive (TUNEL+) cells is 
shown at the right. In (G), after the H2O2 treatment, cells were incubated with MitoTracker Red (200 nM) for 50 min at 37°C before fixation, IF for Flag, and DAPI labeling. 
Representative confocal images are shown. Scale bar, 10 m. Black and white insets are magnifications of the boxed areas of MitoTracker labeling. Quantification of cells 
with different forms of mitochondrial morphology is shown at the right. Quantification data in (F) and (G) represent means ± SEM from n = 3 independent experiments. 
*P < 0.05, **P < 0.01, and ***P < 0.001, control (Ctr) versus Flag-DUSP6, by one-way analysis of variance (ANOVA) with pairwise comparison using Tukey’s multiple 
comparisons test. ns, not significant.
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SUMO modification represses DUSP6 ubiquitination
SUMOylation and ubiquitination can act either synergistically or 
antagonistically (30, 31). To test how SUMOylation affects DUSP6 
ubiquitination, we transfected HeLa cells with plasmids for Flag-
DUSP6 and Myc-ubiquitin (Myc-Ub). Polyubiquitinated DUSP6 
was readily detected by immunoblotting with either anti-Myc or 

anti-Flag antibody in immunoprecipitants pulled down by the anti-
Flag antibody (Fig. 3E). The coexpression of HA-SUMO1 largely 
abolished DUSP6 ubiquitination under these conditions, and the effect 
of HA-SUMO1 was reversed by coexpression of the deSUMOylating 
enzyme RGS-SENP1 (Fig. 3E). Furthermore, when cotransfected with 
Myc-Ub in HeLa cells, the SUMOylation-deficient Flag-DUSP6K234R 

Fig. 2. DUSP6 is modified by SUMO1 at K234. (A) DUSP6 is SUMO1-conjugated in vivo. Lysates from HeLa cells transiently transfected with empty vector (−), Flag-
DUSP6, HA-SUMO1, RGS-SENP1, or RGS-SENP1m at various combinations as indicated for 24 hours were subjected to denaturing IP with anti-Flag (left) and anti-HA (right) 
antibodies, which was followed by IB using anti-SUMO1, anti-DUSP6, and anti-HA. The original lysates were also analyzed by IB with anti-Flag, anti-HA, anti-RGS for input, 
and anti–glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for loading control. Arrowheads indicate SUMOylated DUSP6. (B) DUSP6 is SUMO1-conjugated in vitro. 
Purified recombinant DUSP6 was incubated with E1, E2, SUMO1, and adenosine triphosphate (ATP) in vitro at 37°C for 1 hour, and reaction was terminated with SDS 
loading buffer. The samples prepared above were analyzed by Western blotting with SUMO1 and DUSP6 antibodies as indicated. (C) DUSP6 conjugation by endogenous 
SUMO1 was enhanced by overexpression of UBC9. Lysates from HeLa cells transiently transfected with empty vector (−), Flag-DUSP6, or HA-UBC9 at various combinations 
as indicated for 24 hours were subjected to denaturing IP and IB as in (A) (left). (D) SUMO1 conjugation of endogenous DUSP6 in mouse brain. Lysates prepared from 
mouse cerebral cortices under denaturing conditions were subjected to IP with anti-DUSP6 antibody, followed by IB with anti-SUMO1 and anti-DUSP6 antibodies. The 
original lysates were also analyzed by IB using anti-DUSP6 and anti-SUMO1 for input and anti-GAPDH for loading control. Bands for SUMOylated-DUSP6 are indicated by 
arrowheads. (E) DUSP6 SUMOylation is not dependent on K123, the lysine residue that adheres consensus SUMO modification site (inset), as predicted for mouse DUSP6 
using SUMOsp 2.0 software. Lysates from HeLa cells transiently cotransfected with HA-SUMO1 and Flag-DUSP6 or Flag-DUSP6K123R mutant, or vector control (−) as indi-
cated for 24 hours, were subjected to IP with anti-Flag antibody, followed by IB with anti-SUMO1 and anti-DUSP6 antibodies. The original lysates were analyzed by IB 
using anti-Flag and anti-HA for input and anti-GAPDH for loading control. (F) Identification of K234 as the SUMO modification site of mouse DUSP6. Top: Diagram for 
domain organization of mouse DUSP6 and the locations of all lysine residues, except for K254, which is buried inside the protein and unlikely SUMOylatable based on the 
SUMOsp 2.0 software. NES, nuclear export signal. Bottom: Lysates from HeLa cells transiently cotransfected with HA-SUMO1, wild-type (WT) Flag-DUSP6, or one of the 
K➔R mutants of Flag-DUSP6, or the vector control (−) as indicated for 24 hours, were subjected to IP with anti-Flag antibody, followed by IB with anti-SUMO1. The original 
lysates were also analyzed by IB using anti-Flag and anti-HA for input and anti-GAPDH for loading control. Note that 2× amount of DUSP6K234R plasmid was used in the trans-
fection to match the protein expression with the wild-type DUSP6 and other mutants. In (A) to (F), blots are representatives of at least three independent experiments.
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Fig. 3. SUMOylation enhances DUSP6 stability by repressing its ubiquitination. (A and B) The SUMOylation-deficient DUSP6K234R mutant exhibits reduced protein, 
but not RNA, expression as compared to the wild type. Lysates from HeLa cells transiently transfected with Flag-DUSP6 or Flag-DUSP6K234R were subjected to IB with 
the anti-Flag antibody to determine protein expression (A) and real-time quantitative reverse transcription polymerase chain reaction (RT-PCR) to measure the DUSP6 
transcript levels (B). Results normalized to wild-type DUSP6 were summarized for three independent experiments and shown as means ± SEM. **P < 0.01, by two-tailed 
Student’s t test. (C) SUMOylation increases the stability of DUSP6 but not the DUSP6K234R mutant. Lysates from HeLa cells transiently transfected with Flag-DUSP6, 
Flag-DUSP6K234R, HA-SUMO1, or RGS-SENP1 at various combinations as indicated and treated with CHX (100 g/ml) for 12 hours beginning at 24 hours after transfection 
to prevent de novo protein synthesis were analyzed by IB with anti-Flag, anti-HA, and anti-GAPDH. Note that, in the presence of CHX, the increase in DUSP6 level due to 
HA-SUMO1 overexpression indicates decreased degradation, which was reversed by RGS-SENP1; however, the level of DUSP6K234R is unaffected by HA-SUMO1 and RGS-
SENP1. (D) DUSP6K234R exhibits faster degradation via the proteasome pathway than wild-type DUSP6. HeLa cells transiently transfected with Flag-DUSP6 or DUSP6K234R 
were treated with CHX (100 g/ml) for 0 to 24 hours as indicated beginning at 24 hours after transfection. Dimethyl sulfoxide (vehicle control), proteasome inhibitor, 
MG132 (20 M), or lysosome inhibitor, chloroquine (100 M), was added 1 hour before CHX. Cell lysates were subjected to IB using anti-Flag and anti-GAPDH antibodies. 
Note the faster decrease in DUSP6K234R than DUSP6 and the blockade by MG132 but not chloroquine. (E) SUMO1 modification of DUSP6 represses its ubiquitination. 
Lysates from HeLa cells transiently transfected with Flag-DUSP6, HA-SUMO1, Myc-ubiquitin (Myc-Ub), or RGS-SENP1 at various combinations as indicated were subjected 
to IP with anti-Flag antibody under denaturing conditions, which was followed by IB with anti-Myc and anti-Flag antibodies. The original lysates were also analyzed by IB 
for inputs of Myc-Ub, Flag-DUSP6, and RGS-SENP1, with GAPDH as the loading control. (F) The SUMOylation-deficient DUSP6K234R mutant has enhanced ubiquitination as 
compared to wild-type DUSP6. Similar to (E) but the cells were transfected with Flag-DUSP6, Flag-DUSP6K234R (2×), or Myc-Ub at various combinations as indicated. Note 
the stronger Myc-Ub labeling samples transfected with Flag-DUSP6K234R than Flag-DUSP6. (G) DUSP6 SUMOylation has no impact on its phosphorylation. Lysates from 
HeLa cells transiently transfected with Flag-DUSP6, Flag-DUSP6K234R (2×), or HA-SUMO1 at various combinations as indicated were subjected to IP with the anti-Flag 
antibody, which was followed by IB with anti-SUMO1 and anti–p-Ser antibodies. The original lysates were also analyzed by IB for the inputs of HA-SUMO1 and Flag-DUSP6, 
with GAPDH as the loading control. Note the similar levels of p-Ser labels between DUSP6 and DUSP6K234R and the lack of effect of HA-SUMO1. (H) DUSP6 SUMOylation, 
but not phosphorylation, regulates its degradation. Lysates from HeLa cells transiently transfected with Flag-DUSP6, Flag-DUSP6K234R, or phosphorylation-defective 
(S159A/S197A, DM-SA) or phosphorylation-mimetic (S159D/S197D, DM-SD) DUSP6 mutant and treated with CHX (100 g/ml) for 0 to 24 hours as indicated beginning at 
24 hours after transfection were subjected to IB with anti-Flag and anti-GAPDH antibodies. Note that the phosphorylation-defective and phosphorylation-mimetic DUSP6 
mutants exhibited similar stability to the wild-type protein. (I) DUSP6 phosphorylation has no impact on its SUMOylation. Lysates from HeLa cells transiently cotransfected 
with HA-SUMO1 and Flag-DUSP6, or one of its phosphorylation-defective or phosphorylation-mimetic mutants as indicated for 24 hours were subjected to IP and IB 
similarly as in (G). Note the similar levels of SUMOylation for DUSP6 and all its mutants. In (C) to (I), blots are representatives of at least three independent experiments. 
Note that 2× amount of DUSP6K234R plasmid was used for transfection in some experiments to ensure comparable protein expression with the wild type.



Ma et al., Sci. Adv. 2020; 6 : eaaz0361     25 March 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

6 of 20

mutant exhibited more robust polyubiquitination than the wild-type 
Flag-DUSP6 (Fig. 3F). These results indicate that SUMO modification 
represses DUSP6 ubiquitination, protecting DUSP6 from degradation 
by proteasomes.

There is no detectable interplay between SUMOylation 
and phosphorylation of DUSP6
Previous studies have shown the involvement of DUSP6 phospho
rylation at serine residues S159 and S197 in its degradation by pro-
teasomes (17). Since SUMOylation suppressed DUSP6 degradation 
through inhibiting its ubiquitination (Fig. 3, D to F), we also investigated 
the possible interplay between the SUMOylation and phospho
rylation of DUSP6. First, immunoblotting by the anti-phosphoserine 
(p-Ser) antibody against immunoprecipitants pulled down by the 
anti-Flag antibody revealed no change in the phosphorylation of the 
DUSP6K234R mutant compared to wild-type DUSP6, and the phospho
rylation levels were not affected by the coexpression of HA-SUMO1 
(Fig. 3G), suggesting that SUMOylation has no effect on DUSP6 
phosphorylation. More unexpectedly, the phosphorylation-defective 
[S159A, S197A, or double mutant–serine mutated to alanine (DM-SA; 
S159A/S197A)] and phosphorylation-mimetic [S159D, S197D, or 
double mutant–serine mutated to aspartic acid (DM-SD; S159D/
S197D)] mutants of DUSP6 exhibited no detectable difference from 
wild-type DUSP6 in the time course of degradation following the 
addition of CHX (Fig. 3H). Furthermore, the phosphorylation-
defective and phosphorylation-mimetic mutants of DUSP6 exhibited 
similar levels of SUMOylation to the wild-type phosphatase when 
coexpressed with HA-SUMO1 (Fig. 3I). Consistent with the lack of 
effect of DUSP6 phosphorylation on its SUMOylation, DUSP6 contains 
neither a consensus phosphorylation-dependent SUMO modification 
motif nor negatively charged amino acid–dependent SUMO modifi-
cation motif, as determined using JASSA (www.jassa.fr/). Together, our 
data suggest that there is no significant interplay between DUSP6 
SUMOylation and its phosphorylation, at least for that at S159 and S197.

