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SUMOylation, the covalent attachment of the small ubiquitin-like modifier (SUMO) to target proteins, and its reversal,
deSUMOylation by SUMO proteases like Sentrin-specific proteases (SENPs), are crucial for initiating cellular responses to hypoxia.
However, their roles in subsequent adaptation processes to hypoxia such as mitochondrial autophagy (mitophagy) remain
unexplored. Here, we show that general SUMOylation, particularly SUMO2/3 modification, suppresses mitophagy under both
normoxia and hypoxia. Furthermore, we identify deSUMO2/3-ylation enzyme SENP3 and mitochondrial Fission protein 1 (FIS1) as
key players in hypoxia-induced mitophagy (HIM), with SUMOylatable FIS1 acting as a crucial regulator for SENP3-mediated HIM
regulation. Interestingly, we find that hypoxia promotes FIS1 SUMO2/3-ylation and triggers an interaction between SUMOylatable
FIS1 and Rab GTPase-activating protein Tre-2/Bub2/Cdc16 domain 1 family member 17 (TBC1D17), which in turn suppresses HIM.
Therefore, we propose a novel SUMOylation-dependent pathway where the SENP3-FIS1 axis promotes HIM, with TBC1D17 acting as
a fine-tuning regulator. Importantly, the SENP3-FIS1 axis plays a protective role against hypoxia-induced cell death, highlighting its
physiological significance, and hypoxia-inducible FIS1-TBC1D17 interaction is detectable in primary glioma stem cell-like (GSC)
cultures derived from glioblastoma patients, suggesting its disease relevance. Our findings not only provide new insights into
SUMOylation/deSUMOylation regulation of HIM but also suggest the potential of targeting this pathway to enhance cellular
resilience under hypoxic stress.
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INTRODUCTION
Hypoxia, a state of reduced oxygen availability, is a main feature of
ageing and is associated with age-related and ischaemic diseases.
As the major consumers of oxygen for ATP production,
mitochondria are particularly vulnerable to hypoxic stress.
Impaired mitochondrial function under hypoxia leads to reactive
oxygen species accumulation and organelle damage [1–3]. To
maintain cellular homeostasis and ensure survival, cells mount a
multifaceted response, including a selective removal of dysfunc-
tional mitochondria through a process called hypoxia-induced
mitophagy (HIM) [4]. However, the precise mechanisms regulating
HIM remain largely elusive.
Post-translational modifications (PTMs) play crucial roles in

fine-tuning protein function and cellular responses. Among
these, SUMOylation, the reversible attachment of small
ubiquitin-like modifier (SUMO) proteins to target lysines, stands
out for its diverse regulatory effects [5, 6]. While five SUMO
family members seem to exist in humans, SUMO1-3 are the
validated conjugatable paralogues [7]. SUMO1 is ~45% identical
to SUMO2 and SUMO3, which differ by only 3 amino acids

therefore are often referred to as SUMO2/3 [7, 8]. Deconjuga-
tion (deSUMOylation) is mediated by dedicated SUMO pro-
teases, including 6 Sentrin-specific proteases (SENP1-3 and
SENP5-7) [9]. This dynamic SUMOylation/deSUMOylation cycle
modulates protein activity, conformation, localisation, and
interactions, impacting various cellular processes, including
hypoxic adaptation [10].
The interplay between hypoxia and SUMOylation is evident

but complex [11–13]. Hypoxia-inducible factor 1α (HIF-1α), a
master regulator of mitochondrial adaptations under low
oxygen, undergoes both SUMOylation and deSUMOylation by
SENP1 and SENP3 [14–16]. Interestingly, SENP1-mediated
deSUMOylation enhances HIF-1α stability and nuclear translo-
cation, promoting target gene expression, including those
encoding the HIM-mediating proteins BNIP3, Nix, and FUNDC1
[14, 15, 17–19]. This suggests a potential upstream role for
SENP1 in regulating HIM pathway components. However, global
SUMOylation levels and SENP expression remain largely
unaltered under hypoxia, while deSUMOylation activity of both
SENP1 and SENP3 appears inhibited [20, 21]. These

Received: 17 January 2024 Revised: 23 November 2024 Accepted: 29 November 2024

1School of Biosciences, University of Sheffield, Firth Court, Western Bank, Sheffield S10 2TN, UK. 2Division of Clinical Medicine, University of Sheffield Medical School, Sheffield S10
2RX, UK. 3Division of Neuroscience, University of Sheffield Medical School, Sheffield S10 2HQ, UK. 4Department of Neurosurgery, Sheffield Teaching Hospitals NHS Foundation
Trust, Sheffield S10 2JF, UK. 5Ex vivo Project Team, Division of Clinical Medicine, University of Sheffield Medical School, Sheffield S10 2RX, UK.
✉email: c.g.w.smythe@sheffield.ac.uk; c.guo@sheffield.ac.uk
Edited by: Boris Zhivotovsky

www.nature.com/cddis

Official journal of CDDpress

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-024-07271-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-024-07271-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-024-07271-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-024-07271-8&domain=pdf
http://orcid.org/0000-0002-4626-9377
http://orcid.org/0000-0002-4626-9377
http://orcid.org/0000-0002-4626-9377
http://orcid.org/0000-0002-4626-9377
http://orcid.org/0000-0002-4626-9377
http://orcid.org/0000-0002-1068-2143
http://orcid.org/0000-0002-1068-2143
http://orcid.org/0000-0002-1068-2143
http://orcid.org/0000-0002-1068-2143
http://orcid.org/0000-0002-1068-2143
http://orcid.org/0000-0002-1951-4744
http://orcid.org/0000-0002-1951-4744
http://orcid.org/0000-0002-1951-4744
http://orcid.org/0000-0002-1951-4744
http://orcid.org/0000-0002-1951-4744
http://orcid.org/0000-0003-2958-8322
http://orcid.org/0000-0003-2958-8322
http://orcid.org/0000-0003-2958-8322
http://orcid.org/0000-0003-2958-8322
http://orcid.org/0000-0003-2958-8322
http://orcid.org/0000-0003-2763-0304
http://orcid.org/0000-0003-2763-0304
http://orcid.org/0000-0003-2763-0304
http://orcid.org/0000-0003-2763-0304
http://orcid.org/0000-0003-2763-0304
http://orcid.org/0000-0002-9724-0224
http://orcid.org/0000-0002-9724-0224
http://orcid.org/0000-0002-9724-0224
http://orcid.org/0000-0002-9724-0224
http://orcid.org/0000-0002-9724-0224
http://orcid.org/0000-0002-7874-1891
http://orcid.org/0000-0002-7874-1891
http://orcid.org/0000-0002-7874-1891
http://orcid.org/0000-0002-7874-1891
http://orcid.org/0000-0002-7874-1891
http://orcid.org/0000-0002-1337-9836
http://orcid.org/0000-0002-1337-9836
http://orcid.org/0000-0002-1337-9836
http://orcid.org/0000-0002-1337-9836
http://orcid.org/0000-0002-1337-9836
http://orcid.org/0000-0002-2996-8109
http://orcid.org/0000-0002-2996-8109
http://orcid.org/0000-0002-2996-8109
http://orcid.org/0000-0002-2996-8109
http://orcid.org/0000-0002-2996-8109
http://orcid.org/0000-0002-3593-2890
http://orcid.org/0000-0002-3593-2890
http://orcid.org/0000-0002-3593-2890
http://orcid.org/0000-0002-3593-2890
http://orcid.org/0000-0002-3593-2890
http://orcid.org/0000-0001-6526-0565
http://orcid.org/0000-0001-6526-0565
http://orcid.org/0000-0001-6526-0565
http://orcid.org/0000-0001-6526-0565
http://orcid.org/0000-0001-6526-0565
http://orcid.org/0000-0002-1540-3166
http://orcid.org/0000-0002-1540-3166
http://orcid.org/0000-0002-1540-3166
http://orcid.org/0000-0002-1540-3166
http://orcid.org/0000-0002-1540-3166
https://doi.org/10.1038/s41419-024-07271-8
mailto:c.g.w.smythe@sheffield.ac.uk
mailto:c.guo@sheffield.ac.uk
www.nature.com/cddis


observations highlight the intricate and context-dependent
nature of hypoxia-induced SUMOylation regulation.
Interestingly, studies on iron chelation-induced Parkin-indepen-

dent mitophagy, which occurs without HIF-1α activation [22],
suggest alternative regulatory mechanisms for mitophagy. Our
recent work has shown that SENP3 promotes this type of
mitophagy by deSUMOylating FIS1, likely via facilitating FIS1
mitochondrial targeting [23]. However, the precise molecular
mechanisms underlying this process remain largely unclear. While
FIS1 is well established for its role in mitochondrial fission [24–26],
its involvement in mitophagy is increasingly recognised
[23, 27–29]. Notably, in Parkin-dependent mitophagy, the FIS1-
TBC1D15/17 complex functions to limit excessive autophagosome
recruitment [30, 31]. However, the roles of SENP3, FIS1, TBC1D15/
17, and their interactions in the context of HIM in Parkin-lacking
cells (such as HeLa cells) have not been explored previously.
Here, we investigated the roles of SUMOylation/deSUMOylation

and SUMO proteases in mitophagy and cell survival in HeLa cells
under hypoxic conditions. We demonstrate that global deSUMOy-
lation, particularly deSUMO2/3-ylation, promotes basal mitophagy
and HIM. The SUMO2/3-specific protease SENP3 promotes HIM
through deSUMOylating FIS1. Conversely, SUMOylatable FIS1 is
essential for hypoxia-induced FIS1-TBC1D17 complex formation,
which inhibits HIM. Furthermore, depletion of SENP3 or FIS1
promotes hypoxia-induced cell death, and expressing a SUMO2/3-
ylation-deficient FIS1 mutant abolishes SENP3 depletion-induced
cell death under hypoxia. These findings suggest a novel
mechanistic model where the SENP3-FIS1 axis promotes mito-
phagy, fine-tuned by TBC1D17, and contributes to cell survival
under hypoxia.

RESULTS
Hypoxia induces mitophagy and mild global deSUMO2/3-
ylation
Hypoxia is known to induce macroautophagy [32] and selective
autophagy of intracellular organelles such as mitochondria [19].
Consistent with existing literature [19, 33, 34], we detected changes
in the levels of autophagy markers LC3-II and p62 as well as
mitochondrial marker Tom20 in model (HeLa) cells exposed to
hypoxia (1% O2) for various durations (Fig. S1), suggesting the
occurrence of macroautophagy and likely mitophagy. In order to
minimise the observer’s subjectivity (bias) potentially involved in
examining the effects of hypoxia on mitophagy induction, we
developed a semi-automated computer program (Fig. S2; see
Materials and Methods for details) for quantitative analysis of
mitophagy levels (as indicated by the number of red puncta per
cell) in fixed model cells expressing the validated dual-fluorescent
probe Mito-pHfluorin [23]. In comparison to their normoxic counter-
parts (exposed to atmospheric levels of oxygen), cells exposed to 1%
O2 for 4, 8, 16, or 24 h showed significantly increased mitophagy
levels (Fig. 1A). Longer durations of exposure to hypoxia seem to lead
to more noticeable red puncta in Mito-pHfluorin expressing cells. So,
we chose 24 h as the optimal time point to examine HIM levels in the
rest of the experiments described in this study. Moreover,
interestingly, exposing cells to 1% O2 for 24 h also led to a mild
but significant decrease in global SUMO2/3-ylation (Fig. 1B) but not
SUMO1-lyation (Fig. 1C) in HeLa cells. We then reasoned that the
observed decrease in SUMO2/3-ylation under hypoxic conditions
might be attributed to either increased global deSUMOylation or
decreased SUMO conjugation. To investigate this, we established a
novel SUMO protease assay utilising a Sumo-Fen1 fusion protein as a

Fig. 1 deSUMO2/3-ylation induces mitophagy and promotes HIM. A Hypoxia induces mitophagy. HeLa cells were transfected with Mito-
pHfluorin per 35mm-dish and exposed to normoxia (N) or hypoxia (H;1% O2 for 4, 8, 16, or 24 h) (Scale bar, 10 μm). Upper panel shows that
hypoxia-induced mitophagy is detectable as early as 4 h after cells exposed to 1% O2. Histogram in the right panel shows the average number
of puncta per cell under indicated time points (n= 19 ~ 51 cells; *p < 0.05; **p < 0.01; ***p < 0.001; ****; unpaired t-test). B, C Hypoxia causes
decreased SUMO2/3-ylation (B, n= 5, biological replicates; *p < 0.05; paired t-test) but not SUMO1-ylation (C, n= 6, biological replicates; N.S.,
non-significant; paired t-test) in HeLa cells. HeLa cells were exposed to 1% O2 for 24 h. Whole cell lysate samples were prepared and blotted as
indicated.
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substrate (Fig. S3). Surprisingly, our results suggest that overall
cellular deSUMOylation activities are actually suppressed under
hypoxic conditions (Fig. 2), aligning with a previous report of partially
inhibited SENP1 and SENP3 activities in hypoxia [21]. Taken together,
these findings indicate that HIM coincides with global deSUMO2/3-
ylation, possibly due to decreased SUMO2/3 conjugation during
hypoxia.
To explore whether SUMO2/3 is involved in mitophagy regulation,

we examined the effects of RNAi-mediated knockdown (KD) of
SUMO2/3 on mitophagy in HeLa cells exposed to normoxia or
hypoxia. Intriguingly, SUMO2/3 depletion induces mitophagy for cells
under normoxic conditions and promotes HIM (Fig. 3A), raising the
possibility of reduced global SUMOylation due to SUMO2/3 depletion
to promote mitophagy. Thus, we investigated roles of SUMO
conjugation as a whole in mitophagy regulation using a potent
inhibitor for SUMOylation, TAK-981 [35]. Consistent with findings
from other cell types in previous studies [36–38], treatment of cells
with TAK-981 at various concentrations for 4 h effectively prevents
conjugation of both SUMO1 and SUMO2/3 to target proteins in HeLa
cells (Fig. S4A and S4B). Similar to the effects of RNAi-mediated
SUMO2/3 depletion on mitophagy induction, TAK-981 treatment,
which inhibits the levels of global SUMO1-ylation and SUMO2/3-
ylation, significantly increases mitophagy levels under normoxic and
hypoxic conditions (Fig. 3B). Altogether, these results suggest a novel
role for global SUMOylation in general, especially SUMO2/3-ylation,
in suppressing basal mitophagy as well as HIM in HeLa cells.

DeSUMOylation enzyme SENP3 promotes HIM
Previous studies have implicated at least two SUMO proteases,
SENP1 and SENP3 in hypoxic cellular response [14, 21, 39], and

that they are known as enzymes primarily responsible for
deSUMO1-ylation and deSUMO2/3-ylation, respectively [9]. So,
we examined if the two deSUMOlyation enzymes have roles in
HIM regulation. Consistent with the findings from a previous
report [21], exposing cells to 1% O2 for up to 24 h does not seem
to lead to changes in SENP1 (Fig. S5A and S5B) and SENP3 levels
(Fig. S6A and S6B). Interestingly, knockdown of SENP1 but not
SENP3 appeared to reduce LC3-II induction in cells exposed to 1%
O2 for 8 h (Fig. S3C and S4C), suggesting that SENP1 but not
SENP3 may be necessary for LC3 lipidation, the phagophore
expansion, and autophagosome formation upon any form(s) of
autophagy induced by hypoxia. However, it should be noted that,
since LC3 is not required in the initiation of autophagy but rather
mediate autophagosome formation [40], the results does not rule
out role(s) for SENP3 in the regulation of hypoxia-induced
autophagy and we reasoned that SENP3 may be involved in
other intracellular events essential for autophagy induction. To
clarify roles for SENP1 and SENP3 in HIM, we examined
mitochondria-containing autolysosome formation in control and
SENP1-KD or SENP3-KD cells using mito-pHfluorin. Unexpectedly,
SENP1 KD did not lead to significant changes in HIM levels
(Fig. 4A), discounting the importance of SENP1 in this autophagic
process. In contrast, SENP3 KD led to a significant decrease in HIM
levels, indicating that SENP3 is essential for induction of
mitophagy by hypoxia (Fig. 4B).

FIS1 is essential for HIM
Since SENP3 is required for HIM, we next asked which protein(s)
are potential downstream targets of SENP3-mediated deSUMOyla-
tion. The first protein that we investigated was FK506 binding

Fig. 2 Hypoxia affects the global deSUMOylation activity levels. HeLa cells were cultured under either normoxic or hypoxic (1% O2)
conditions for 24 h. Lysate samples from these cells were incubated with His-Sumo-FEN1 at 30 °C for varying durations. Lysate levels of FEN1,
generated by SUMO protease cleavage of His-Sumo-FEN1, were detected by immunoblotting and normalised to α-Tubulin (loading control).
The resulting FEN1 levels were expressed as an index of global deSUMOylation activity in arbitrary units (AU; n= 3, biological replicates;
*p < 0.05; unpaired t-test).
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protein 8 (FKBP8), a potential cytoplasmic target for SUMO2/3-
ylation identified by mass spectrometry [41], and known to
regulate HIM [42] as well as Parkin-independent mitophagy [43].
We validated FKBP8 as a bona fide target for SUMOylation (Fig.
S7A) and found that exposure of cells to 24 h hypoxia decreases
FKBP8 expression levels (Fig. S7B). However, unexpectedly, in
contrast to the finding from a previous study [42], FKBP8
knockdown did not lead to a significant decrease in the levels
of HIM (Fig. S7C), discounting the possibility that FKBP8 and SENP3
function in the same pathway.
The second protein that we investigated is FIS1, based on our

previous work in which FIS1 was validated as a target for
SUMOylation and SENP3-mediated deSUMOylation of FIS1 pro-
motes deferiprone (DFP)-induced mitophagy [23]. Similar to the
effect of SENP3 depletion on HIM, genetic depletion of FIS1 in
HeLa cells abolished HIM (Fig. 5A), indicating that FIS1 is necessary
for HIM induction. Moreover, RNAi-mediated depletion of FIS1 in

HeLa cells significantly reduced HIM levels (Fig. 5B), further
reinforcing the necessity of the protein in HIM. Altogether, these
results indicate the possibility that FIS1 and SENP3 function in the
same pathway.

SENP3-FIS1 axis regulates HIM
We have previously demonstrated that SUMO2/3-ylation of FIS1 at
K149 is required for SENP3 regulation of mitophagy induction by
DFP [23], so we investigated if FIS1 SUMOylation status was also
important for HIM regulated by SENP3. CFP, CFP-FIS1 WT or CFP-
FIS1 K149R was expressed in SENP3-KD HeLa cells expressing
mito-pHfluorin. As expected, mitophagy levels in cells expressing
CFP-FIS1 K149R mutant were significantly higher than those in
cells expressing CFP or CFP-FIS1 WT and were comparable to
those in CFP expressing knockdown-control cells (Fig. 6A),
indicating an essential rescue effect of the FIS1 SUMO2/3-ylation
deficient mutant on the reduced mitophagic autolysosome

Fig. 3 Global deSUMOylation induces mitophagy and promotes HIM. A RNAi-mediated SUMO-2/3 depletion induces mitophagy and
promotes HIM. HeLa cells expressing Mito-pHfluorin were transfected with Nsi or SUMO-2/3-specific siRNA (SUMO-2/3i). 48 h post-transfection
the cells were exposed to normoxia or hypoxia (1% O2) for 24 h, and the cells were analysed 72 h post-transfection (Scale bar 10 µm).
Histogram in the right panel shows average number of Mito-pHfluorin red puncta per cell for cells exposed to N or H for 24 h (n= 42–71,
*p < 0.05; **p < 0.01; Ordinary One-way ANOVA followed by Sidak’s multiple comparisons test). B Global SUMOylation inhibition induces
mitophagy and promotes HIM. HeLa cells were transfected with Mito-pHfluorin. 48 h post-transfection the cells were treated with DMSO or
TAK-981 (100 nM) and exposed to normoxia or hypoxia (1% O2) for 24 h, and the cells were analysed 72 h post-transfection (Scale bar 10 µm).
Histogram in the right panel shows relative mitophagy level per cell for cells treated with DMSO or TAK-981 under and exposed to N or H for
24 h (n= 62–81, *p < 0.05; ***p < 0.001; ****p < 0.0001; Ordinary One-way ANOVA by Sidak’s multiple comparisons test).
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formation due to SENP3 depletion under hypoxia and that SENP3
regulation of HIM is dependent on SUMOylatable FIS1. Conversely,
we monitored HIM levels in HeLa cells expressing CFP, CFP-FIS1 or
CFP-FIS1-SUMO2ΔGG (a mutant mimicking constitutively SUMOy-
lated form of FIS1). Expressing CFP-FIS1-SUMO2ΔGG but not CFP or
CFP-FIS1 significantly reduced HIM levels. Additionally, there was
no significant difference in levels of mitophagy between cells
expressing CFP-FIS1-SUMO2ΔGG under hypoxia and the control
cells expressing CFP under normoxia (Fig. 6B), implying that fully
SUMOylated FIS1 has a suppressive effect on HIM. Altogether,
these results indicate that SENP3-FIS1 axis regulates HIM likely
through dynamically changing SUMOylation status of FIS1.