DeSUMOylation of DUSP6 reduces its phosphatase activity
DUSP6 is best known to regulate the Ras-MAPK signaling cascade 
due to its unusually tight substrate specificity for ERK1/2. To deter-
mine how DUSP6 SUMOylation affects its enzymatic activity, we 
performed the following experiments. First, serum growth factors 
induce phosphorylation of both ERK1/2 and DUSP6, as well as 
the expression of the latter, causing biphasic changes in the phos-
phorylation of ERK1/2 (17). Consistently, a treatment of epidermal 
growth factor (EGF; 50 ng/ml) led to a transient increase in ERK1/2 
phosphorylation in HeLa cells, which peaked at around 15 min, 
and overexpression of Flag-DUSP6 suppressed the EGF-evoked 
ERK1/2 phosphorylation (Fig. 4A). Moreover, the inhibitory effect of 
DUSP6 was augmented by the coexpression of HA-SUMO1, an effect 
not seen with the DUSP6K234R mutant (Fig. 4B), suggesting that 
SUMOylation enhances the catalytic activity of DUSP6. Second, 
using para-nitrophenylphosphate (p-NPP) hydrolysis as a direct 
measure of DUSP6 phosphatase activity (32), we observed en-
hanced phosphatase activity when purified recombinant DUSP6 
was SUMOylated in vitro and decreased phosphatase activity by 
addition of recombinant SENP1(419 to 644 amino acids) (Fig. 4C). 
Similar results were further confirmed in HeLa cells transfected with 
Flag-DUSP6, which was significantly increased by the coexpression 
of HA-SUMO1 and decreased by the coexpression of RGS-SENP1 
(fig. S4A). However, although the recombinant SUMOylation-deficient 

DUSP6K234R still showed basal phosphatase activity, it was less than 
that of wild-type DUSP6 (Fig. 4D). Similar results were found in HeLa 
cells transfected with Flag-DUSP6K234R (fig. S4B). The phosphatase 
activity of Flag-DUSP6K234R approximated to 51.8 ± 8.5% (n = 3) of 
that of wild-type Flag-DUSP6 (fig. S4, B and F). Moreover, in vitro 
SUMOylation (Fig. 4D) or the coexpression of HA-SUMO1 (fig. S4B) 
did not further increase the catalytic activity of DUSP6K234R. Thus, 
SUMOylation positively affects the phosphatase activity of DUSP6. 
Third, to exclude the possibility that the SUMO site mutation im-
paired the catalytic activity of DUSP6, we generated two additional 
mutants around K234, DUSP6I233A and DUSP6I233N, taking into 
account that the hydrophobic Ile residue at the beginning of the 
IKYI motif in DUSP6 represents a key requirement of this crippled 
consensus SUMO conjugation site. As expected and similar to 
DUSP6K234R, the phosphatase activities of recombinant DUSP6I233A 
and DUSP6I233N were significantly lower than that of wild-type 
DUSP6 (Fig. 4E). In addition, neither Flag-DUSP6I233A nor Flag-
DUSP6I233N was SUMOylated when coexpressed with HA-SUMO1, 
and their phosphatase activities were also similar to that of Flag-
DUSP6K234R and significantly lower than that of wild-type Flag-DUSP6 
(fig. S4C). These results further support the importance of DUSP6 
SUMOylation in promoting its phosphatase activity. Fourth, the 
glycine residue, G97, of SUMO1 is critical for its conjugation of target 
proteins (33). The coexpression of the conjugation-deficient SUMO1 
G97A mutant with Flag-DUSP6 not only failed to reveal DUSP6 
SUMOylation but also resulted in a much lower phosphatase activity 
than the coexpression with HA-SUMO1 (fig. S4D). Last, DUSP6 
phosphatase activity can be markedly increased in the presence of 
ERK2 (16). With increasing concentrations of recombinant ERK2, 
p-NPP hydrolysis increased dose dependently for wild-type DUSP6 
but not for DUSP6K234R mutant and activity-deficient DUSP6C293S 
(Fig. 4F). Similar results were found in lysates from cells that expressed 
wild-type DUSP6 and DUSP6K234R mutant (fig. S4E). Together, these 
data strongly suggest that SUMOylation positively regulates the 
phosphatase activity of DUSP6.

Furthermore, to examine whether the interaction with ERK1/2 is 
required for SUMO1 to increase the phosphatase activity of DUSP6, we 
used the kinase interaction motif (KIM) mutant (R64, 65A) of DUSP6 
(the key sites of contact for ERK1/2). The results showed that with both 
wild-type DUSP6 and the KIM mutant, but not the K234R mutant, 
in vitro SUMOylation increased the phosphatase activity, while the 
addition of ERK2 increased only the phosphatase activity of wild-type 
DUSP6 but not the KIM mutant. Therefore, the SUMO1-regulated 
DUSP6 phosphatase activity appears to be independent of ERK2. The 
ERK2- and SUMO1-induced DUSP6 phosphatase activities may be 
additive (fig. S5A). SUMOylation of proteins can alter their interac-
tion properties and thereby their subcellular localization, function, 
and/or stability. Thus, we examined the interaction between ERK2 and 
DUSP6 or DUSP6K234R in an in vitro binding assay, which showed that 
the SUMOylation-deficient DUSP6 mutant, K234R, had decreased 
binding with ERK2 as compared to wild-type DUSP6 (fig. S5B), and while 
SUMO1 enhanced DUSP6 binding to ERK2, the SUMO1 mutant 
G97A did not (fig. S5C). Together, these results suggest that DUSP6 
SUMOylation affects its interaction with ERK1/2. As expected, the KIM 
mutant (R64, 65A) did not show binding with DUSP6 (fig. S5, B and C).

Oxidation induces DUSP6 deSUMOylation
Given that DUSP6 undergoes degradation in response to H2O2 
treatment (Fig. 1, A and B) but SUMOylation enhances DUSP6 

http://www.jassa.fr/
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stability (Fig. 3, C to F), we hypothesized that DUSP6 SUMOylation 
might be compromised by oxidative stress, allowing DUSP6 to be 
ubiquitinated and then degraded. The SUMOylation of DUSP6 was 
decreased over time in the presence of 1 mM H2O2, which was 
accompanied with a parallel decrease in the overall levels of SUMO1-
conjugated proteins, as well as a decrease in DUSP6 protein levels 
(Fig. 5A, left). However, the same treatment did not alter the level of 
the SUMOylation-deficient DUSP6K234R mutant, despite the obvious 
decrease in the overall levels of SUMO1-conjugated proteins in the 
same samples (Fig. 5A, right). These indicate that deSUMOylation 
is the major cause of DUSP6 degradation in response to oxidation.

To investigate the relationship between DUSP6 SUMOylation and 
ubiquitination under oxidative conditions, we coexpressed Myc-Ub 

with Flag-DUSP6 or Flag-DUSP6K234R in HeLa cells and then treated 
the cells with 1 mM H2O2 for different time periods. The wild-type 
DUSP6 showed a progressive increase in ubiquitination over a period 
of 24-hour treatment with H2O2, mirroring the course of SUMOylation 
decrease and despite the decrease in the Flag-DUSP6 protein levels 
(Fig. 5B, left). By contrast, the DUSP6K234R mutant exhibited higher 
ubiquitination than the wild-type DUSP6 under untreated conditions, 
as shown before (Fig. 3F), which was not increased by the H2O2 
treatment (Fig. 5B, right). Using untransfected HeLa cells, we fur-
ther demonstrated that during the H2O2 treatment, the endogenous 
DUSP6 underwent a time-dependent deSUMOylation and a parallel 
progressive increase in ubiquitination, as well as a gradual loss of 
DUSP6 proteins (Fig. 5C). These occurred without a detectable change 

Fig. 4. SUMOylation promotes DUSP6 phosphatase activity. (A) Overexpression of DUSP6 suppressed growth factor–induced ERK1/2 activation. HeLa cells transient-
ly transfected with empty vector or Flag-DUSP6 were serum-starved for 24 hours in Dulbecco’s modified Eagle’s medium (DMEM) containing 1% fetal bovine serum (FBS) 
beginning at 24 hours after transfection and stimulated with EGF (50 ng/ml) for the indicated times. Cell lysates were analyzed by IB with anti-ERK1/2, anti–p-ERK1/2, 
anti-Flag, and anti-GAPDH antibodies. Note the overall decrease in p-ERK1/2 levels in cells that overexpressed DUSP6. (B) The inhibitory effect of DUSP6 on ERK1/2 
activation is regulated by SUMOylation. HeLa cells transiently transfected with HA-SUMO1, Flag-DUSP6, or Flag-DUSP6K234R in various combinations as indicated 
were serum-starved and treated with EGF as in (A) but for 15 min only. Cell lysates were analyzed by IB as in (A). Note that HA-SUMO1 coexpression further enhanced 
the inhibitory effect of DUSP6 on EGF-induced ERK1/2 activation; however, DUSP6K234R had no effect on p-ERK1/2 levels whether HA-SUMO1 was coexpressed. (C to 
E) SUMOylation enhances the phosphatase activity of DUSP6. Purified recombinant DUSP6, DUSP6K234R, DUSP6I233A, DUSP6I233N, DUSP6C293S, and SUMOylated DUSP6 
in vitro were subjected to p-NPP hydrolysis assay for phosphatase activity. SUMOylated DUSP6 had a higher phosphatase activity compared to the wild-type DUSP6 (C), 
and the DUSP6K234R mutant exhibited lower catalytic activity than wild-type DUSP6 (D). The other two SUMOylation-deficient mutants, DUSP6I233A and DUSP6I233N, had 
similarly low phosphatase activities as DUSP6K234R (E). DUSP6C293S was used as a negative control as indicated. (F) Increasing amount of recombinant ERK2 enhanced 
phosphatase activity of DUSP6 but not that of DUSP6K234R. Incubation with the increasing amount of recombinant ERK2 and the phosphatase activities of DUSP6, 
DUSP6K234R, and DUSP6C293S were assessed by p-NPP hydrolysis assay. Data for the p-NPP assays in (C) to (F) represent means ± SEM of n = 3 independent experiments. 
*P < 0.05, ***P < 0.001, and ****P < 0.0001, by one-way ANOVA with pairwise comparison using Tukey’s multiple comparisons test.
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in DUSP6 mRNA levels (Fig. 5D). Together with the data that over-
expression of SUMO1 attenuated DUSP6 ubiquitination and the effect 
was reversed by the coexpression of the deSUMOylating enzyme 
SENP1 (Fig. 3, C to F), these results demonstrate that SUMOylation 

protects DUSP6 from degradation by the ubiquitin-proteasome 
pathway, but oxidation disrupts this protective mechanism by 
deSUMOylating DUSP6, which then allows ubiquitination and 
subsequent degradation of DUSP6 proteins by the proteasomes.