FIS1 SUMO2/3-ylation is required for TBC1D17 regulation of
HIM
Previous studies have identified exogenously expressed TBC1D15
and TBC1D17, two Rab GTPase-activating proteins (Rab-GAPs) that
form hetero-dimers with each other, as the interactors for FIS1
[30, 31]. Exogenously expressed TBC1D15 and TBC1D17 have been
shown to interact with FIS1 to limit autophagosome formation via

inhibiting Rab7 activity in Parkin-dependent mitophagy [31, 44].
Therefore, we investigated whether FIS1 mediates HIM through its
interaction with one or both two Rab-GAPs. RNAi-mediated
depletion of TBC1D15 in HeLa cells led to no significant change
in either HIM or mitophagy under normoxic conditions (Fig. 7A).
On the other hand, RNAi-mediated depletion of TBC1D17 in HeLa
cells significantly increased levels of HIM (Fig. 7B). These results do
not support a role for TBC1D15 in regulating HIM and indicate that
TBC1D17 suppresses HIM. Next, we further investigated whether
TBC1D17 works with FIS1 to mediate this regulation. Thus, we
performed a double KD of FIS1 and TBC1D17 in HeLa cells
exposed to hypoxia for 24 h. Interestingly in FIS1 KD cells the
depletion of TBC1D17 does not increase levels of HIM (Fig. 7C),
indicating that suppression of HIM by TBC1D17 is dependent on
FIS1. Since our imaging analysis showed that co-localisation of
TBC1D17 with FIS1 did not seem to increase under hypoxia
(Fig. 7D and S8), we investigated whether hypoxia had a role in
regulating the interaction between the two proteins. Consistent
with the observations made in previous studies [30, 31],
endogenous FIS1-TBC1D17 interaction in HeLa cells under

Fig. 4 SENP3 plays an essential role in mitophagy induced by hypoxia. A RNAi-mediated SENP1 depletion does not appear to affect
hypoxia-induced mitophagy in HeLa cells. HeLa cells expressing Mito-pHfluorin were transfected with Nsi or SENP1-specific siRNA (SENP1i).
48 h post-transfection the cells were exposed to normoxia or hypoxia (1% O2) for 24 h, and the cells were analysed 72 h post-transfection
(Scale bar 10 µm). Histogram in the right panel shows relative mitophagy level per cell for cells exposed to N or H for 24 h (n= 32–55; N.S.,
non-significant; *p < 0.05; **p < 0.01; Ordinary One-way ANOVA by Sidak’s multiple comparisons test). B RNAi-mediated SENP3 depletion
abolishes hypoxia-induced mitophagy in HeLa cells. HeLa cells expressing Mito-pHfluorin were transfected with Nsi or SENP3-specific siRNA
(SENP3i). 48 h post-transfection the cells were exposed to normoxia or hypoxia (1% O2) for 24 h, and the cells were analysed 72 h post-
transfection (Scale bar 10 µm). Histogram in the right panel shows average number of Mito-pHfluorin red puncta per cell for cells exposed to N
or H for 24 h (n= 42–63, N.S., non-significant; *p < 0.05; ***p < 0.001; Ordinary One-way ANOVA by Sidak’s multiple comparisons test).
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normoxic conditions appeared to be undetectable (Fig. 8A).
Nevertheless, importantly, TBC1D17 was associated with FIS1 in
HeLa cells at endogenous levels under hypoxic conditions
(Fig. 8A), although they were downregulated in HeLa cells
exposed to hypoxia for 24 h (Fig. S9). Importantly, the presence
of hypoxia-inducible FIS1-TBC1D17 association was detected in
GSC cultures derived from glioblastoma patients, established
in vitro disease models [45–47] (Fig. 8B and S10), suggesting the
relevance of this protein-protein interaction in the survival
and maintenance of primary cancerous cells under hypoxia
(a significant characteristic of the tumour microenvironment in
many solid cancers). We then examined the mechanism under-
lying the association between FIS1 and TBC1D17. As expected,
exogenously expressed GST-FIS1 in FIS1 KO HeLa cells was
associated with endogenous TBC1D17 under hypoxic but not
normoxic conditions (Fig. 8C), further substantiating that hypoxia
induces FIS1-TBC1D17 interaction. Intriguingly, SUMOylation
deficient mutant GST-FIS1 K149R expressed in FIS1 KO HeLa cells
was not associated with endogenous TBC1D17 under hypoxic
conditions (Fig. 8C), indicating that deSUMO2/3-ylation of FIS1
negatively regulates its interaction with TBC1D17. Conversely,
SENP3 knockdown, known to enhance SUMOylation status of FIS1
[23], led to increased association of GST-FIS1 with endogenous
TBC1D17 (Fig. 8D), suggesting that enhanced SUMO2/3-ylation of
FIS1 positively regulates its interaction with TBC1D17. Indeed,
exposure of HeLa cells to hypoxia led to an increase in FIS1

SUMO2/3-ylation (Fig. 8E). This finding is consistent with previous
reports of decreased SENP3 levels in ischemic rat ventricular tissue
and oxygen-glucose-deprived H9C2 cardiomyocytes [48]. Our
biochemical analysis confirmed a significant reduction in SENP3
levels in the cytoplasmic fraction of HeLa cells under hypoxic
conditions (Fig. 8F). Given that FIS1 is a known substrate for
SENP3-mediated deSUMO2/3-ylation in the cytoplasm [23], these
results suggest that the reduced availability of SENP3 may
contribute to the hypoxia-induced increase in FIS1 SUMO2/3-
ylation. Additionally, the observed global decrease in cellular
deSUMOylation activities (Fig. 2), could further contribute to the
accumulation of SUMO2/3 modifications on FIS1. Collectively,
these findings indicate that increased FIS1 SUMO2/3-ylation, likely
resulting from reduced SENP3 availability/activity, is a critical
factor in the hypoxia-induced interaction between FIS1 and
TBC1D17.

SENP3-FIS1 axis protects cells against hypoxia-induced
cell death
Both SENP3 and FIS1 are known to be involved in cell survival
pathways in different experimental settings [49–56]. In this study,
our results indicate that the SENP3-FIS1 axis regulates HIM, which
is regarded as a mitochondrial adaptation for cell survival [33,
57, 58]. Therefore, we investigate whether this axis has a role in
cell survival under hypoxia using lactate dehydrogenase (LDH)
release as a marker to monitor the levels of cell death. Either

Fig. 5 FIS1 is essential for mitophagy induced by hypoxia in HeLa cells. A Genetic depletion of FIS1 abolishes hypoxia-induced mitophagy.
Wild-type (WT; FIS1+/+) or FIS1 knockout (KO; FIS1−/−) HeLa cells were transfected with Mito-pHfluorin. 48 h post-transfection the cells were
exposed to normoxia or hypoxia (1% O2) for 24 h, and the cells were analysed 72 h post-transfection (Scale bar 10 µm). Histogram in the right
panel shows relative mitophagy level per cell for cells exposed to N or H for 24 h (n= 33–64, N.S., non-significant; **p < 0.01; ****p < 0.0001;
Ordinary one-way ANOVA followed by Sidak’s multiple comparisons test). B RNAi-mediated FIS1 depletion prevents hypoxia-induced
mitophagy. HeLa cells were transfected with Mito-pHfluorin and Nsi or FIS1-specific siRNA, and the cells were analysed 72 h post-transfection
(Scale bar 10 µm). Histogram in the right panel shows relative mitophagy level per cell for cells exposed to N or H for 24 h (n= 54–61, N.S.,
non-significant; ****p < 0.0001; Ordinary one-way ANOVA followed by Sidak’s multiple comparisons test).
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SENP3 KD or FIS1 KD led to a significant increase in LDH release
from HeLa cells exposed to hypoxia for 24 h (Fig. 9A, B). Consistent
with the role for SENP3 as the deSUMO2/3-ylating enzymes for
FIS1 [23], SENP3 KD did not cause a significant increase in LDH
release from FIS1 KO HeLa cells (Fig. 9C), supporting that FIS1
functions as a downstream target for SENP3-mediated cell death
induced by hypoxia. Moreover, expressing Flag-FIS1 K149R
mutant, but not Flag-FIS1, significantly reduced LDH release
induced by SENP3 depletion in HeLa cells exposed to hypoxia for
24 h (Fig. 9D), indicating that maintaining FIS1 in deSUMOylation
status favours cell survival under hypoxia. Conversely, expressing
Flag-FIS1-SUMO2ΔGG, but not Flag-FIS1 in HeLa cells increases
hypoxia-induced LDH release (Fig. 9E), suggesting that maintain-
ing FIS1 in SUMOylation status promotes cell death under hypoxia.
Altogether, these results indicate that the change of SUMOylation
status of FIS1 is an important determinant of cell death and
survival in HeLa cells under hypoxia.

DISCUSSION
A well-recognised phenomenon in cell biology, often referred to
as the “SUMO enigma,” describes the observation that only a small
fraction of any given protein is SUMOylated at any time. The
balance between SUMOylating and deSUMOylating enzymes

determines the extent of this modification [7]. As a result, proteins
typically coexist in both SUMOylated and deSUMOylated//un-
SUMOylated forms within cells. This raises the plausible hypothesis
that these two forms might have distinct or even antagonistic
functional consequences. Our findings support this hypothesis,
revealing an antagonistic mechanism in cells under hypoxic
conditions: (i) SUMOylation-dependent FIS1-TBC1D17 complex
formation inhibits HIM, while (ii) deSUMOylation-dependent
SENP3-FIS1 interaction promotes HIM. The hypoxia-triggered
interaction between FIS1 and TBC1D17 may help maintain
mitochondrial homeostasis by preventing excessive mitophagy,
whereas the SENP3-FIS1 axis ensures sufficient removal of
damaged mitochondria. Overall, SENP3, a protease known for its
deSUMOylating activity on SUMO2/3-modified proteins, emerges
as a key regulator in balancing SUMOylation and deSUMOylation
of FIS1 to modulate HIM and promote cell survival (Fig. 10).
Our results demonstrate that hypoxia significantly reduces

cytoplasmic SENP3 levels, correlating with increased SUMO2/3
modification of FIS1. However, contrary to a previous report of
SENP3 translocation from the cytoplasm to the nucleus under
ischemic stress [48], we did not observe a corresponding increase
in nuclear SENP3 levels (Fig. 8F). Although SENP3 predominantly
resides in the nucleus, it is possible that subtle changes in nuclear
levels go undetected due to limitations in our subcellular

Fig. 6 SUMOylatable FIS1 is required for SENP3 regulation of mitophagy induced by hypoxia. A Expressing SUMOylation-deficient CFP-
FIS1 K149R rescues hypoxia-induced mitophagy in SENP3-KD HeLa cells. HeLa cells expressing Mito-pHfluorin were transfected with Nsi or
SENP3i (50 nM), together with CFP, CFP-FIS1 or CFP-FIS1 K149R. 48 h post-transfection the cells were exposed to hypoxia (1% O2) for 24 h, and
the cells were analysed 72 h post-transfection (Scale bar 10 µm). Histogram in the right panel shows relative mitophagy level per cell for cells
exposed to N or H for 24 h (n= 48-74; N.S., non-significant; ***p < 0.001 ****p < 0.0001; Ordinary one-way ANOVA followed by Sidak’s multiple
comparisons test). B Expressing or CFP-FIS1-SUMO2ΔGG abolishes hypoxia-induced mitophagy. HeLa cells expressing Mito-pHfluorin were
transfected CFP, CFP-FIS1 or CFP-FIS1-SUMO2ΔGG. 48 h post-transfection the cells were exposed to normoxia or hypoxia (1% O2) for 24 h. and
the cells were analysed 72 h post-transfection (Scale bar 10 µm). Histogram in the right panel shows relative mitophagy level per cell for cells
exposed to N or H for 24 h (n= 46–58; N.S., non-significant; *p < 0.05 **p < 0.01 ****p < 0.0001; Ordinary one-way ANOVA followed by Sidak’s
multiple comparisons test).
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fractionation and detection methods. Thus, this possibility cannot
be entirely ruled out. Additionally, hypoxia may activate the PERK
pathway, leading to lysosomal degradation of cytoplasmic SENP3
via cathepsins [53]. Our future research will focus on elucidating
the mechanisms underlying the hypoxia-induced reduction of
cytoplasmic SENP3.
To the best of our knowledge, this study is the first to report

hypoxia-induced formation of the FIS1-TBC1D17 complex at
endogenous levels. This interaction is dependent on SUMOylation
of FIS1, as a SUMOylation-deficient FIS1 mutant failed to bind
TBC1D17. Moreover, SENP3 depletion enhances FIS1-TBC1D17
complex formation, suggesting that SENP3 negatively regulates
this interaction by deSUMOylating FIS1 under hypoxia. While the
precise mechanism by which SUMO2/3 modification modulates
FIS1 interaction with TBC1D17 remains unclear, two possibilities
emerge. First, SUMOylation may promote FIS1 localisation to the
ER [23], where it encounters TBC1D17, potentially recruited to the
same compartment by hypoxia. Alternatively, SUMOylation may
induce a conformational change in FIS1, exposing binding sites for
TBC1D17.
Although TBC1D17 has been implicated in Parkin-dependent

mitophagy [31], its precise role remains enigmatic. This study
unveils a novel function for TBC1D17 in suppressing mitophagy in
a FIS1-dependent manner. The mechanism by which the FIS1-
TBC1D17 complex inhibits mitophagy remains speculative but it
may involve diverting autolysosomes away from mitochondria via
TBC1D17 interaction with SUMO2/3-ylated FIS1. Further investiga-
tion is needed to fully elucidate this pathway.

Hypoxia is a hallmark of the tumour microenvironment in solid
cancers, including cervical cancer and glioblastoma multiforme
(GBM), the most aggressive form of glioma [59–62]. Hypoxia
triggers adaptive responses that enable cancer cells to survive
under low-oxygen conditions, often resulting in increased tumour
aggressiveness and therapy resistance. Our study provides
evidence that the FIS1-TBC1D17 complex forms as part of the
cellular response to hypoxia in tumour cells, specifically in clonal
cervical cancer HeLa cells and GSCs. This complex may influence
mitochondrial quality control, altering metabolism and promoting
cancer cell survival. Interestingly, we did not observe this complex
formation in primary cell cultures derived from renal cancer
patients (Fig. S11), suggesting that the hypoxic response might
be cell-type dependent, potentially due to heterogeneity in the
tumour microenvironment. Further research is needed to explore
these variations and their therapeutic implications.
Importantly, our findings also reveal that global deSUMOylation,

rather than increased SUMOylation, is associated with mitophagy
induction under hypoxia. Specifically, depletion of SUMO2/3 or
inhibition of its conjugation with TAK-981 significantly enhances
mitophagy, indicating that SUMOylation plays a suppressive role.
Conversely, SENP3-mediated deSUMOylation of FIS1 appears
essential for mitophagy induction under hypoxic conditions.
While under hypoxia SENP3 is not stabilised, as seen with DFP-
induced iron chelation [23], and its activities might be partially
inhibited [21], residual SENP3 activity seems sufficient for FIS1
deSUMOylation to facilitate mitophagy. This suggests that SENP3
preferentially targets FIS1 for deSUMOylation when SUMO2/3-

Fig. 7 FIS1 is required for TBC1D17 regulation of HIM. A RNAi-mediated TBC1D15 depletion does not affect hypoxia-induced mitophagy in
HeLa cells. HeLa cells were transfected with Mito-pHfluorin and Nsi or TBC1D15-specific siRNA (TBC1D15i; 20 nM). 48 h post-transfection the
cells were exposed to normoxia or hypoxia (1% O2) for 24 h, and the cells were analysed 72 h post-transfection (Scale bar 10 µm). Histogram in
the right panel shows relative mitophagy level per cell for cells exposed to N or H for 24 h (n= 39–59, N.S., non-significant; ***p < 0.001;
****p < 0.0001; Ordinary one-way ANOVA followed by Sidak’s multiple comparisons test). B RNAi-mediated TBC1D17 depletion promotes
hypoxia-induced mitophagy in HeLa cells. HeLa cells were transfected with Mito-pHfluorin and Nsi or TBC1D17-specific siRNA (TBC1D17i;
20 nM). 48 h post-transfection the cells were exposed to normoxia or hypoxia (1% O2) for 24 h, and the cells were analysed 72 h post-
transfection (Scale bar 10 µm). Histogram in the right panel shows relative mitophagy level per cell for cells exposed to N or H for 24 h
(n= 42–56, N.S. non-significant; *p < 0.05; ****p < 0.0001; Ordinary one-way ANOVA followed by Sidak’s multiple comparisons test). C HeLa
cells expressing Mito-pHfluorin were transfected with Nsi, TBC1D17i (20 nM), and/or FIS1-specific siRNA (50 nM). 48 h post-transfection the
cells were exposed to normoxia or hypoxia (1% O2) for 24 h, and the cells were analysed 72 h post-transfection (Scale bar 10 µm). Histogram in
the right panel shows relative mitophagy level per cell for cells exposed to N or H for 24 h (n= 52–62; N.S., non-significant; *p < 0.05; **p < 0.01;
Ordinary one-way ANOVA followed by Sidak’s multiple comparisons test). D Hypoxia does not appear to affect the colocalisation of TBC1D17
with FIS1 in the Nsi/Nsi cells shown in (C). Relative fluorescence intensity of each channel as points along the white lines shown in the lower
graphs for normoxia and hypoxia, respectively (Scale bar 10 µm).
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ylation levels are within a critical threshold. Importantly, our
studies on Parkin-deficient (HeLa) cells reveal that the SENP3-FIS1
axis is required for mitophagy induced by both iron chelation and
hypoxia. However, mechanistic differences between these two
types of mitochondrial quality control processes are evident.
Further in-depth investigation is needed to elucidate the under-
lying regulatory networks in each condition.
The role of SENP3 in cell survival versus death appears to be

context-dependent, as previous studies have linked SENP3 to both
processes depending on the conditions [48, 53, 54, 56, 63–67]. This
study adds another layer to this complexity by revealing a protective
role for SENP3-FIS1 axis in promoting cell survival in cells exposed to
prolonged hypoxia (24 h). This finding may explain the seemingly
contradictory observations regarding SENP3 roles. In brief, SENP3-FIS1
axis may promote cell survival by facilitating mitophagy under
prolonged hypoxia [48, 67], while SENP3-DRP1 axis may promote cell
death through mitochondrial fragmentation under shorter hypoxia
durations plus glucose deprivation and followed by reoxygenation
[53, 54, 56, 63–66]. Further research is required to fully understand
how the SENP3-FIS1 axis promotes cell survival under hypoxia.
Last but not least, from a technological standpoint, this study

introduced a novel assay to quantitatively measure the overall
activity of SUMO proteases within cell lysates. Our results revealed
a distinctive enzymatic kinetics profile for the cleavage of the
C-terminal Gly-Gly motif of Sumo fused with FEN1 by active
deSUMOylating enzymes, including SENPs, present in cell extracts
(Fig. S3A). We observed an initial velocity phase during the first
10min (2, 5, and 10min time points), followed by a steady-state
phase by 30min. This kinetics pattern suggests that exposure of
cells to hypoxia can decrease the maximum velocity (Vmax) of
cellular deSUMOylating enzymes, including SENPs (Fig. 2 and S3B).
The implications and applications of this assay extend beyond the
scope of this study. It can be widely employed to assess global

SUMO protease activity levels in various cellular and tissue
samples, thereby contributing to fundamental and preclinical/
clinical scientific research, as well as biomarker discovery and
disease diagnosis.
In summary, we uncover previously unknown regulatory

mechanisms involving global deSUMO2/3-ylation, SENP3-
mediated FIS1 deSUMO2/3-ylation, and hypoxia-induced FIS1-
TBC1D17 complex formation in controlling mitophagy levels. This
intricate interplay between SUMOylated and un-/de-modified FIS1
allows cells to adapt to fluctuating oxygen levels and maintain
optimal mitophagy for survival. Further unraveling this intricate
network of protein interactions and regulatory mechanisms holds
promise for understanding cellular adaptation to hypoxia,
identifying potential therapeutic targets, and ultimately develop-
ing treatment strategies for hypoxia-related diseases.