Fig. 5. Oxidation causes progressive deSUMOylation and degradation of DUSP6 via transcriptional up-regulation of SENP1. (A) H2O2 treatment induced a 
time-dependent loss of DUSP6 SUMOylation. HeLa cells transiently cotransfected with HA-SUMO1 and Flag-DUSP6 (left) or Flag-DUSP6K234R (2×) (right) mutant constructs 
were untreated or treated with 1 mM H2O2 for 0 to 24 hours as indicated beginning at 24 hours after transfection. Cell lysates were subjected to IP with the anti-Flag 
antibody, which was followed by IB for SUMO1 and DUSP6. The original lysates were also analyzed by IB for inputs of HA-SUMO1 and Flag-DUSP6, with -actin as the 
loading control. Note that the parallel progressive decreases in the levels of SUMOylated and total DUSP6, as well as the overall protein SUMOylation (HA IB panel) after 
exposure to H2O2 (left); however, the levels of DUSP6K234R were unaffected by H2O2 despite the decrease in overall protein SUMOylation (right). (B) H2O2 treatment 
induced a time-dependent increase in the ubiquitination of DUSP6 (left) but not the SUMOylation-deficient DUSP6K234R mutant (right). Similar to (A) but the cells were 
cotransfected with Myc-Ub and Flag-DUSP6 or Flag-DUSP6K234R, and IB was performed using anti-Myc to assess ubiquitination and anti-Flag for the exogenously 
expressed Flag-DUSP6 both after IP and for total lysates. Note that the progressive increase in ubiquitination and the paralleled decrease in total protein levels after H2O2 
exposure seen for wild-type DUSP6 (left) were not defected for DUSP6K234R, which exhibited a high ubiquitination level throughout (right). For IP/IB, membranes (B) after 
IB analysis with the anti-Myc antibody, the blots were stripped and reprobed with the anti-Flag antibody. (C) H2O2 treatment caused a time-dependent decrease in 
SUMOylation and paralleled increases in ubiquitination and degradation of endogenous DUSP6. Lysates from untransfected HeLa cells treated with 1 mM H2O2 for 0 to 
24 hours as indicated were subjected to IP with the anti-DUSP6 antibody (or a control IgG), followed by IB analysis for SUMO1, ubiquitin, DUSP6 (left). The original lysates 
were also analyzed by IB for inputs of these proteins, with -actin as the loading control (right). (D to H) H2O2 treatment caused a time-dependent up-regulation of SENP1 
via a transcriptional mechanism. The same lysates as in (C) were analyzed for mRNA levels of DUSP6 (D), SAE1/SAE2 (E1, F), UBC9 (E2, G), and SENP1 (H) by real-time 
quantitative RT-PCR. Only SENP1 showed a progressive increase over time (H). Data were normalized to values obtained for the untreated samples for individual experiments 
and represent means ± SEM for n = 3 independent experiments. **P < 0.01 and ***P < 0.001, by one-way ANOVA with pairwise comparison using Tukey’s multiple comparisons 
test. In IB analysis for SAE1, SAE2, UBC9, and SENP1, only SENP1 showed a progressive increase over time in protein levels (E). (I) siRNA-mediated knockdown of SENP1 
expression. Lysates from HeLa cells transiently transfected with either a control siRNA or SENP1-specific siRNA for 24 hours were analyzed by IB for SENP1, showing effective 
knockdown of SENP1. (J) Knockdown of SENP1 expression prevented H2O2-induced degradation of DUSP6. HeLa cells transiently transfected with Flag-DUSP6, Flag-
DUSP6K234R (2×), or SENP1 siRNA in various combinations were untreated or treated with 1 mM H2O2 for 0 to 24 hours as indicated beginning at 24 hours after transfection. 
Cell lysates were analyzed by IB for Flag-DUSP6, SENP1, and SUMO1 levels, with -actin as the loading control. The loss of SENP1 prevented the H2O2-induced decreases 
in Flag-DUSP6 levels (left) and the overall protein SUMOylation but had no impact on Flag-DUSP6K234R levels (right). For (A) to (C), (E), (I), and (J), blots are representatives 
of at least three independent experiments. Two times amount of Flag-DUSP6K234R plasmid was used for transfection to match the expression of Flag-DUSP6.
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Noticeably, the H2O2 treatment led to an overall decrease in 
SUMO1-conjugated proteins, suggesting a general deSUMOylating 
effect of oxidation. To define the molecular underpinning of oxidation-
induced deSUMOylation, we first measured the levels of SUMO-
modifying enzymes under the treatment of H2O2. Consistent with 
the previous study (34), H2O2 did not affect the levels of SUMO-
conjugating enzymes, E1 (SAE1/SAE2), and E2 (UBC9) (Fig. 5F). 
However, the levels of the SUMO-deconjugating enzyme, SENP1, 
were progressively increased over time (Fig. 5F). Using similar cell 
samples used for immunoblotting, we also performed quantitative 
reverse transcription polymerase chain reaction (RT-PCR) and found 
that the mRNA levels of E1 and E2 SUMO-conjugating enzymes were 
not changed but that of SENP1 increased following the H2O2 treat-
ment (Fig. 5, F to H).

To further confirm the role of SENP1 in oxidation-induced 
DUSP6 degradation, we knocked down SENP1 expression in HeLa 
cells using a small interfering RNA (siRNA)–based strategy (Fig. 5I) 
(35). The knockdown of SENP1 protected Flag-DUSP6 from H2O2-
induced degradation (Fig. 5J, left). As a control, the knockdown of 
SENP1 did not affect the levels of Flag-DUSP6K234R (Fig. 5J, right), 
and in both cases, the overall protein SUMOylation levels in the 
SENP1 siRNA-transfected cells were no longer decreased by the 
H2O2 treatment (Fig. 5J). Examining untransfected HeLa cells, we 
detected the increase in SENP1 protein expression with the treatment 
of as low as 0.5 mM H2O2 and for as short as 1 hour, with accompa-
nied decreases in protein SUMOylation and DUSP6 protein levels 
(Fig. 6, A and B). In addition, the knockdown of SENP1 protected 
endogenous DUSP6 from H2O2-induced degradation (fig. S7). 
Together, these results reveal a transcriptional mechanism that up-
regulates SENP1 expression in response to oxidation, which, in turn, 
dampens SUMOylation of a large set of proteins, including DUSP6, 
allowing DUSP6 degradation by the ubiquitin-proteasome system.

DUSP6 SUMOylation is important for its protective  
role against oxidation-induced apoptosis and  
mitochondrial fragmentation
Since the overexpression of Flag-DUSP6 in HeLa cells reduced H2O2-
induced apoptosis and mitochondrial fragmentation (Fig. 1, E to G), 
we asked whether DUSP6 SUMOylation contributed to this cyto-
protective effect against oxidative stress. As shown earlier (Fig. 1C), 
with cells treated by 0.5 mM H2O2 for 1 hour, cleaved caspase-3 
was readily detected (Fig. 6, C and D), and this was accompanied 
with an increase in SENP1 and decreases in protein SUMOylation 
and the level of endogenous DUSP6 (Fig. 6C). While the over
expression of wild-type Flag-DUSP6 suppressed the production 
of the cleaved caspase-3, which was further reduced by the coexpres-
sion of HA-SUMO1, the expression of the SUMOylation-deficient 
Flag-DUSP6K234R mutant did not show such effects (Fig. 6D). Fur-
thermore, the overexpression of wild-type DUSP6 reduced the number 
of TUNEL-positive cells induced by the H2O2 treatment (Fig. 6E). 
This protective effect was further enhanced by the coexpression of 
HA-SUMO1 but not seen with the expression of Flag-DUSP6K234R 
no matter if HA-SUMO1 was coexpressed (Fig. 6E). Moreover, the 
overexpression of wild-type DUSP6, but not the SUMOylation-
deficient DUSP6K234R, also attenuated the effect of H2O2 on mitochon-
drial fragmentation, maintaining more cells with tubular mitochondria 
(51.3 ± 4.1%, n = 318 cells of three independent experiments) than 
those with mixed and fragmented ones after the 1-hour treatment 
with 0.5 mM H2O2 (Fig. 6F). Again, the protective effect was enhanced 

by the coexpression of HA-SUMO1 (cells with tubular mitochondria, 
67.0 ± 4.6%, n = 302 cells of three independent experiments; Fig. 6F). 
Together, these results indicate that DUSP6 SUMOylation accounts 
for the cytoprotective role of this phosphatase during oxidative stress.

To determine whether the interaction with ERK1/2 is required 
for the cytoprotective role of DUSP6 SUMOylation, we examined 
the effects of the KIM mutant (R64, 65A) on H2O2-induced cell 
apoptosis and mitochondrial fragmentation. As shown in fig. S6, the 
exposure to 0.5 mM H2O2 for 1 hour caused similar increases in 
caspase-3 cleavage (fig. S6A) and TUNEL-positive cells (fig. S6B) in 
HeLa cells transfected with Flag-DUSP and Flag-DUSP6R64, 65A, and 
both were less than those transfected with Flag-DUSP6K234R or the 
vector, suggesting that the protective effects of DUSP6 are dependent 
on its SUMOylation and independent of its binding to ERK2.

DUSP6 physically associates with Drp1 to specifically 
dephosphorylate Drp1-S616
Numerous studies have established the importance of Drp1 phos-
phorylation in the regulation of mitochondrial fission (1–3, 5, 7), 
which may ultimately lead to cell apoptosis. Whereas the phosphoryl
ation at Drp1-S616 activates the fission, that at Drp1-S637 suppresses 
it (3, 10). Thus, the ratio of Drp1-S616/S637 phosphorylation is in-
dicative of the capacity of Drp1-mediated mitochondrial dynamics, 
and its imbalance has been implicated in pathogenesis of neurological 
diseases (36). While several kinases, including CDK1, ERK1/2, and 
PKC, have been shown to phosphorylate Drp1-S616 (7), the phos-
phatase(s) for this site is not known.

The phosphorylation-dependent Drp1 regulation on mitochondrial 
fission prompted us to investigate whether the cytoprotective effect 
of DUSP6 could be exerted through Drp1. First, we examined whether 
DUSP6 is directly associated with Drp1, like in the case between the 
phosphatase and its known substrates, ERK1/2 (16). Purified recom-
binant DUSP6 or DUSP6K234R and Drp1 were used for in vitro binding 
assay, and coimmunoprecipitation (co-IP) experiments demonstrated 
that anti-DUSP6 antibody was able to pull down Drp1 (Fig. 7A). 
Furthermore, anti-Drp1 antibody was able to reciprocally pull down 
DUSP6 and DUSP6K234R mutant, and there was a weaker association 
between DUSP6K234R and Drp1 (Fig. 7A). Similar result was found 
in HeLa cells cotransfected with Myc-Drp1 and Flag-DUSP6 or Flag-
DUSP6K234R (fig. S8C). These indicate that DUSP6 can exist in the 
same complex with Drp1, and this association may depend on the 
SUMOylation status of DUSP6. Using tissue lysates prepared from 
mouse cerebral cortex, we also detected Drp1 and DUSP6 from 
immunoprecipitants pulled down by the anti-DUSP6 and anti-Drp1 
antibodies, respectively (Fig. 7B), demonstrating that endogenous 
DUSP6 and Drp1 are physically associated with each other in vivo 
in the brain.

The physical association of DUSP6 with Drp1 impelled us to test 
the ability of the phosphatase to regulate Drp1 dephosphorylation. 
With HeLa cells transiently transfected with different amounts of 
the Flag-DUSP6 plasmid, the levels of phosphorylated Drp1-S616 
(p–Drp1-S616) decreased as the amount of Flag-DUSP6 increased 
(Fig. 7C). By contrast, the phosphorylation of Drp1-S637 (p–Drp1-S637) 
was not affected by the expression of Flag-DUSP6 (Fig. 7C). These 
results suggest that DUSP6 specifically promotes the dephosphory-
lation of Drp1-S616, but not Drp1-S637. To further examine the 
functional relationship between DUSP6 and Drp1, we measured 
DUSP6 phosphatase activity in the absence and presence of the 
coexpression of Myc-Drp1 using the p-NPP hydrolysis assay. As 
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shown above (Fig. 4F) and in a previous study (13), the inclusion of 
a substrate, e.g., ERK2, can increase DUSP6 catalytic activity in vitro. 
Unexpectedly, recombinant Drp1 also increased the phosphatase 
activity of DUSP6 (Fig. 7D). Similar results were also confirmed 
in exogenous expression system, in which Myc-Drp1 increased the 
phosphatase activity of DUSP6 to a similar extent to Myc-ERK2 
(fig. S8D). These results suggest that Drp1 may be a novel substrate 
of DUSP6. Thus, DUSP6 appears to be a phosphatase that is physi-

cally associated with Drp1 and specifically involved in regulating 
Drp1-S616 phosphorylation.

Given the involvement of ERK1/2 in Drp1-S616 phosphorylation 
(5) and the high specificity of DUSP6 in dephosphorylating and in-
activating ERK1/2 (17), it would be possible that in the cell, DUSP6 
mainly facilitated Drp1-S616 dephosphorylation through inactivat-
ing ERK1/2 rather than directly dephosphorylating Drp1-S616. To 
distinguish these possibilities, we tested the following predictions. 