MATERIALS AND METHODS
Plasmids and mutagenesis
DNA constructs encoding mito-pHfluorin, GST-FIS1, Flag-FIS1, Flag-FIS1
K149R and Flag-SUMO2ΔGG were described previously [23, 56]. Flag-tagged
CFP, CFP-FIS1, CFP-FIS1 K149R and CFP-SUMO2ΔGG were made by
insertions of cDNA-encoding CFP into the BamHI/EcoRI sites of pcDNA3-
Flag, Flag-FIS1, Flag-FIS1K149R and Flag-SUMO2ΔGG [23], respectively. His-
SUMO2 was provided by M. Roussel (Addgene Plasmid #133771) [68]. HA-
FKBP8 was gifted by Y. K. Jung [42]. GST-FIS1 K149R mutant was made by
PCR-based mutagenesis. His-tagged Sumo-FEN1 DNA construct, a gift from
S.M. Hamdan [69], contains a double His6-tag, followed by the sequence
encoding residues 3-98 of S. cerevisiae SMT3 (Sumo), and then the
sequence encoding residues 2-379 of human FEN1.

Cell culture
WT or FIS1 KO HeLa cells and HEK293 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) (Lonza) containing 10% foetal bovine

Fig. 8 SUMOylatable FIS1 is required for FIS1-TBC1D17 interaction. A, B Hypoxia induces FIS1-TBC1D17 interaction. HeLa cells (A) or GSCs
(B) were exposed to normoxia or hypoxia (1% O2) for 24 h. FIS1 was enriched through immunoprecipitation (IP). Lysate (input) and IP samples
were immunoblotted as indicated. C TBC1D17 interacts with GST-FIS1 but not GST-FIS1 K149R mutant in FIS1 KO HeLa cells under hypoxia.
FIS1 KO HeLa cells were transfected with GST, GST-FIS1 or GST-FIS1 K149R mutant. 48 h post-transfection the cells were exposed to normoxia
or hypoxia (1% O2) for 24 h. GST-tagged proteins were enriched through GST-Pulldown (PD), Lysate (input) and GST-PD samples were
immunoblotted as indicated. D SENP3 knockdown increases TBC1D17 interaction with GST-FIS1 in FIS1 KO HeLa cells exposed to hypoxia (1%
O2) for 24 h. FIS1 KO HeLa cells expressing GST-FIS1 were transfected with Nsi or SENP3i. 48 h post-transfection the cells were lysed and GST-
tagged proteins were enriched through GST-PD, Lysate (input) and GST-PD samples were immunoblotted as indicated. E Hypoxia induces FIS1
SUMO2/3-ylation in HeLa cells. HeLa cells were exposed to normoxia or hypoxia (1% O2) in the absence or presence of TAK981 (100 nM) for
24 h. FIS1 was enriched through IP. Lysate (input) and IP samples were immunoblotted as indicated. F Hypoxia reduces the levels of
cytoplasmic SENP3 in HeLa cells. HeLa cells were exposed to normoxia or hypoxia (1% O2) for 24 h. Samples of whole cell lysate (WCL),
cytoplasmic or nuclear fraction was prepared and blotted as indicated, SENP3 levels were normalised to β-Actin in WCL, α-Tubulin in the
cytoplasmic fraction, and H2AX in the nuclear fraction (n= 5 biological replicates; N.S., not statistically significant; ***p < 0.001; Paired t-test).
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serum (FBS), 5 mM glutamine, and 100 units/ml penicillin/streptomycin at
37 °C in humidified ambient air supplemented with 5% CO2 (v/v) as
described previously [23].
Primary GSC cultures (CX18 core 1, CX25 core 1 and CAX39 core 1 cell

lines) were derived directly from surgically resected tumour tissues at
the Royal Hallamshire Hospital (Ethical approval: Yorkshire & The
Humber – Leeds East REC (11-YH-0319/STH15598)), as reported
previously [45–47]. The GSCs were maintained in Dulbecco’s Modified
Eagle Medium/Ham’s F-12-based ‘stem’ culture media containing 10%
FBS, 1% B27, 0.5% N2, 1% L-glutamine, 1% Penicillin-streptomycin, 0.1%
amphotericin B, 4 ug/mL heparin, 20 ng/mL epidermal growth factor
and fibroblast growth factor at 37 °C in humidified ambient air
supplemented with 5% CO2 (v/v), as described previously [45–47]. Cell

cultures of passages 10 (of CX25 core 1), 14 (of CAX39 core 1) and 17 (of
CX18 core 1) were used for experiments.
Primary renal cell cultures (EVD0061, EVD0062 and EVD0063) were

derived directly from surgically resected tumour tissues from three
patients at the Royal Hallamshire Hospital as part of the EVIDENT trial
(REC: 20SW0193), and maintained in Roswell Park Memorial Institute (RPMI)
1640 medium, 10% FBS, and 5mM glutamine, and 100 units/ml penicillin/
streptomycin at 37 °C in humidified ambient air supplemented with 5%
CO2 (v/v). Cell cultures of passages 3 and 4 were used for experiments.

DNA and siRNA transfections
DNA, siRNA or DNA & siRNA were transfected into HeLa cells, FIS1 KO HeLa
cells or HEK293 using jetPRIME (Polyplus Transfection). siRNA duplexes
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used were as follows: non-specific siRNA (Eurofins Genomics), FIS1 siRNA
used previously [23], FKBP8 siRNA (duplexes to target GAGUGGCUGGA-
CAUUCUGG to silence FKBP8; synthesised by Eurofins Genomics),
SENP1 siRNA (Santa Cruz sc-44449), SENP3 siRNA (Santa Cruz, sc-44451),
SUMO1 siRNA (duplexes to target CCUUCAUAUUACCCUCUCC to
silence SUMO1; synthesised by Eurofins Genomics), SUMO2/3 siRNA
(duplexes to target GUCAAUGAGGCAGAUCAGA to silence SUMO2/3 [70];
synthesised by Eurofins Genomics), TBC1D15 siRNA (duplexes to target
UCAACAAGAAGAACCAGG to silence TBC1D15; synthesised by Eurofins
Genomics) and TBC1D17 siRNA (Santa Cruz sc-97889).

Hypoxia induction
Hypoxia treatment of the cells was performed within a SCI-tive hypoxia
workstation (Baker Ruskinn) set to humidified 1% (v/v) O2, and 5% (v/v)
CO2 at 37 °C. The DMEM medium mentioned above was degassed in the
hypoxia workstation to remove the oxygen dissolved in the medium at
least 24 h prior to placing cells into the hypoxia workstation. As the cells
were placed into the workstation, the media in the sample dishes was
replaced with the degassed DMEM medium. The cells were left in the
hypoxia workstation for appropriate time durations. Control cells
were cultured using a conventional mammalian cell culture incubator in
normoxic conditions (i.e., normal ambient O2 tension: 20.9% (v/v)) for the
same time durations. At the end of culture, cells were removed from
the hypoxia workstation for either immunoblotting or immunofluores-
cence imaging analysis.

Preparation of recombinant proteins, whole cell lysates, GST-
PD, IP and nickel affinity purification
His6-Sumo-Fen 1 was produced from the vector pET His6-Sumo-Fen1 using
BL21(DE3) E. coli as described previously [69]. Whole cell lysates were
prepared from cells lysed with a buffer containing 20mM Tris, pH 7.4,
137mM NaCl, 25mM β-glycerophosphate, 2 mM sodium pyrophosphate,
2 mM EDTA, 1% Triton X-100, 10% glycerol, and 1 × protease inhibitor
cocktail (Roche) in the presence of 20mM freshly made N-Ethylmaleimide
(NEM) (Sigma). To enrich and isolate GST or GST-tagged proteins, GST-PD
was conducted by incubating whole cell lysates with glutathione-
sepharose 4B beads (Generon). To detect the interaction between FIS1-
TBC1D17, IP was conducted by incubating whole cell lysates overnight
with a rabbit polyclonal FIS1 antibody (Proteintech 10956-1-AP) pre-bound
to protein-A beads (Sigma). To isolate His-SUMO2 conjugates, nickel
affinity purification was conducted by incubating Ni-NTA agarose beads
(Qiagen) with denatured lysate samples. Bead-bound proteins, obtained
from the experimental procedures of GST-PD, IP, or nickel affinity
purification, were subsequently eluted in SDS sample buffer for
immunoblot analysis.

Subcellular fractionation
Whole-Cell lysate, cytoplasmic or nuclear fraction samples from HeLa cells
were prepared using a Nuclear Extraction kit (CHEMICON INTERNATIONAL).