Fig. 6. Increasing DUSP6 SUMOylation suppresses oxidation-induced mitochondrial fragmentation and cell apoptosis. (A and B) H2O2 treatment increased SENP1 
levels in a concentration- and time-dependent manner. Lysates from untransfected HeLa cells treated with H2O2 at different concentrations for 1 hour (A) and at 0.5 mM 
for different time periods (B) as indicated were analyzed by IB for levels of SENP1, SUMO1, and DUSP6, with -actin used as the loading control. Note that the increases in 
SENP1 were accompanied with decreases in overall protein SUMOylation and endogenous DUSP6 levels. (C) H2O2-induced increase in caspase-3 cleavage is accompanied 
with an increase in SENP1 expression. Lysates from untransfected HeLa cells untreated or treated with 0.5 mM H2O2 for 1 hour were analyzed as in (A) and (B), with an 
additional analysis for cleaved caspase-3. (D) Overexpression of DUSP6 suppressed H2O2-induced caspase-3 cleavage in a SUMOylation-dependent manner. HeLa cells 
transiently cotransfected with an empty vector (−), a vector encoding Flag-DUSP6 (wild type) or the Flag-DUSP6K234R mutant, and HA-SUMO1 as indicated were untreated 
or treated with 0.5 mM H2O2 for 1 hour beginning at 24 hours after transfection. Cell lysates were analyzed by IB for levels of cleaved caspase-3, Flag-DUSP6, p-ERK1/2, 
and ERK1/2, with -actin used as the loading control. The overexpression of Flag-DUSP6 decreased H2O2-induced caspase-3 cleavage and the p-ERK1/2 levels, both of 
which were further suppressed by HA-SUMO1; however, Flag-DUSP6K234R did not have these effects. In (A) to (D), blots are representatives of at least three independent 
experiments. (E and F) Overexpression of DUSP6 attenuated H2O2-induced cell apoptosis (E) and mitochondrial fragmentation (F) in a SUMOylation-dependent manner. 
H2O2-treated cells as described in (D) were either fixed and then stained for IF labeling of Flag for Flag-DUSP6 expression (green) and cell apoptosis (red) by TUNEL assay 
system (E) or incubated with MitoTracker Red (red) for 50 min at 37°C before fixation and IF staining for Flag (F). DAPI (blue) was used as the nuclear counterstaining. 
Representative confocal images are shown at the left (E) or at the top (F). Scale bars, 100 m (E) and 10 m (F). Black and white images in (F) show magnification of boxed 
areas for MitoTracker. Quantification data represent means ± SEM of n = 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, compared to control by one-way 
ANOVA with pairwise comparison using Tukey’s multiple comparisons test. The overexpression of Flag-DUSP6 decreased H2O2-induced apoptosis and mitochondrial 
fragmentation, both of which were further suppressed by HA-SUMO1; however, Flag-DUSP6K234R did not have these effects. To ensure comparable levels of protein 
expression, 2× amount of Flag-DUSP6K234R plasmid was used for transfection.
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Fig. 7. DUSP6 dephosphorylates Drp1-S616 independently of ERK1/2. (A) Direct association between recombinant DUSP6 and Drp1. Purified DUSP6 or DUSP6K234R 
and Drp1 were mixed in lysis buffer I and incubated at 4°C for 1 hour with gentle rotation. Samples were subjected to IP with either the anti-DUSP6 (left) or anti-Drp1 
(right) antibody, which was followed by IB using anti-DUSP6 and anti-Drp1 antibodies as shown. (B) Physical association between endogenous DUSP6 and Drp1 in mouse 
brain. Lysates prepared from mouse cerebral cortices were subjected to IP with anti-DUSP6 (left) or anti-Drp1 (right) antibody, which was followed by IB analysis with 
anti-DUSP6 and anti-Drp1 antibodies as shown. The lysates were also directly analyzed by IB for the inputs of DUSP6 and Drp1, with -actin used as the loading control. 
Native Drp1 and DUSP6 pulled down each other in reciprocal co-IP experiments. (C) Overexpression of DUSP6 reduced phosphorylation levels of Drp1-S616, but not 
Drp1-S637, in a dose-dependent manner. Lysates from HeLa cells transfected with increasing amounts of Flag-DUSP6 plasmid for 24 hours were analyzed by IB using 
anti–p–Drp1-S616, anti–phospho–Drp1-S637 (p–Drp1-S637), anti-Drp1, and anti-Flag antibodies, with anti-GAPDH used for the loading control. With increasing expression 
of Flag-DUSP6, p–Drp1-S616 levels were gradually reduced. (D) Drp1 increased the phosphatase activity of DUSP6 in vitro. Incubation with the recombinant Drp1 or ERK2 
and the phosphatase activities of DUSP6 and DUSP6C293S were assessed by p-NPP hydrolysis assay. Data for the p-NPP assays in (D) represent means ± SEM of n = 3 inde-
pendent experiments. ***P < 0.001, by one-way ANOVA with pairwise comparison using Tukey’s multiple comparisons test. (E to H) ERK1/2 phosphorylation status does 
not affect p–Drp1-S616 and p–Drp1-S637 levels unless cells are under oxidative stress. HeLa cells were either untransfected (E and G) or transiently transfected with in-
creasing amounts of plasmids for T7-ERK1 and Myc-ERK2 at the 1:1 ratio (F) or Flag-DUSP6 (H) as indicated for 24 hours. For (E), the cells were serum-starved for 24 hours 
in DMEM containing 1% FBS and then stimulated with EGF (50 ng/ml) for the indicated time periods before the addition of with or without 0.5 mM H2O2 for 1 hour for 
some samples as indicated. The time of EGF addition was adjusted so that EGF and H2O2 treatments ended simultaneously. For (F) to (H), cells were untreated or treated 
with 0.5 mM H2O2 for 1 hour as shown. In (G) and (H), PD98059 at different concentrations as indicated was added 1 hour before the application of H2O2 and maintained 
throughout the H2O2 treatment. Lysates obtained from the above cells were subjected to IB with anti–p–Drp1-S616, anti–p–Drp1-S637, anti-Drp1, anti–p-ERK1/2, 
anti-ERK1/2, and anti-DUSP6 antibodies. -Actin was used as the loading control. Note that the changes in p-ERK1/2 levels only affected p–Drp1-S616 levels in H2O2-treat-
ed samples. In (H), the overexpression of Flag-DUSP6 lowered p–Drp1-S616 levels even when ERK1/2 activity was inhibited by PD98059 without and with H2O2 treatment. 
(I to K) Overexpression of Flag-DUSP6, but not its catalytically inactive mutant, Flag-DUSP6C293S, suppressed Drp1-S616 phosphorylation regardless of the activity levels 
of ERK1/2. HeLa cells transiently transfected with an empty vector (−), Flag-DUSP6 (wild type), or Flag-DUSP6C293S (C293S) as indicated were treated with EGF as in (E), 
coexpressed with increasing amounts of T7-ERK1 and Myc-ERK2 as in (F), or treated with various concentrations of PD98059 as in (G), but without the H2O2 treatment. Cell 
lysates were subjected to IB as in (E). Note that p–Drp1-S616 levels were decreased by the overexpression of Flag-DUSP6, but not Flag-DUSP6C293S, under all conditions 
irrespective of the phosphorylation status of ERK1/2. (L) DUSP6 reduces p–Drp1-S616 levels in a SUMOylation-dependent manner. HeLa cells transiently transfected with 
an empty vector (−), a vector encoding Flag-DUSP6 or one of its mutants, Flag-DUSP6K234R (2×) or Flag-DUSP6C293S, or HA-SUMO1 in various combinations as indicated were 
untreated or treated with 0.5 mM H2O2 for 1 hour at 24 hours after transfection. Cell lysates were subjected to IB with anti–p–Drp1-S616, anti–p–Drp1-S637, anti-Drp1, 
anti-cleaved caspase-3, and anti-Flag antibodies. -Actin was used as the loading control. Note that HA-SUMO1 enhanced the inhibitory effect of Flag-DUSP6 on decreasing 
p–Drp1-S616 levels in both the absence and presence of H2O2. Neither the SUMOylation-deficient DUSP6K234R mutant nor the catalytically inactive DUSP6C293S 
mutant had any detectable effect on p–Drp1-S616 levels. Also note the parallel decreases in p–Drp1-S616 and cleaved caspase-3 levels in the H2O2-treated samples. Blots 
are representatives of at least three independent experiments. To ensure the comparable expression levels, 2× amount of the Flag-DUSP6K234R plasmid was used for the 
transfection.
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First, if DUSP6 regulated Drp1 only through ERK1/2, then the 
p–Drp1-S616 levels should strictly follow that of phospho-ERK1/2 
(p-ERK1/2). As shown earlier (Fig. 4A), EGF treatment caused a 
biphasic change in p-ERK1/2 levels in untransfected HeLa cells 
(Fig. 7E); however, there was not a corresponding change in the 
p–Drp1-S616 level unless the cells were also treated with 0.5 mM 
H2O2 for 1 hour (Fig. 7E). These suggest that only under oxidation, 
ERK1/2 regulates the phosphorylation of endogenous Drp1-S616. 
This conclusion is further strengthened by the experiment in which 
HeLa cells were transfected with increasing amounts of ERK1+2 
and at 24 hours later untreated or treated with 0.5 mM H2O2 for 
1 hour. Despite the increasing levels of ERK1/2 phosphorylation, 
corresponding to the increased protein expression, under both normal 
and oxidative conditions, p–Drp1-S616 levels only correlated with 
that of p-ERK1/2 in the H2O2-treated cells (Fig. 7F). Moreover, the 
inhibition of ERK1/2 activation by the potent and selective inhibitor 
of MAPK kinases—MEK1 and MEK2, PD98059, reduced p-Drp-S616 
levels only in the H2O2-treated cells, despite the decreases in p-ERK1/2 
levels in both normal and oxidative conditions (Fig. 7G). Collectively, 
these results suggest a lack of regulation of ERK1/2 on Drp1-S616 
phosphorylation under normal conditions; however, under oxida-
tion, Drp1-S616 becomes highly sensitive to ERK1/2. As a control, 
p–Drp1-S637 levels were not altered by p-ERK1/2 under any of the 
conditions tested (Fig. 7, E to G).

Second, if DUSP6 regulated Drp1 only through ERK1/2, then 
inactivating ERK1/2 would abolish the ability of DUSP6 to reduce 
p–Drp1-S616 levels. As shown in Fig. 7C, overexpression of Flag-
DUSP6 greatly reduced the phosphorylation of Drp1-S616 and ERK1/2 
without affecting that of Drp1-S637 (Fig. 7H). The inhibition of 
ERK1/2 activation with the maximal concentration of PD98059 did 
not impair the ability of the overexpressed Flag-DUSP6 to decrease 
the p–Drp1-S616 levels, regardless of the H2O2 treatment, although 
with H2O2, the control p–Drp1-S616 level was already strongly 
reduced by the drug (Fig. 7H). These data argue that DUSP6 can 
dephosphorylate Drp1-S616 independently of ERK1/2. To further 
confirm the ERK1/2-independent regulation of Drp1-S616 phos-
phorylation by DUSP6, we analyzed the levels of p–Drp1-S616 and 
p–Drp1-S637 in HeLa cells transfected with wild-type Flag-DUSP6 
or catalytically inactive Flag-DUSP6C293S mutant under conditions 
when ERK1/2 phosphorylation status were changed by stimulating 
the cells with EGF for different durations (Fig. 7I), cotransfecting 
with varying amounts of ERK1+2 (Fig. 7J), and the treatment with 
different concentrations of PD98059 (Fig. 7K). We found that only 
the wild-type DUSP6, but not the DUSP6C293S mutant, decreased the 
level of p–Drp1-S616, but not that of p–Drp1-S637, and the effect was 
independent of the phosphorylation status of ERK1/2. To further 
test the specificity of DUSP6 in dephosphorylation of Drp1-S616, 
we knocked down the expression of DUSP6 in HeLa cells using the 
siRNA. Knockdown of DUSP6 remarkably enhanced the level of 
Drp1-S616 phosphorylation, increased caspase-3 cleavage (fig. S7A), 
and TUNEL-positive cells in HeLa cells exposed to 0.5 mM H2O2 for 
1 hour (fig. S7B). The H2O2-induced mitochondrial fragmentation was 
also increased by siRNA knockdown of DUSP6 (fig. S7C). These effects 
were mimicked by SENP1 overexpression, but the knockdown of 
SENP1 had some moderate protective effects (fig. S7, A to C). The 
knockdown of DUSP6 occluded the protective effects of SENP1 siRNA 
(fig. S7, A to C). These results not only demonstrate the importance of 
DUSP6 in cytoprotection against oxidative damage but also support 
the essential role of SUMOylation in the protective effects of DUSP6.

Third, in vitro binding assay demonstrated the interaction between 
recombinant Drp1 with wild-type DUSP6 and its KIM mutant, which 
was reduced for DUSP6K234R (fig. S8E). Furthermore, the recombinant 
Drp1 increased not only the phosphatase activity of wild-type DUSP6 
but also that of the KIM mutant (R64, 65A), despite the lack of effect 
of ERK2 on such mutant (fig. S8F).

Last, the above data suggest that under normal, nonoxidative con-
ditions, Drp1-S616 phosphorylation is kept at low levels by the 
phosphatase activity of DUSP6, irrespective of the phosphorylation 
status of ERK1/2. Thus, the loss of DUSP6 due to oxidation will impair 
this protective effect, rendering Drp1-S616 sensitive to phosphoryl
ation by its kinases, such as ERK1/2. Since deSUMOylation represents 
a critical step of oxidation-induced degradation of DUSP6, enhancing 
SUMOylation should help maintain DUSP6 stability and thereby 
lower p–Drp1-S616 levels under oxidative conditions. The over-
expression of Flag-DUSP6 in HeLa cells not only reduced p–Drp1-S616 
levels under normal conditions but also suppressed the H2O2-induced 
increase in Drp1-S616 phosphorylation. Moreover, these effects were 
further strengthened by the coexpression of HA-SUMO1 (Fig. 7L). 
On the other hand, neither the SUMOylation-deficient DUSP6K234R 
nor the catalytically inactive DUSP6C293S mutant could recapitulate 
the protective effect of wild-type DUSP6 (Fig. 7L), demonstrating 
that both the phosphatase activity and SUMOylation are critical 
for the DUSP6 action on Drp1-S616. Consistent with the role of 
Drp1-S616 phosphorylation on mitochondrial fission and the sub-
sequent cell death, only wild-type DUSP6 prevented the oxidation-
induced production of cleaved caspase-3, which was further reduced 
by the coexpression of HA-SUMO1 (Fig. 7L). Together, the above 
data suggest that DUSP6 is likely a phosphatase of p–Drp1-S616, 
which is present in the same complex with Drp1 to keep the phos-
phorylation level at S616 low. However, this mechanism is disrupted 
under oxidation due to enhanced expression of SENP1, which leads 
to DUSP6 deSUMOylation and the consequent degradation via the 
ubiquitin-proteasome pathway.

DUSP6 protects against ischemic brain damage in a manner 
that depends on its SUMOylation
To provide a more direct link with the in vivo data in brain ischemia/
reperfusion (I/R), we first used oxygen and glucose deprivation/
reoxygenation (OGD/reox) model in primary cultured cortical neu-
rons to mimic I/R insult, and the results support our previous con-
clusions that DUSP6 can protect cells from oxidative damage (fig. S9). 
Second, to investigate the cytoprotective function of DUSP6 and the 
role of its SUMOylation in vivo, we used a rodent model of ischemic 
brain damage, transient middle cerebral artery occlusion (tMCAO), 
in which oxidative stress is a known contributing factor. Mice were 
subjected to 40-min tMCAO, followed by reperfusion of different time 
periods from 0 to 24 hours. To ensure a similar degree of ischemic 
insult to the brain, we measured cerebral blood flow for each mouse 
by laser Doppler flowmetry (LDF) during tMCAO (Fig. 8A). With 
40-min tMCAO and 24-hour reperfusion, significant damage was 
detectable in coronal brain sections stained with triphenyltetrazolium 
chloride (TTC) (Fig. 8A). Using lysates from cortical tissues prepared 
under denaturing conditions, we detected SUMO1-conjugated bands 
from immunoprecipitants pulled down by the anti-DUSP6 antibody, 
which decreased markedly within 6 hours of reperfusion (Fig. 8B). 
Consistent with the decrease in SUMOylation, DUSP6 protein levels 
also decreased gradually over the 24-hour reperfusion period (Fig. 8B). 
However, DUSP6 mRNA levels did not change over the same time 
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periods (Fig. 8C). Similar to the findings in HeLa cells treated with 
H2O2, the I/R-induced decrease in SUMOylation was not due to 
changes in the expression of SUMO-conjugating enzymes (Fig. 8, D, 
E, and G). However, both the mRNA and protein levels of SENP1 
were strongly and progressively increased over the 24-hour reperfusion 
period in the cerebral cortical tissues from mice subjected to tMCAO 
(Fig. 8, F and G), confirming a transcriptional mechanism that up-
regulates SENP1 in response to I/R.

To validate the role of DUSP6 and its SUMOylation in ischemic 
brain damage, we ectopically expressed wild-type DUSP6 and its 
K234R mutant in mouse cerebral cortical neurons using adeno-
associated viruses (AAVs). A control AAV that contained empty 
vector (AAV-control), AAV-DUSP6, or AAV-DUSP6K234R, with the 
expression in neurons driven by the human synapsin promoter (hSyn), 
was injected into the primary somatosensory cortex, barrel field, and 
secondary somatosensory cortex of adult mice (Fig. 8H). As shown 
by fluorescence microscopic imaging (Fig. 8H, right), 4 weeks after 
stereotactic intracerebral injection, the virus-mediated expression, 
based on the green IRES2-mNeonGreen fluorescence, was readily 
detectable in the primary and secondary somatosensory cortices. As 
expected, the virus-mediated DUSP6 gene transfer dampened neu-
ronal apoptosis in response to I/R (40-min tMCAO/24-hour reper-
fusion), as shown by the reduced production of cleaved caspase-3 
(Fig. 8I) and decreased number of TUNEL-positive cells in areas 
with virus-mediated mNeonGreen expression (Fig. 8J), as well as 
decreased number of TUNEL-positive cells, and the same result was 
found by immunohistochemical staining (fig. S10A). Consistent with 
the findings in vitro, the ectopic expression of DUSP6 also abolished 
the I/R-induced increase in Drp1-S616 phosphorylation, but not 
the decrease in p–Drp1-S637 that was seen in all I/R samples. Un-
expectedly, not only did the ectopic expression of DUSP6K234R fail 
to mimic the protective effect of the wild-type DUSP6 but it also 
made the I/R-induced apoptosis and Drp1-S616 phosphorylation 
even more severe than the control (Fig. 8, I and J), suggesting a 
dominant-negative action of the SUMOylation-deficient mutant. 
Quantification of infarct areas from the coronal brain sections stained 
with TTC revealed that the expression of DUSP6K234R caused more 
brain damage than control viruses and that of wild-type DUSP6 
protected the brain from the injury caused by I/R (Fig. 8K and 
fig. S10, B and C). These data further support the idea that DUSP6 
SUMOylation plays an important function against I/R-induced 
apoptosis of cortical neurons.

DISCUSSION
Mitochondrial fragmentation resulting from deregulation of Drp1 phos-
phorylation is a well-known cause of oxidation-induced apoptosis (2). 
Although much is known about the sites and kinases involved in Drp1 
phosphorylation, the phosphatase(s) involved in dephosphorylating 
Drp1 and its contribution in the response to oxidative stress remain 
mysterious. The redox-sensitive phosphatase DUSP6 has been reported 
to undergo degradation when treated with H2O2, resulting in increased 
phosphorylation of ERK1/2 (21, 22). This oxidation-induced increase 
in ERK1/2 activity was thought to enhance Drp1-S616 phosphoryl
ation and the consequent mitochondrial fragmentation, linking DUSP6 
instability to oxidative cell death (2). Here, we provide evidence that 
DUSP6 can cause Drp1-S616 dephosphorylation independently of 
ERK1/2. We uncover a novel regulatory mechanism by which DUSP6 
SUMOylation regulates its stability, which is disrupted by oxidation, 

resulting in DUSP6 degradation through the ubiquitin-proteasome 
pathway. The degradation of DUSP6, in turn, unleashes Drp1-S616 
for extravagant phosphorylation by its kinases, with ERK1/2 as the 
main candidates, leading to excessive mitochondrial fragmentation 
and cell death (fig. S12).

Our findings place DUSP6 as a central player in oxidative cell 
damage. This phosphatase keeps Drp1-S616 from extended phos-
phorylation under nonoxidative conditions to prevent excessive 
mitochondrial fission. Although it cannot be completely ruled out 
that DUSP6 may dephosphorylate Drp1-S616 through a yet-to-be-
identified intermediate(s), evidence provided here suggests that 
Drp1-S616 is likely a direct substrate of this phosphatase. First, the 
DUSP6-mediated dephosphorylation of Drp1-S616 is independent 
of its only known substrates, ERK1/2. We show that under several 
different conditions, changes in ERK1/2 phosphorylation/activity did 
not alter p–Drp1-S616 levels unless DUSP6 levels were down-regulated 
by the treatment with H2O2. Expectedly, the oxidation-induced in-
crease in Drp1-S616 phosphorylation, which is dependent on ERK1/2 
(see Fig. 7H), was attenuated by the overexpression of DUSP6 and 
further suppressed by increasing its SUMOylation (Fig. 7L). Second, 
the catalytic activation of DUSP6 is achieved by binding to its sub-
strate, e.g., ERK2 (13). We show that the catalytic activity of DUSP6 
was increased in the presence of Drp1, just like in the presence of 
ERK2. This substrate-dependent enhancement of enzymatic activity 
strongly suggests that Drp1 is another substrate of DUSP6. Third, 
DUSP6 and Drp1 coexist in the same protein complex both in vitro 
and in vivo, implicating the likelihood for the phosphatase to directly 
act on Drp1. Therefore, we suggest that Drp1 is a novel substrate of 
DUSP6, which dephosphorylates Drp1 at S616.

Mitochondria are dynamic organelles that undergo fission/fusion, 
and the steady-state balance of fission/fusion is a key determinant 
of its morphology and function (37, 38). Under healthy conditions, 
mitochondria exist as a tubular network in equilibrium of fusion/
fission. The deregulation of these processes leads to cellular dys-
function. Mitochondrial fission relies on Drp1, and Drp1 forms 
oligomers that wrap around the mitochondrial outer membrane 
and scission it. Although the involvement of Drp1 in apoptosis has 
been controversial and it was proposed that Drp1 is not sufficient 
to execute mitochondrial fission (39, 40), the mounting evidence 
suggested that Drp1 is essential for mitochondrial fission and mito-
chondrial fission–induced apoptosis (41, 42). Drp1 regulates mito-
chondrial dynamics by virtue of its phosphorylation at two key serine 
residues, S616 and S637, which alters the activity and location of the 
cytosolic GTPase (43, 44). It has been shown that dephosphorylation 
of Drp1-S637 by calcineurin facilitates its translocation to mito-
chondria to promote mitochondrial fission, implicating an inhibitory 
role of p–Drp1-S637 in the fission (9, 45). The phosphorylation of 
Drp1-S616, however, activates mitochondrial fission (3, 10), and this 
may happen easily as Drp1-S616 is phosphorylated by several different 
kinases, such as CDK1 or CDK5 (1), PKC (2), ERK1/2 (5, 6), ROCK, 
and CaMK II (7). Our finding that DUSP6 dephosphorylates Drp1-​
S616 provides a plausible explanation on how Drp1-S616 phos-
phorylation is kept in balance under normal growth conditions. 
Existing in the same protein complex, the phosphatase can effec-
tively regulate the levels and duration of Drp1-S616 phosphorylation 
by various kinases, providing a tight restraint on the Drp1 activity 
and thereby the proper balance of mitochondrial fusion/fission.