Immunoblotting
SDS-PAGE (7.5–15% gels) was run to separate protein samples that were then
transferred to Immobilon-P membranes (Millipore Inc.) and incubated with
primary antibodies. The primary antibodies used were: β-actin (mouse
monoclonal Ab; Sigma-Aldrich A2228; 1:20,000 dilution; rabbit polyclonal Ab;
ProteinTech 20536-1-AP; 1:5,000 dilution), FEN1 (mouse monoclonal Ab; Santa
Cruz biotechnology sc-28355, 1:500 dilution), FIS1 (mouse monoclonal Ab;
ProteinTech 66635-1-Ig; 1:1,000 dilution), GAPDH (mouse monoclonal Ab;
Santa Cruz biotechnology sc-365062; 1:1,000 dilution), GST (goat polyclonal
Ab; GE Healthcare; 1:10,000 dilution), HA-tag (rabbit polyclonal Ab;
ProteinTech 66006-2-Ig, 1:2,000 dilution), HIF1α (mouse monoclonal Ab, BD
Bioscience 610959; 1:1,000 dilution), His (rabbit polyclonal Ab, Cell Signaling
#2365; 1:1,000 dilution), LC3 (rabbit polyclonal Ab, Cell Signaling #4108;
1:2,000 dilution), SENP1 (recombinant monoclonal Ab, Abcam EPR3844,
1:2,000 dilution), SENP3 (rabbit monoclonal Ab, Cell Signaling #5591, 1:10,000
dilution), SUMO1 (rabbit polyclonal Ab, Cell Signaling #4930; 1:1,000 dilution),
SUMO2/3 (rabbit monoclonal Ab, Cell Signaling #4971; 1:1,000 dilution),
TBC1D17 (rabbit polyclonal Ab, ProteinTech 20482-1-AP; 1:1,000 dilution), and
α-Tubulin (rabbit polyclonal Ab, ProteinTech 11224-1-AP; 1:2,000 dilution or
mouse monoclonal Ab, ProteinTech 66031-1-Ig; 1:20,000 dilution). Protein
detection was performed either using fluorescent secondary antibodies (LI-
COR) by a LI-COR imaging system or using HRP-conjugated secondary
antibodies (Sigma) or an HRP-conjugated VeriBlot secondary antibody (Abcam
ab131366 for immunoblotting of IP samples) followed by enhanced
chemiluminescence (GE Healthcare Amersham). Every immunoblot (see full
length blots in the ‘Supplemental Material’ file) shown represents the result of
at least three separate experiments that were conducted with different cell
populations. After quantification of fluorescently developed blots using LI-
COR Image Studio, protein levels of interest were normalised to β-actin or
GAPDH loading control levels. Each value is expressed as the mean ± SEM and
expressed as a percentage of the control value.

Fluorescence and microscopy imaging
HeLa cells seeded on 35mm ibidi µ-dishes. After 24 h cells were exposed
to hypoxia for indicated durations. For experiments involving cDNA/siRNA
transfections, cells seeded on the dishes were transfected. 48 h post-
transfection cells exposed to hypoxia for 24 h. At the end of culture, cells
were fixed with 4% paraformaldehyde in PBS for 10min at room
temperature. Immunostaining was carried out as described previously
[23]. The primary antibodies used were: FIS1 (rabbit polyclonal Ab;
Proteintech 10956-1-AP; 1:100 dilution), FKBP8 (mouse monoclonal Ab;
Santa Cruz Biotechnology sc-166607, 1:200 dilution), SENP1 (recombinant
monoclonal Ab; Abcam EPR3844, 1:200 dilution), SENP3 (rabbit mono-
clonal Ab; Cell Signaling #5591, 1:500 dilution), SUMO1 (rabbit polyclonal
Ab; Cell Signaling #4930, 1:250 dilution), SUMO2/3 (rabbit monoclonal Ab;
Cell Signaling #4971, 1:100 dilution), TBC1D15 (rabbit polyclonal Ab;
ProteinTech, 1:100 dilution), and TBC1D17 (rabbit polyclonal Ab; Protein-
Tech, 1:100 dilution). The secondary antibodies used were: Alexa Fluor 405
(A31553) and Alexa Fluor 680 (A32802) fluorescent secondary antibodies
(ThermoFisher Scientific, 1:2,000). After incubation with the secondary

Fig. 9 SENP3-FIS1 axis promotes cell survival under hypoxia. A RNAi-mediated depletion of SENP3 increases LDH release from HeLa cells
exposed to hypoxia for 24 h. HeLa cells were transfected with Nsi or SENP3i. 48 h post-transfection the cells were exposed to normoxia or
hypoxia (1% O2) for 24 h. Histogram in the upper panel shows relative levels of LDH release under indicated conditions (n= 3; biological
replicates; N.S., non-significant; ***p < 0.001; ****p < 0.0001; Ordinary one-way ANOVA followed by Tukey’s multiple comparisons test). B RNAi-
mediated depletion of FIS1 increases LDH release from HeLa cells exposed to hypoxia for 24 h. HeLa cells were transfected with Nsi or FIS1i.
48 h post-transfection the cells were exposed to normoxia or hypoxia (1% O2) for 24 h. Histogram in the upper panel shows relative levels of
LDH release under indicated conditions (n= 3 biological replicates; N.S., non-significant; *p < 0.05; ****p < 0.0001; Ordinary one-way ANOVA
followed by Tukey’s multiple comparisons test). C RNAi-mediated depletion of SENP3 does not increase LDH release from FIS1 KO HeLa cells
exposed to hypoxia for 24 h. FIS1 KO HeLa cells were transfected with Nsi or SENP3i. 48 h post-transfection the cells were exposed to normoxia
or hypoxia (1% O2) for 24 h. Histogram in the upper panel shows relative levels of LDH release under indicated conditions (n= 6 biological
replicates; N.S., non-significant; ****p < 0.0001; Ordinary one-way ANOVA followed by Tukey’s multiple comparisons test). D Expressing
SUMOylation-deficient FIS1 K149R mutant reverses the effect of SENP3 knockdown on hypoxia-induced LDH release. pcDNA3-Flag, Flag-FIS1
WT or Flag-FIS1 K149R mutant was transfected into HeLa cells in which SENP3 was depleted using siRNA for 48 h, and the cells were exposed
to hypoxia (1% O2) for a further 24 h. Histogram in the upper panel shows relative levels of LDH release under indicated conditions (n= 5 ~ 6
biological replicates; *p < 0.05; **p < 0.01; ***p < 0.001; Ordinary one-way ANOVA followed by Tukey’s multiple comparisons test). E Expression
of Flag-FIS1-SUMO2ΔGG, but not Flag-FIS1, in HeLa cells increases hypoxia-induced LDH release. pcDNA3-Flag, Flag-FIS1 WT or Flag-FIS1-
SUMO2ΔGG mutant was transfected into HeLa cells for 48 h, and the cells were exposed to normoxia or hypoxia (1% O2) for 24 h. Histogram in
the upper panel shows relative levels of LDH release under indicated conditions (n= 3 biological replicates; N.S., non-significant; **p < 0.01;
****p < 0.0001; Ordinary one-way ANOVA followed by Tukey’s multiple comparisons test). In (A–E), whole cell lysate samples were
immunoblotted as indicated in the lower panels.
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antibody, the samples were washed thrice with 1× PBS. Fresh 1× PBS was
added to the sample dishes. Samples were then kept at 4 °C covered by foil
until microscopy. All immunofluorescence microscopy was performed with
a Zeiss LSM 880 Airyscan confocal microscope within the Wolfson Light
Microscope Facility at the University of Sheffield.

Quantification of mitophagy probed by Mito-pHfluorin
To avoid potential human subjectivity in imaging analysis, a Macro
program on ImageJ/Fiji automating the quantification of mitophagy as
indicated by Mito-pHfluorin was generated. Procedures for quantification
of the red puncta are outlined in Fig. S2 using the following computer
programme:
if (isOpen(“Results”)){
close(“Results”);
}
MaxProm = getNumber(“Please enter threshold value for

Maxima”, 1500);
//Ask user if they want to analyse another particle
while (getBoolean(“Do you wish to analyse a cell?”, “Yes”, “No, I’m

done…”)==1){
//Set the freehand tool as active
setTool(“polygon”);
//Pause and wait for user to draw a selection
waitForUser(“Draw around a cell then click OK”);
//Exit macro if no selection made
if(selectionType() == −1){
exit(“No selection made”);
}
run(“Find Maxima…”, “prominence= “+MaxProm+ “ output=Count”);
run(“Select None”);
}
The levels of mitophagy were analysed by either comparing the average

red puncta per cell (for Fig. 1A) or comparing a normalised relative value
per cell in relation to their control value per cell (for Figures other than
Fig. 1A). Each value is presented as the mean ± SEM and expressed as a
percentage of the control value.

SUMO protease assay
A novel assay was developed to quantitatively measure the collective
deSUMOylating activity (i.e., global SUMO protease activity) under various
experimental conditions. The assay leverages the recognition of the
tertiary structure of the C-terminal Gly-Gly motif of a SUMO moiety by
active deSUMOylating enzymes, including SENPs, present in whole cell
lysates. These enzymes cleave the peptide bond between the Gly residue
and the following amino acid within a His6-tagged Sumo-FEN1 substrate.
Ubiquitin-like-specific protease 1 (Ulp1; a kind gift from R. Ley and J.
Grasby, Department of Chemistry, University of Sheffield), a S. cerevisiae

SUMO protease and the evolutionary origin of SENP1, SENP2, SENP3, and
SENP5 [71], served as a positive control.
Whole cell lysates were prepared in a lysis buffer containing 0.25 M

sucrose, 20 mM MOPS-KOH (pH 7.4), 1 mM EDTA-NaOH pH 8, with 1 ×
protease inhibitor cocktail and DTT (1mM), on ice with or without NEM
(20mM). After brief sonication, protein concentrations were determined
using the Bradford assay. 1 μg of His-Sumo-FEN1 was added to 20 μl of
relevant whole cell lysate (approximately 1 μg/μl) and incubated at 30 °C
for varying durations. Reactions were terminated by adding sample buffer
and analysed by SDS-PAGE under reducing and denatured conditions.
Immunoblotting with a FEN1 antibody detected the levels of FEN1 without
the His-tagged Sumo moiety, indicating the activity of deSUMOylating
enzymes in the whole cell lysate samples.

LDH assay
LDH activity in conditioned culture media was measured using a Lactic
Dehydrogenase Based In Vitro Toxicology Assay Kit (Sigma) [53, 54, 56].
Each histogram represents data from at least three independent
experiments performed with different cell populations.

Statistics
Data analysis was performed on GraphPad Prisms Software (Graphpad
Inc.). For comparison of the conjugation levels of SUMO2/3 or SUMO1,
between time-matched two groups, paired Student’s t-test with a two-tail
P-value was performed. For comparisons of the levels of FKBP8, FIS1, LC3-II,
SENP1, SENP3, SQSTM, TOM20 or TBC1D17, and for analysis of the
mitophagic levels per cell and SENP3 levels in whole cell lysate and
subcellular fractions, between two groups, unpaired Student’s t-test with a
two-tail P-value was performed. For comparison of multiple data sets, one-
way analysis of variance followed by Sidak’s (for imaging data) or Tukey’s
(for LDH data) multiple comparisons test was used.

DATA AVAILABILITY
The data underlying the findings of this study are available from the corresponding
authors upon reasonable request.