Such a balance is disrupted by oxidation through degradation of 
DUSP6. We show a time- and concentration-dependent decrease in 
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Fig. 8. DUSP6 SUMOylation at K234 is protective to brain neurons in ischemic stroke. (A) Brain ischemia and brain damage in the tMCAO model. Left: Regional 
cerebral blood flow in the core of the middle cerebral artery territory of C57BL/6 mice before, during, and after ischemia as measured by LDF. Flow values were averaged 
at 5-min intervals and expressed as means ± SEM of nine experiments. Right: Representative photographs of TTC-stained brain sections (1 mm) showing brain infarction 
at 24 hours after the onset of ischemia. (B) Time-dependent decreases in DUSP6 SUMOylation and DUSP6 protein levels during reperfusion in mice subjected to tMCAO 
for 40 min. Cerebral cortices from C57BL/6 mice (wild type) that underwent 40 min tMCAO, followed by different periods of reperfusion as indicated, were lysed under 
denaturing conditions and subjected to IP with anti-DUSP6 (or the IgG control), which was followed by IB using anti-SUMO1 and anti-DUSP6. -Actin was used as the 
loading control. Note also the time-dependent decrease in overall protein SUMOylation. (C to G) Transcriptional up-regulation of SENP1 during reperfusion of tMCAO 
injured mice. The original lysates as in (B) were analyzed by real-time quantitative RT-PCR for mRNA levels of DUSP6 (C), SAE1/SAE2 (D), UBC9 (E), and SENP1 (F), as well 
as by IB for protein levels of SAE1, SAE2, UBC9, and SENP1, with -actin as the loading control (G). Only SENP1 showed time-dependent increases at both the mRNA 
(F) and protein levels (G). (H) Schematic representation of adeno-associated virus (AAV) infection into mouse primary somatosensory cortex, barrel field, and secondary 
somatosensory cortex (left) and representative brain images showing the expression of mNeonGreen in cerebral cortex (right). The boxed area is enhanced by high 
magnification to show mNeonGreen-positive neurons. Scale bar, 100 m. (I to K) Overexpression of wild-type DUSP6 reduced, but the SUMOylation-deficient DUSP6K234R 
mutant exacerbated, cortical neuron apoptosis in response to brain I/R. AAV-DUSP6, AAV-DUSP6K234R, or a control AAV driven by the human synapsin promoter (hSyn) 
was injected into the primary somatosensory cortex, barrel field, and secondary somatosensory cortex of adult wild-type C57BL/6 mice as shown in (H). The animals were 
subjected to 40-min tMCAO, followed by 24-hour reperfusion at 4 weeks after stereotactic intracerebral injection. (I) The cerebral cortical tissues were lysed and subjected 
to IB using anti-cleaved caspase-3, anti–p–Drp1-S616, anti–p–Drp1-S637, anti-Drp1, anti-Flag, and anti-DUSP6. -Actin was used as the loading control. Caspase-3 cleavage 
was reduced by AAV-DUSP6 but increased by AAV-DUSP6K234R. Note also the corresponding changes in p–Drp1-S616 levels; however, p–Drp1-S637 levels were affected 
by neither AAV-DUSP6 nor AAV-DUSP6K234R, despite the decrease caused by I/R. (J) The tissues were sectioned and stained by TUNEL (red) and DAPI (blue). The occurrence 
of TUNEL+ cells in areas with DUSP6 expression (green) was significantly less than that with DUSP6K234R expression. Representative confocal images in virus-infected 
cortical areas of brain sections are shown at the left. Scale bar, 100 m. Quantification of TUNEL+ cells are shown at the right. Data represent means ± SEM of n = 3 inde-
pendent experiments, with six to eight fields of each group used for statistics in each experiment. *P < 0.05 and ***P < 0.001, by one-way ANOVA with pairwise comparison 
using Tukey’s multiple comparisons test. (K) Brain infarction after I/R in mice injected with AAV-DUSP6, AAV-DUSP6K234R, or the control AAV. Left: Representative 
images of TTC-stained sequential brain sections (1 mm). Right: Quantification of infarct areas in ipsilateral hemisphere normalized to the total areas of the contralateral 
hemisphere in sequential coronal brain slices. Data represent means ± SEM of n = 5 mice in each group. *P < 0.05, **P < 0.01, ***P < 0.001, by one-way ANOVA with 
pairwise comparison using Tukey’s multiple comparisons test.
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DUSP6 levels in response to the treatment of H2O2. The time- and 
concentration-dependent response to H2O2 has also been shown for 
mitochondrial fragmentation in a variety of cells (46, 47). We show 
here that both mitochondrial fragmentation and apoptotic cell death 
induced by H2O2 can be rescued by the overexpression of DUSP6, 
which also suppressed the oxidation-induced increase in Drp1-S616 
phosphorylation. The virus-mediated overexpression of DUSP6 in 
mouse brain reduced the I/R-induced Drp1-S616 phosphorylation, 
caspase-3 activation, and DNA damage (revealed by TUNEL assay) 
in the cerebral cortex, resulting in a significant protection of the brain 
in the ischemic penumbra after focal cerebral ischemia. Therefore, 
through regulation of Drp1-S616 phosphorylation, DUSP6 plays 
an important role in maintaining mitochondrial dynamics for cell 
health, the disruption of which under stress conditions causes 
programmed cell death. Paradoxically, the knockout or knockdown 
of DUSP6 in cells or mouse models had often resulted in enhanced 
proliferation or differentiation (48). These have been linked to the 
enhanced ERK1/2 activity because of the loss of DUSP6. However, 
studies also show that in gastric cancer cells, the knockdown of 
DUSP6, as well as the treatment with a DUSP6 inhibitor, (E/Z)-BCI 
hydrochloride, suppressed proliferation, migration, and invasion and 
also caused apoptosis (49). In addition, DUSP6 exerts a protective 
effect against glutamate-induced cytotoxicity in mouse hippocampal 
neurons and procyanidin B2G2–induced cell death of prostate cancer 
(50, 51). The prosurvival function of DUSP6 has also been hypoth-
esized in HeLa cells (52). These would be in line with the anti
apoptotic function of DUSP6 revealed here. The consequences of 
DUSP6 depletion on cell survival/demise are likely dependent on 
the relative strengths of its substrates, ERK1/2 and Drp1, and the 
downstream pathways regulated by them, in different cell contexts.

The half-lives of the DUSP6 proteins as measured here at 8 hours 
for Flag-DUSP6K234R and >24 hours for Flag-DUSP6 do not corre-
spond to the in vivo measurements of endogenous DUSP6 published 
previously (17, 18). To delineate this seemingly contradicting result, 
we tested the following predictions. First, the half-lives of exogenous 
expressed Flag-DUSP6 were examined in HeLa and Chinese hamster 
ovary (CHO) cells. As shown in fig. S3C, the half-lives of overexpressed 
Flag-DUSP6 in Hela cells were dependent on the concentration of 
CHX, and the higher concentrations of CHX resulted in a shorter 
half-life of Flag-DUSP6 (fig. S3C). Similar results were further con-
firmed in CHO cells using different concentrations of CHX (20 and 
50 g/ml) (fig. S3D). Second, the half-lives of endogenous DUSP6 
were measured in HeLa and mouse embryonic fibroblast (MEF) cells. 
Consistent with a previous study (53), our observation showed that 
endogenous DUSP6 protein in both HeLa and MEF cells display 
shorter half-life (<1 hour) after being treated with CHX (100 g/ml) 
(fig. S3E). Thus, this seemingly contradicting result that was not well 
explained requires further investigation, but many factors, including 
the cell type–specific expression and different concentrations of CHX 
application, might contribute to the observed differential half-life 
of DUSP6.

Our data further unveil a novel PTM mechanism that regulates 
DUSP6 degradation under oxidative stress. Previously, DUSP6 
degradation has been shown to be regulated by ubiquitination and 
phosphorylation (17). However, how these respond to oxidation 
was unclear. We show here that under nonoxidative conditions, 
DUSP6 is SUMOylated at K234, which protects the phosphatase 
from conjugation by ubiquitin and thereby extends the half-life of 
the DUSP6 protein. SUMOylation has been shown to alter substrate 

stability (28). Many proteins are both SUMOylated and ubiquitinated, 
often at the same lysine residues. However, the interrelationship be-
tween these two systems is substrate specific and can act either syner-
gistically or antagonistically (30, 31). We found that SUMOylation 
increases DUSP6 stability by antagonizing ubiquitination (Fig. 3). 
The finding that the SUMOylation-deficient DUSP6K234R mutant re-
mains to be strongly ubiquitinated (Figs. 3F and 5B) suggests that K234 
is not required for DUSP6 ubiquitination, ruling out competition for 
the same lysine residue as the mechanism of the antagonism. Then, 
it is likely that the conjugated SUMO molecule at K234 spatially blocks 
ubiquitination at other sites of DUSP6. Despite this, it is not known 
whether K234 in the wild-type DUSP6 is ubiquitinatable and whether 
and how such a modification, if occurs, affects ubiquitination of DUSP6 
at other lysine residues. In addition, the ubiquitin complex that targets 
DUSP6 for degradation is unknown and requires further investigation.

Unexpectedly, we did not find DUSP6 phosphorylation at the 
two previously reported serine residues, S159 and S197 (17), to be 
critical for the half-life of this protein (Fig. 3H). The differences in 
the cell types used and the experimental conditions might account 
for the different results concerning DUSP6 phosphorylation on protein 
stability. Nevertheless, the phosphorylation status of DUSP6 did not 
affect its SUMOylation (Fig. 3I), suggesting that even if DUSP6 
phosphorylation regulated its stability, it would most likely do so 
independently of SUMOylation. Thus, SUMOylation at K234 spe-
cifically enhances the stability of DUSP6 by interfering with its 
ubiquitination, implicating a cytoprotective function of SUMOylation 
through DUSP6, a phosphatase that helps maintain mitochondrial 
dynamics by restraining Drp1.

The cytoprotective role of SUMOylation is progressively disrupted 
in response to oxidation due to a time-dependent up-regulation 
of the SUMO-deconjugating enzyme, SENP1. The status of pro-
tein SUMOylation is defined by the relative activities of SUMO-
conjugating and SUMO-deconjugating enzymes. Whereas we found 
no change in the expression of SUMO1-conjugating enzymes in HeLa 
cells treated with H2O2, the expression of SENP1 was increased at 
both the mRNA and protein levels. Mirroring the changes in SENP1, 
the overall protein SUMOylation levels were decreased in these cells, 
so were the SUMOylation and total protein levels of DUSP6. Similar 
changes were also detected in cerebral cortical tissues from mice 
subjected to I/R (Fig. 8, B to G). Thus, a time-dependent transcrip-
tional up-regulation of SENP1 induced by oxidation underlies the 
mechanism of DUSP6 degradation, which ultimately leads to cell 
apoptosis because of the extended Drp1-S616 phosphorylation and 
mitochondrial fragmentation.

In summary, we demonstrate that Drp1 is a previously unidentified 
substrate of the redox-sensitive phosphatase, DUSP6, which restrains 
Drp1 phosphorylation at S616 and helps maintain the balance of 
mitochondrial fusion/fission. We show that under normal condi-
tions, DUSP6 is SUMOylated at a C-terminal residue, K234, and the 
SUMOylation enhances DUSP6 protein stability. However, DUSP6 
SUMOylation is disrupted by oxidation through up-regulation of 
SENP1. The deSUMOylated DUSP6 is then prone to degradation by 
the ubiquitin-proteasome pathway. The loss of DUSP6 unleashes 
Drp1-S616 for excessive phosphorylation by kinases, tipping the 
balance of mitochondrial dynamics toward fission. The resultant 
mitochondrial fragmentation then causes apoptosis. We show that 
enhancing DUSP6 expression and its SUMOylation protect not only 
cells from oxidative damage in vitro but also mouse brain from I/R 
insults in vivo. These actions were not recapitulated by the DUSP6 
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mutant that had lost its phosphatase activity or the SUMOylation 
site. The previously unknown function demonstrated here for DUSP6 
and its regulation by SUMOylation are important because they 
offer novel insights into the mechanism of cytoprotection against 
oxidative stress. The more in-depth understanding of the DUSP6/
Drp1-regulated pathway described here at the molecular level will 
promote the design of new strategies for treatment of diseases asso-
ciated with oxidative damage, such as brain injury caused by ischemic 
stroke.

MATERIALS AND METHODS
Experimental animals and tMCAO
All experimental protocols with animals were carried out in accord
ance with the guidelines for the Care and Use of Laboratory Animals 
of Shanghai Jiao Tong University School of Medicine and approved 
by the Institutional Animal Care and Use Committee. Male C57BL/6 
mice (6 to 8 weeks, 18 to 20 g) were housed under a 12-hour/12-hour 
light/dark cycle with free access to food and water. tMCAO was per-
formed as previously described (54) with minor modifications. Briefly, 
mice were anesthetized with pentobarbital sodium. Body temperature 
was maintained at 37°C by a heating pad during the entire proce-
dure. tMCAO was induced using intraluminal suture as previously 
described (54). The left common carotid artery and the external 
carotid artery were exposed by a ventral midline neck incision and 
clipped. The external carotid artery was ligated with 5-0 silk suture. 
A 2-cm length of silicone rubber–coated monofilament (7-0) was 
advanced from the common carotid through the internal carotid up 
to the level of the anterior cerebral artery. The suture was inserted 
9 to 11 mm from the bifurcation of common carotid to occlude 
the middle cerebral artery. After 40 min of tMCAO, the suture was 
gently retracted to allow reperfusion for various durations (6, 12, 
and 24 hours). LDF (Moore Instruments Limited, Devon, UK) was 
used to monitor regional cerebral blood flow from 15 min before to 
10 min after tMCAO. I/R were defined as a minimum of 75% de-
crease in cerebral blood flow at the onset of ischemia and a return 
to 50% of baseline blood flow measurement, respectively. Mice not 
achieving these criteria were excluded from the study. Among the 
250 male animals that underwent the surgery for tMCAO, 70 of the 
ischemic animals were excluded because of insufficient decrease in 
cerebral blood flow following tMCAO (15), death during anesthetic 
induction, before completion of the surgery, during early reperfusion, 
or several hours before the 24-hour post-MCAO study end point 
(31), or lack of obvious infarct lesion at 24 hours after tMCAO 
(8). Owing to animal deaths before the 24-hour study end point, five 
animals per group were available for infarct (area) volume analysis. 
On the basis of a previous study (55) with minor modifications, we 
sectioned the mouse brain into three coronal slices beginning 1 mm 
from the anterior tip of the frontal lobe to 1 mm from the end of 
occipital lobe. The cortex of middle section (including penumbral 
and core regions) representing the lesion area was used for Western 
blot analysis and immunofluorescence staining.

Antibodies and reagents
Anti-cleaved caspase-3 (1:1000; 9661), anti-ERK1/2 (1:1000; 9102), 
anti–p-ERK1/2 (1:1000; 9106), anti-SAE1 (1:1000; 8688), anti–p–
Drp1-S616 (1:1000; 3455), and anti–p–Drp1-S637 (1:1000; 4867) were 
from Cell Signaling Technology (Danvers, MA, USA). Anti-DUSP6 
(1:1000; ab76310), anti-UBC9 (1:1000; ab33044), and anti-SENP1 

(1:1000; ab108981) were from Abcam (Cambridge, MA, USA). Anti-
Drp1 (1:500; sc-101270) was from Santa Cruz Biotechnology (Dallas, 
TX, USA). All other antibodies were as described previously (56). 
N-ethylmaleimide (NEM; 20 mM; E3876), CHX (100 g/ml; C7698), 
proteasome inhibitor MG132 (20 M; E8699), chloroquine (100 M; 
C6628), EGF (50 ng/ml), and H2O2 (30%, v/v) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). MEK inhibitor PD98059 
(52001ES08) was from Yeasen Biotechnology (Shanghai, China).

Plasmids and RNA interference
HA-SUMO1 and HA-SUMO2 were provided by J. Cheng (Shanghai 
Jiao Tong University School of Medicine, Shanghai, China), T7-ERK1 
was purchased from Addgene (14440; Cambridge, MA, USA), and 
Myc-Ub and Myc-ERK2 were gifts from J. Yu (Shanghai Jiao Tong 
University School of Medicine, Shanghai, China). RGS-SENP1 and 
RGS-SENP1m plasmids were previously described (56). To obtain 
Flag-DUSP6, the full-length DUSP6 (mouse) was cloned into 
p3xFlag-Myc-CMV-24 vector. Various Flag-DUSP6 mutations (K68R, 
K120R, K121R, K138R, K220R, K234R, K256R, K285R, K311R, K324R, 
K326R, K327R, S159A, S197A, S159D, S197D, DM-SA, DM-SD, and 
C293S) were generated using the QuikChange Site-Directed Mutagenesis 
Kit (200519; Stratagene, San Diego, CA, USA). SENP1 and DUSP6 
siRNA duplexes were synthesized by Sangon Biotechnology (Shanghai, 
China). siRNA oligos specific for SENP1 (5′-UCCUUUACACCU-
GUCUCGAUGUCUU-3′) and the corresponding scramble siRNA 
oligonucleotide (5′-CUUCCUCUCUUUCUCUCCCUUGUGA-3′) 
or siRNA oligos specific for DUSP6 (5′-GUGCAUUGCUUGG-
CAGGUA-3′) and the corresponding scramble siRNA oligonucelotide 
(5′-CGUACGCGGAAUACUUCGAdTdT-3′) were transfected at a 
final concentration of 20 nM into HeLa cells using Lipofectamine 
2000 (11668019; Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s protocol.

Cell culture and transfection
HeLa cells (TCHu187) were purchased from The Cell Bank of Type 
Culture Collection of Chinese Academy of Sciences (Shanghai, China). 
CHO cells (CHO-K1 line) were a gift from T. Zhou at the Depart-
ment of Medicine (the University of Alabama School of Medicine, 
Birmingham, AL, USA). MEF cells were provided by J. Cheng 
(Shanghai Jiao Tong University School of Medicine, Shanghai, 
China). Cells were cultured at 37°C in 5% CO2 humidified incubator 
and grown in Dulbecco’s Modified Eagle Medium (DMEM; high 
glucose) supplemented with 10% fetal bovine serum (FBS). HeLa 
cells and CHO cells grown into ~80% confluence were transfected 
with the desired plasmids using Lipofectamine 2000 following the 
manufacturer’s instructions. In most experiments, equimolar ratios 
of plasmids were used for cotransfection experiments, and the total 
amount of plasmids was adjusted with the empty vector. To ensure 
that the various plasmids express comparable levels of the proteins, 
a twofold amount of Flag-DUSP6K234R, Flag-DUSP6I233A, or Flag-
DUSP6I233N plasmid, as compared to wild-type Flag-DUSP6, was 
used for transfection in some experiments.

Immunoprecipitation and Western blotting
Western blotting and denaturing immunoprecipitations were per-
formed as described previously (56). Briefly, 24 hours after trans-
fection, HeLa cells were lysed in lysis buffer I [50 mM tris-HCl (pH 6.8), 
2% SDS, 40 mM dithiothreitol (DTT), and 5% glycerol] or lysis buf-
fer II [50 mM tris-HCl (pH 7.5), 150 mM NaCl, and 1% NP-40] after 
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being washed with ice-cold phosphate-buffered saline (PBS). NEM 
(20 mM) was added to the cell lysates for detection of SUMOylated 
DUSP6. Then, the lysates were incubated for 20 min at 95°C before 
dilution with lysis buffer II. After centrifugation for 10 min at 4°C, 
the supernatant was collected and incubated with the desired primary 
antibody at 4°C overnight. Protein A/G Sepharose beads were used 
to purify the proteins. Then, the beads were centrifuged and washed 
three times with washing buffer [10 mM tris (pH 7.4), 1 mM EDTA, 
1 mM EGTA (pH 8.0), 150 mM NaCl, 1% Triton X-100, and 0.2 mM 
sodium orthovanadate]. They were boiled in the SDS sample buffer 
and then subjected to SDS–polyacrylamide gel electrophoresis (PAGE) 
and immunoblotting. CHX chase assays were performed as described 
previously (56). Briefly, CHX (100 g/ml) was added to the culture 
24 hours after transfection, and samples were prepared at the indi-
cated time points. The steady-state levels of the protein of interest 
were analyzed by Western blotting with appropriate antibodies as 
indicated.

Immunofluorescence staining
Immunofluorescence staining was performed as described previ-
ously (41) with minor modifications. Briefly, HeLa cells grown 
on glass coverslips in DMEM supplemented with 10% FBS were 
transiently transfected with desired complementary DNA (cDNA) 
constructs using Lipofectamine 2000. Cells were incubated at 37°C 
in 5% CO2 for 24 hours following transfection. Coverslips were 
rinsed with PBS and then incubated in 4% paraformaldehyde for 
10 min at room temperature for fixation. After fixation, the cells 
were incubated in blocking buffer (1× PBS with 10% normal goat 
serum and 0.3% Triton X-100) for 1 hour at room temperature. 
Cells were rinsed three times with 0.01 M PBS (pH 7.4), incubated 
with the primary antibody (anti-Flag; 1:500; F1804, Sigma-Aldrich) 
overnight at 4°C, washed thrice for 10 min, and then incubated 
with Alexa Fluor 488–conjugated goat anti-mouse antibody (1:200; 
R37120, Invitrogen) for 1 hour at room temperature. Confocal 
images were captured on a Leica SP8 confocal microscope (Leica, 
Wetzlar, Germany) using a 20× objective lens. TUNEL staining was 
performed as described previously (54) with minor modifications. 
Briefly, HeLa cells and neurons grown on glass coverslips or 40-m-
thick frozen sections of mouse brain tissues were stained using 
In Situ Cell Death Detection Kit, TMR red (12156792910; Roche, 
Basel, Switzerland) according to the manufacturer’s protocols. The 
apoptotic cells appeared red, and the nuclei were stained with 4′,6-​
diamidino-2-phenylindole (DAPI) (blue). The stained cells/sections 
were photographed with a confocal microscope (Leica, Wetzlar, 
Germany). For quantification, two or three quadrants were selected 
from each section, and the numbers of DAPI-positive (blue) and 
TUNEL-positive (red) cells in each quadrant were counted. The 
percentage of TUNEL-positive cells was calculated using the formula 
red/blue × 100%.

Mitochondrial staining was performed as described previously 
(3). HeLa cells were plated on gelatin-coated coverslips. At 24 hours 
after transfection, cells were treated with or without 0.5 mM H2O2 
for 1 hour and then stained with 200 nM MitoTracker Red CMXRos 
(M7512, Invitrogen) for 50 min at 37°C. Cells were fixed with 4% 
paraformaldehyde for 10 min, permeabilized, and blocked for 1 hour 
at room temperature with blocking buffer (1× PBS with 10% nor-
mal goat serum and 0.3% Triton X-100). Cells were rinsed three 
times with 0.01 M PBS (pH 7.4), incubated with the anti-Flag anti-
body (1:500; F1804, Sigma-Aldrich) overnight at 4°C, washed thrice 

for 10 min, and incubated with Alexa Fluor 488–conjugated goat 
anti-mouse antibody (1:200; R37120, Invitrogen) for 1 hour at 
room temperature. Cells were rinsed three times with PBS and then 
stained with DAPI. Mitochondria were imaged using a laser scan-
ning confocal microscope (Leica SP8). For each sample, several 
random fields of cells (≥100 cells) were evaluated for mitochondrial 
morphology.