REFERENCES
1. Russell OM, Lightowlers RN, Turnbull DM. Applying the Airbrakes: Treating

Mitochondrial Disease with Hypoxia. Mol Cell. 2016;62:5–6.
2. Solaini G, Baracca A, Lenaz G, Sgarbi G. Hypoxia and mitochondrial oxidative

metabolism. Biochimica et biophysica acta. 2010;1797:1171–7.
3. Zhang W, Ren H, Xu C, Zhu C, Wu H, Liu D, et al. Hypoxic mitophagy regulates

mitochondrial quality and platelet activation and determines severity of I/R heart
injury. eLife. 2016;5:e21407.

Fig. 10 Schematic representation of a proposed SUMO2/3-dependent mitophagy/cell survival pathway under hypoxia. In response to
hypoxia, FIS1 SUMO2/3-ylation increases due to reduced cytoplasmic SENP3. SUMO2/3-ylated FIS1 interacts with TBC1D17. With the
associated FIS1, TBC1D17 inhibits the levels of hypoxia-induced mitophagy. Moreover, FIS1 deSUMO2/3-ylation mediated by residual
cytoplasmic SENP3 is essential for maintaining hypoxia-induced mitophagy for cell survival.

A. Zhao et al.

12

Cell Death and Disease          (2024) 15:881 



4. Fuhrmann DC, Brüne B. Mitochondrial composition and function under the
control of hypoxia. Redox Biol. 2017;12:208–15.

5. Wang CY, She JX. SUMO4 and its role in type 1 diabetes pathogenesis. Diabetes/
Metab Res Rev. 2008;24:93–102.

6. Liang YC, Lee CC, Yao YL, Lai CC, Schmitz ML, Yang WM. SUMO5, a Novel Poly-
SUMO Isoform, Regulates PML Nuclear Bodies. Sci Rep. 2016;6:26509.

7. Wilkinson KA, Henley JM. Mechanisms, regulation and consequences of protein
SUMOylation. Biochem J. 2010;428:133–45.

8. Bouchard D, Wang W, Yang WC, He S, Garcia A, Matunis MJ. SUMO paralogue-
specific functions revealed through systematic analysis of human knockout cell
lines and gene expression data. Mol Biol Cell. 2021;32:1849–66.

9. Hickey CM, Wilson NR, Hochstrasser M. Function and regulation of SUMO pro-
teases. Nat Rev Mol Cell Biol. 2012;13:755–66.

10. Yeh ET. SUMOylation and De-SUMOylation: wrestling with life’s processes. J Biol
Chem. 2009;284:8223–7.

11. Agbor TA, Taylor CT. SUMO, hypoxia and the regulation of metabolism. Biochem
Soc Trans. 2008;36:445–8.

12. Núñez-O’Mara A, Berra E. Deciphering the emerging role of SUMO conjugation in
the hypoxia-signaling cascade. Biol Chem. 2013;394:459–69.

13. Filippopoulou C, Simos G, Chachami G. The Role of Sumoylation in the Response
to Hypoxia: An Overview. Cells. 2020;9:2359.

14. Cheng J, Kang X, Zhang S, Yeh ET. SUMO-specific protease 1 is essential for
stabilization of HIF1alpha during hypoxia. Cell. 2007;131:584–95.

15. Ulrich HD. SUMO teams up with ubiquitin to manage hypoxia. Cell.
2007;131:446–7.

16. Bae SH, Jeong JW, Park JA, Kim SH, Bae MK, Choi SJ, et al. Sumoylation increases
HIF-1alpha stability and its transcriptional activity. Biochem Biophys Res Com-
mun. 2004;324:394–400.

17. Quinsay MN, Thomas RL, Lee Y, Gustafsson AB. Bnip3-mediated mitochondrial
autophagy is independent of the mitochondrial permeability transition pore.
Autophagy. 2010;6:855–62.

18. Jung J, Zhang Y, Celiku O, Zhang W, Song H, Williams BJ, et al. Mitochondrial NIX
Promotes Tumor Survival in the Hypoxic Niche of Glioblastoma. Cancer Res.
2019;79:5218–32.

19. Liu L, Feng D, Chen G, Chen M, Zheng Q, Song P, et al. Mitochondrial outer-
membrane protein FUNDC1 mediates hypoxia-induced mitophagy in mamma-
lian cells. Nat cell Biol. 2012;14:177–85.

20. Chachami G, Stankovic-Valentin N, Karagiota A, Basagianni A, Plessmann U,
Urlaub H, et al. Hypoxia-induced Changes in SUMO Conjugation Affect Tran-
scriptional Regulation Under Low Oxygen. Mol Cell Proteom: MCP.
2019;18:1197–209.

21. Kunz K, Wagner K, Mendler L, Hölper S, Dehne N, Müller S. SUMO Signaling by
Hypoxic Inactivation of SUMO-Specific Isopeptidases. Cell Rep. 2016;16:3075–86.

22. Allen GF, Toth R, James J, Ganley IG. Loss of iron triggers PINK1/Parkin-inde-
pendent mitophagy. EMBO Rep. 2013;14:1127–35.

23. Waters E, Wilkinson KA, Harding AL, Carmichael RE, Robinson D, Colley HE, et al.
The SUMO protease SENP3 regulates mitochondrial autophagy mediated by Fis1.
EMBO Rep. 2022;23:e48754.

24. Yoon Y, Krueger EW, Oswald BJ, McNiven MA. The mitochondrial protein hFis1
regulates mitochondrial fission in mammalian cells through an interaction with
the dynamin-like protein DLP1. Mol Cell Biol. 2003;23:5409–20.

25. Lee YJ, Jeong SY, Karbowski M, Smith CL, Youle RJ. Roles of the mammalian
mitochondrial fission and fusion mediators Fis1, Drp1, and Opa1 in apoptosis.
Mol Biol Cell. 2004;15:5001–11.

26. Stojanovski D, Koutsopoulos OS, Okamoto K, Ryan MT. Levels of human Fis1 at
the mitochondrial outer membrane regulate mitochondrial morphology. J Cell
Sci. 2004;117:1201–10.

27. Shen Q, Yamano K, Head BP, Kawajiri S, Cheung JT, Wang C, et al. Mutations in
Fis1 disrupt orderly disposal of defective mitochondria. Mol Biol cell.
2014;25:145–59.

28. Pei S, Minhajuddin M, Adane B, Khan N, Stevens BM, Mack SC, et al. AMPK/FIS1-
Mediated Mitophagy Is Required for Self-Renewal of Human AML Stem Cells. Cell
Stem Cell. 2018;23:86–100.e106.

29. Rojansky R, Cha MY, Chan DC. Elimination of paternal mitochondria in mouse
embryos occurs through autophagic degradation dependent on PARKIN and
MUL1. eLife. 2016;5:e17896.

30. Onoue K, Jofuku A, Ban-Ishihara R, Ishihara T, Maeda M, Koshiba T, et al. Fis1 acts
as a mitochondrial recruitment factor for TBC1D15 that is involved in regulation
of mitochondrial morphology. J Cell Sci. 2013;126:176–85.

31. Yamano K, Fogel AI, Wang C, van der Bliek AM, Youle RJ. Mitochondrial Rab GAPs
govern autophagosome biogenesis during mitophagy. eLife. 2014;3:e01612.

32. Wilkinson S, O’Prey J, Fricker M, Ryan KM. Hypoxia-selective macroautophagy and
cell survival signaled by autocrine PDGFR activity. Genes Dev. 2009;23:1283–8.

33. Bellot G, Garcia-Medina R, Gounon P, Chiche J, Roux D, Pouysségur J, et al.
Hypoxia-induced autophagy is mediated through hypoxia-inducible factor

induction of BNIP3 and BNIP3L via their BH3 domains. Mol Cell Biol.
2009;29:2570–81.

34. Pursiheimo JP, Rantanen K, Heikkinen PT, Johansen T, Jaakkola PM. Hypoxia-
activated autophagy accelerates degradation of SQSTM1/p62. Oncogene.
2009;28:334–44.

35. Langston SP, Grossman S, England D, Afroze R, Bence N, Bowman D, et al. Dis-
covery of TAK-981, a First-in-Class Inhibitor of SUMO-Activating Enzyme for the
Treatment of Cancer. J Med Chem. 2021;64:2501–20.

36. Lightcap ES, Yu P, Grossman S, Song K, Khattar M, Xega K, et al. A small-molecule
SUMOylation inhibitor activates antitumor immune responses and potentiates
immune therapies in preclinical models. Sci Transl Med. 2021;13:eaba7791.

37. Kumar S, Schoonderwoerd MJA, Kroonen JS, de Graaf IJ, Sluijter M, Ruano D, et al.
Targeting pancreatic cancer by TAK-981: a SUMOylation inhibitor that activates
the immune system and blocks cancer cell cycle progression in a preclinical
model. Gut. 2022;71:2266–83.

38. Nakamura A, Grossman S, Song K, Xega K, Zhang Y, Cvet D, et al. The SUMOy-
lation inhibitor subasumstat potentiates rituximab activity by IFN1-dependent
macrophage and NK cell stimulation. Blood. 2022;139:2770–81.

39. Zhou D, Udpa N, Ronen R, Stobdan T, Liang J, Appenzeller O, et al. Whole-
genome sequencing uncovers the genetic basis of chronic mountain sickness in
Andean highlanders. Am J Hum Genet. 2013;93:452–62.

40. Rouschop KM, van den Beucken T, Dubois L, Niessen H, Bussink J, Savelkouls K,
et al. The unfolded protein response protects human tumor cells during hypoxia
through regulation of the autophagy genes MAP1LC3B and ATG5. J Clin Investig.
2010;120:127–41.

41. Hendriks IA, Lyon D, Su D, Skotte NH, Daniel JA, Jensen LJ, et al. Site-specific
characterization of endogenous SUMOylation across species and organs. Nat
Commun. 2018;9:2456.

42. Yoo SM, Yamashita SI, Kim H, Na D, Lee H, Kim SJ, et al. FKBP8 LIRL-dependent
mitochondrial fragmentation facilitates mitophagy under stress conditions.
FASEB J : Off Publ Federation Am Societies Exp Biol. 2020;34:2944–57.

43. Bhujabal Z, Birgisdottir AB, Sjottem E, Brenne HB, Overvatn A, Habisov S, et al.
FKBP8 recruits LC3A to mediate Parkin-independent mitophagy. EMBO Rep.
2017;18:947–61.

44. Jimenez-Orgaz A, Kvainickas A, Nagele H, Denner J, Eimer S, Dengjel J, et al.
Control of RAB7 activity and localization through the retromer-TBC1D5 complex
enables RAB7-dependent mitophagy. EMBO J. 2018;37:235–54.

45. Jones CG, Vanderlinden A, Rominiyi O, Collis SJ. Development and Optimisation
of Tumour Treating Fields (TTFields) Delivery within 3D Primary Glioma Stem Cell-
like Models of Spatial Heterogeneity. Cancers. 2024;16:863.

46. Derby SJ, Dutton L, Strathdee KE, Stevenson K, Koessinger A, Jackson M, et al.
Inhibition of ATR opposes glioblastoma invasion through disruption of cytoske-
letal networks and integrin internalization via macropinocytosis. Neuro-Oncol.
2024;26:625–39.

47. Gagg H, Williams ST, Conroy S, Myers KN, McGarrity-Cottrell C, Jones C, et al. Ex-
vivo drug screening of surgically resected glioma stem cells to replace murine
avatars and provide personalise cancer therapy for glioblastoma patients.
F1000Res. 2023;12:954.

48. Rawlings N, Lee L, Nakamura Y, Wilkinson KA, Henley JM. Protective role of the
deSUMOylating enzyme SENP3 in myocardial ischemia-reperfusion injury. PloS
one. 2019;14:e0213331.

49. Fannjiang Y, Cheng WC, Lee SJ, Qi B, Pevsner J, McCaffery JM, et al. Mitochondrial
fission proteins regulate programmed cell death in yeast. Genes Dev.
2004;18:2785–97.

50. Kitagaki H, Araki Y, Funato K, Shimoi H. Ethanol-induced death in yeast exhibits
features of apoptosis mediated by mitochondrial fission pathway. FEBS Lett.
2007;581:2935–42.

51. Cheng WC, Teng X, Park HK, Tucker CM, Dunham MJ, Hardwick JM. Fis1 defi-
ciency selects for compensatory mutations responsible for cell death and growth
control defects. Cell Death Differ. 2008;15:1838–46.

52. Iwasawa R, Mahul-Mellier AL, Datler C, Pazarentzos E, Grimm S. Fis1 and Bap31
bridge the mitochondria-ER interface to establish a platform for apoptosis
induction. EMBO J. 2011;30:556–68.

53. Guo C, Hildick KL, Luo J, Dearden L, Wilkinson KA, Henley JM. SENP3-mediated
deSUMOylation of dynamin-related protein 1 promotes cell death following
ischaemia. EMBO J. 2013;32:1514–28.

54. Guo C, Wilkinson KA, Evans AJ, Rubin PP, Henley JM. SENP3-mediated deSU-
MOylation of Drp1 facilitates interaction with Mff to promote cell death. Sci Rep.
2017;7:43811.

55. Luo J, Gurung S, Lee L, Henley JM, Wilkinson KA, Guo C. Increased SUMO-2/3-
ylation mediated by SENP3 degradation is protective against cadmium-induced
caspase 3-dependent cytotoxicity. J Toxicol Sci. 2017;42:529–38.

56. Guo C, Hildick KL, Jiang J, Zhao A, Guo W, Henley JM, et al. SENP3 Promotes an
Mff-Primed Bcl-x (L) -Drp1 Interaction Involved in Cell Death Following Ischemia.
Front cell developmental Biol. 2021;9:752260.

A. Zhao et al.

13

Cell Death and Disease          (2024) 15:881 



57. Mazure NM, Pouysségur J. Hypoxia-induced autophagy: cell death or cell survi-
val? Curr Opin cell Biol. 2010;22:177–80.

58. Abdrakhmanov A, Yapryntseva MA, Kaminskyy VO, Zhivotovsky B, Gogvadze V.
Receptor-Mediated Mitophagy Rescues Cancer Cells under Hypoxic Conditions.
Cancers. 2021;13:4027.

59. Chen Z, Han F, Du Y, Shi H, Zhou W. Hypoxic microenvironment in cancer:
molecular mechanisms and therapeutic interventions. Signal Transduct Target
Ther. 2023;8:70.

60. Park JH, Lee HK. Current Understanding of Hypoxia in Glioblastoma Multiforme
and Its Response to Immunotherapy. Cancers. 2022;14:1176.

61. Bou-Gharios J, Noël G, Burckel H. Preclinical and clinical advances to overcome
hypoxia in glioblastoma multiforme. Cell Death Dis. 2024;15:503.

62. Datta A, West C, O’Connor JPB, Choudhury A, Hoskin P. Impact of hypoxia on
cervical cancer outcomes. Int J Gynecol Cancer: Off J Int Gynecol Cancer Soc.
2021;31:1459–70.

63. Yang YQ, Li H, Zhang XS, Li W, Huang LT, Yu Z, et al. Inhibition of SENP3 by
lentivirus induces suppression of apoptosis in experimental subarachnoid
hemorrhage in rats. Brain Res. 2015;1622:270–8.

64. Yang YQ, Li H, Zhang X, Wang CX, Sun Q, Li S, et al. Expression and cell dis-
tribution of SENP3 in the cerebral cortex after experimental subarachnoid
hemorrhage in rats: a pilot study. Cell Mol Neurobiol. 2015;35:407–16.

65. Lee YJ, Bernstock JD, Nagaraja N, Ko B, Hallenbeck JM. Global SUMOylation
facilitates the multimodal neuroprotection afforded by quercetin against the
deleterious effects of oxygen/glucose deprivation and the restoration of oxygen/
glucose. J Neurochem. 2016;138:101–16.

66. Gao L, Zhao Y, He J, Yan Y, Xu L, Lin N, et al. The desumoylating enzyme sentrin-
specific protease 3 contributes to myocardial ischemia reperfusion injury. J Genet
genomics = Yi chuan xue bao. 2018;45:125–35.

67. Zhang Y, Zheng LM, Wang CX, Gu JM, Xue S. SENP3 protects H9C2 cells from
apoptosis triggered by H/R via STAT3 pathway. Eur Rev Med Pharmacol Sci.
2018;22:2778–86.

68. Tago K, Chiocca S, Sherr CJ. Sumoylation induced by the Arf tumor suppressor: a
p53-independent function. Proc Natl Acad Sci USA. 2005;102:7689–94.

69. Raducanu VS, Tehseen M, Shirbini A, Raducanu DV, Hamdan SM. Two chroma-
tographic schemes for protein purification involving the biotin/avidin interaction
under native conditions. J Chromatogr A. 2020;1621:461051.

70. Finkbeiner E, Haindl M, Muller S. The SUMO system controls nucleolar parti-
tioning of a novel mammalian ribosome biogenesis complex. EMBO J.
2011;30:1067–78.

71. Nayak A, Muller S. SUMO-specific proteases/isopeptidases: SENPs and beyond.
Genome Biol. 2014;15:422.

ACKNOWLEDGEMENTS
This work was support by the Royal Society (R/157589 to C.G.), the MRC (MR/
X502728/1 to L.M.), the Brain Tumour Charity (ET_2019/1_10403 and FL_2021_/
1_10610 to O.R. and S.J.C.) and the Bangladesh Commonwealth Scholarship (to M.R.).
For the purpose of open access, the authors have applied a Creative Commons
Attribution (CC BY) licence to any Authors' Accepted Manuscript version arising. The
authors thank M. Roussel and Y. K. Jung and S. M. Hamdan for supplying plasmids,
and R. Ley and J. Grasby for providing Ulp1 recombinant protein.

AUTHOR CONTRIBUTIONS
C.G. and A.Z. conceived the project. A.Z. and C.G. led the design and execution of
most biochemical, molecular cell biological, and imaging experiments. A.Z. and D.R.
contributed to generating the Macro program for mitophagy quantification. L.M.

performed the SUMO protease assays as well as FIS1-TBC1D17 colocalisation imaging
experiments. J.J. contributed to cell culture maintenance, sample preparation and
LDH work. O.R., S.J.C., K.N.M., C.G.J., H.G., C.M-C. contributed to deriving GSCs. G.W.,
M.R., S.J.D. contributed to deriving primary cell cultures from renal cancer patients.
C.S. contributed to experimental design and preparation, data analysis, figure-making
and project management during manuscript revision. C.G. provided overall project
management and wrote the manuscript with hypothesis development, experimental
design and data interpretation contributed by all the authors. The funders did not
have a role in study design, data collection and analysis, decision to publish or
preparation of the manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
All methods were conducted in accordance with relevant guidelines and regulations,
including the principles outlined in the Declaration of Helsinki. Informed consent was
obtained from all human subjects. Ethics approval for deriving primary GSC cultures
was granted by the Yorkshire & The Humber - Leeds East Research Ethics Committee
(IRB protocol 11-YH-0319/STH15598). Ethics approval for deriving primary renal cell
cultures was obtained from the Research Ethical Committee (REC: 20SW0193) as part
of the Ex Vivo DEtermiNed Cancer Therapy (EVIDENT) trial (NCT05231655).

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-024-07271-8.

Correspondence and requests for materials should be addressed to Carl Smythe or
Chun Guo.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

A. Zhao et al.

14

Cell Death and Disease          (2024) 15:881 

https://doi.org/10.1038/s41419-024-07271-8
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	SENP3-FIS1 axis promotes mitophagy and cell survival under hypoxia
	Introduction
	Results
	Hypoxia induces mitophagy and mild global deSUMO2/3-ylation
	DeSUMOylation enzyme SENP3 promotes HIM
	FIS1 is essential for HIM
	SENP3-FIS1 axis regulates HIM
	FIS1 SUMO2/3-ylation is required for TBC1D17 regulation of HIM
	SENP3-FIS1 axis protects cells against hypoxia-induced cell death

	Discussion
	Materials and Methods
	Plasmids and mutagenesis
	Cell culture
	DNA and siRNA transfections
	Hypoxia induction
	Preparation of recombinant proteins, whole cell lysates, GST-PD, IP and nickel affinity purification
	Subcellular fractionation
	Immunoblotting
	Fluorescence and microscopy imaging
	Quantification of mitophagy probed by Mito-pHfluorin
	SUMO protease assay
	LDH assay
	Statistics

	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