Cloning, mutagenesis, and expression of  
recombinant proteins
The cDNA for mouse DUSP6, mouse ERK2, human Drp1, human 
SUMO1, and human SENP1 were described above. Columns for 
protein purification were purchased from GE Healthcare. The full-
length DUSP6, ERK2, and Drp1 cDNAs were cloned in E. coli ex-
pression vector pE-SUMO3. The coding sequences for amino acid 
residues 1 to 97 of SUMO1 and residues 419 to 644 of SENP1 were 
cloned in E. coli expression vector pET28a. All mutants were con-
structed by PCR mutagenesis using the KOD Plus Mutagenesis Kit 
(TOYOBO). The purification of these recombinant proteins followed 
similar procedures as described previously (57, 58). Briefly, the ex-
pression construct was transformed into BL21 (DE3) cells and grown 
in 2× YT at 37°C until optical density at 600 nm reached 0.8. Then, 
isopropyl--d-1-thiogalactopyranoside was added to a final concen-
tration of 0.2 mM, and the culture was transferred to a 25°C shaker 
for a further 12 hours. The cells were collected by centrifugation, 
resuspended in ice-cold buffer [20 mM tris-HCl (pH 7.4), 0.5 M NaCl, 
and 20 mM imidazole], and disrupted by a high-pressure cell breaker. 
The supernatant of the cell lysate was loaded onto a 5-ml HisTrap 
FF column eluted by a 0.02 to 0.2 M imidazole gradient. DUSP6, 
ERK2, and Drp1 were further purified by a 5-ml HiTrap Q HP col-
umn and eluted by a NaCl gradient [0.05 to 1 M in 10 mM tris-HCl 
(pH 8.0)]. The peak fractions were collected, concentrated, and 
buffer exchanged into 10 mM tris-HCl (pH 7.4) and 0.1 M NaCl. 
The samples were snap-frozen in liquid nitrogen and stored in 
−80°C before use.

In vitro SUMOylation assay
In vitro SUMOylation of DUSP6 was carried out with a SUMOylation 
kit (BML-UW8955-0001, Enzo Life Sciences). Purified DUSP6 was 
suspended in SUMOylation buffer (20 l) containing E1, E2, SUMO1, 
and adenosine triphosphate (ATP). Following 1-hour incubation at 
37°C, reaction was terminated with SDS loading buffer. The sam-
ples prepared above were analyzed by Western blotting with SUMO1 
and DUSP6 antibodies as indicated.

Phosphatase activity assay
The general substrate p-NPP (21101ES60, Yeasen Biotechnology, 
Shanghai, China) was used to measure the phosphatase activity 
of DUSP6 in vitro and in vivo. In vitro phosphatase activities and 
catalytic activation of DUSP6 were performed using purified DUSP6, 
and its mutants were generated in E. coli. The phosphatase activity 
of SUMOylated DUSP6 was measured after DUSP6 was SUMOylated 
in vitro. The purified DUSP6 or its mutants were added into the 
p-NPP Assay Buffer, followed by addition of the same amount of 
p-NPP substrate (50 l). After incubation at 37°C for 10 min, the 
reaction was stopped by adding the equal volume of Stop Solution 
(100 l), and the released p-NPP was measured at 405 nm by multi-
scan spectrum (BioTek Elx800, BioTek Instruments, Winooski, VT, 
USA). In vivo phosphatase activities and catalytic activation of DUSP6 
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were performed using cell lysates from HeLa cells expressing Flag-
DUSP6 or its various mutations. HeLa cells expressing Flag-DUSP6 
or one of its various mutations (Flag-DUSP6K234R, Flag-DUSP6I233A, 
and Flag-DUSP6I233N) were cotransfected with or without HA-SUMO1, 
RGS-SENP1, Myc-ERK2, or Myc-Drp1 and lysed at 24 hours after 
transfection. The protein content was quantified by the bicinchoninic 
acid assay (Pierce Chemical Co., Dallas, TX, USA), and a desired 
amount of the lysate was added into the p-NPP Assay Buffer, fol-
lowed by addition of the same amount of p-NPP substrate (50 l). 
After incubation at 37°C for 10 min, the reaction was stopped by 
adding the equal volume of Stop Solution (100 l), and the released 
p-NPP was measured at 405 nm by multiscan spectrum (BioTek 
Elx800, BioTek Instruments, Winooski, VT, USA).

In vitro binding assay
Purified DUSP6 or DUSP6K234R and Drp1 were mixed in lysis 
buffer I [50 mM tris-HCl (pH 6.8), 2% SDS, 40 mM DTT, and 5% 
glycerol] and incubated at 4°C for 1 hour with gentle rotation. 
Samples were then incubated with the DUSP6 or Drp1 antibody 
at 4°C overnight. Protein complex was pulled down using protein 
A/G–coupled agarose beads, centrifuged, and washed three times 
with washing buffer [10 mM tris (pH 7.4), 1 mM EDTA, 1 mM 
EGTA (pH 8.0), 150 mM NaCl, 1% Triton X-100, and 0.2 mM 
sodium orthovanadate]. The beads were lastly boiled for 10 min 
in the SDS sample buffer and subjected to SDS-PAGE, followed 
by immunoblotting.

RNA extraction and analysis by RT-PCR
RNA was extracted from HeLa cells with or without the H2O2 treat-
ment or uninjured or ischemic mouse brain cortex tissues using the 
TRIzol RNA extraction kit (DP421, Tiangen, Beijing, China). RT-
PCR was performed in a final volume of 10 l with the Power SYBR 
Green PCR Master Mix (CW2621M, CWBIO, Beijing, China) ac-
cording to the manufacturer’s protocol. The primers used are as 
follows: mDUSP6, 5′-ATAGATACGCTCAGACCCGTG-3′(forward) 
and 5′-ATCAGCAGAAGCCGTTCGTT-3′(reverse); hDUSP6, 5′-​
GAAATGGCGATCAGCAAGACG-3′(forward) and 5′-CGAC-
GACTCGTATAGCTCCTG-3′(reverse); mSAE1, 5′-CAGTAT-
GACCGACAGATCCGC-3′ (forward) and 5′-GGCAACCTGAG​
CCTTTGATCT-3′(reverse); hSAE1, 5′-CTCTCGGGTGCTTCTT
GTCG-3′ (forward) and 5′-CATGGTCAGTCCTTTCACTCC-3′​
(reverse); mSAE2, 5′-CCACATCGACCTGATTGATCTG-3′(forward): 
and 5′-GGCAACCTGAGCCTTTGATCT-3′(reverse); hSAE2, 5′-​
TTCTCCCACATCGACCTGATT-3′ (forward) and 5′-ACCTGT-
GCCTTTGATCTTCCA-3′(reverse); mUBC9, 5′-GGAGGAAGGAC
CACCCTTTTG-3′(forward) and 5′-GGATAGCGCACTCCCAG​
TT-3′(reverse); hUBC9, 5′-AAAAATCCCGATGGCACGATG-3′ 
(forward) and 5′-CTTCCCACGGAGTCCCTTTC-3′(reverse); 
mSENP1, 5′-CTGGGGAGGTGACCTTAGTGA-3′ (forward) and 
5′-GTGATAATCTGGACGATAGGCTG-3′(reverse); hSENP1, 
5′-AGTGAACCACAACTCCGTATTC-3′ (forward) and 5′-AAA
AGATCGGTCCAAATGTCCTT-3′(reverse); m-actin, 5′-GGCTG-
TATTCCCCTCCATCG-3′ (forward) and 5′-CCAGTTGGTAACAAT-
GCCATGT-3′(reverse); h-actin, 5′-CATGTACGTTGCTATCC​
AGGC-3′ (forward) and 5′-CTCCTTAATGTCACGCACGAT-3′ (reverse).

Primary neuron culture and OGD/reox
Cortical cultures were prepared from embryonic day 13.5 (E13.5) 
C57BL/6 mouse embryos by dissection, trypsin treatment, and 

mechanical dissociation. Cells were plated on poly-l-lysine–coated 
dishes at a density of 3 million per 6-cm dish and 0.15 million per 
well for 24-well plates in Neurobasal medium (Gibco) containing 
2% B27 (Gibco) and 1% GlutaMAX (Gibco) and incubated at 37°C 
in humidified air supplemented with 5% CO2. Cortical neurons 
were then fed every 4 days with this serum-free medium until ex-
perimental usage at 14 days in vitro (DIV). The OGD/reox was per-
formed as described previously (59) with minor modifications. 
Cortical neurons grown in 6-cm dishes or grown on glass cover-
slips in 24-well plates were transfected with or without Flag-DUSP6 
plasmid using NeuroPORTER transfection kit (NPT01, Sigma-Aldrich), 
and cells were incubated at 37°C in 5% CO2 for 36 hours follow-
ing transfection. Then, neurons were subjected to 2-hour OGD 
and 24-hour reoxygenation. Neuronal cell lysates were used for 
Western blotting, and neurons grown in 24-well plates were used 
for TUNEL staining.

Immunohistochemical staining
Immunohistochemical staining was performed as described pre-
viously (60) with minor modifications. Briefly, 20-m-thick frozen 
sections of mouse brain tissues were stained using the Colorimetric 
TUNEL Apoptosis Assay Kit (Beyotime Biotechnology, Shanghai, 
China) according to the manufacturer’s protocols. The apoptotic 
cells appeared brown, and the nuclei were stained with hematoxylin 
(blue). The stained sections were photographed with a microscope 
(Leica, Wetzlar, Germany). For quantification, two or three quadrants 
were selected from each section, and the numbers of hematoxylin 
(blue) and TUNEL-positive (brown) cells in each quadrant were 
counted. The percentage of TUNEL-positive cells was calculated 
using the formula brown/blue × 100%.

TTC assay and infarct area measurement
TTC assay was performed as described previously (54) with minor 
modifications. At 24 hours after tMCAO, C57BL/6 mice were anes-
thetized, brains removed and sliced into five 1-mm-thick sections. 
The sections were incubated in 2% TTC for 30 min at 37°C. The 
photographs of TTC-stained brain sections show the brain infarc-
tion. In each slice, the area of the noninfarcted portion in the lesion 
side and the total area in the contralateral side were measured by 
an investigator blinded to the genotype using ImageJ. The areas of 
each side were summed over the number of sections evaluated, and 
the respective volumes were calculated by multiplying each sum 
by 1 mm (thickness of each section). The percentage of infarction 
volume was calculated as follows: [(volume of contralateral side − 
noninfarcted volume of the lesion side)/volume of contralateral 
side] × 100%; the percentage of cortex infarction volume was calcu-
lated as follows: (volume of infarcted cortex of lesion side/volume 
of total cortex of contralateral side) × 100%.

Stereotaxic AAV virion injection into mouse brain cortex
AAV virions were produced by Obio Technology Co. Ltd. (Shanghai, 
China). For DUSP6 expression in neurons, mouse DUSP6 or its 
mutant K234R cDNA was inserted into AAV vector, pAAV-hSyn-
MCS-mNeonGreen-3Flag. C57BL/6 mice (male, 6 weeks) were 
placed in the Stereotaxic frame (RWD Life Science, San Diego, CA, 
USA). The AAV virions were injected into the primary somatosensory 
cortex, barrel field, and secondary somatosensory cortex using the 
coordinates according to the mouse brain atlas: anterior-posterior 
(AP) = ±0.00 mm; left (L) = +3.70 mm; dorsal-ventral (DV) = −2.50 mm. 
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A total of 1 l of DUSP6 or 2 l of DUSP6K234R was injected by a 
microelectrode connected with a microinjector pump (KDS 310, 
KD Scientific, Holliston, MA, USA) at a rate of 0.1 l/min, and a 
further 10 min after infusion was given to allow complete diffusion 
of AAV from the tip. After 4 weeks, brain slices from mice injected 
with the virion were examined directly by fluorescence microscopy, 
or the virus-injected mice were subjected to tMCAO.
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protected mouse brain from damages caused by I/R.
Fig. S11. Quantification of the Western blot results (Figs. 1, 2, 6, and 7).
Fig. S12. Schematic model showing the role of DUSP6 SUMOylation in Drp1-mediated cell 
death under physiological and oxidative stress conditions.
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