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Novel role of the SIRT4-OPA1 axis in mitochondrial quality

control
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Mammalian sirtuins are fundamental regulators of a
plethora of cellular functions, including gene expres-
sion, proliferation, metabolism, and ultimatively cellu-
lar aging and organismal life-span. The mitochondrial
sirtuin SIRT4 acts as metabolic tumor suppressor and is
down-regulated in many cancer types. We showed
that SIRT4 expression was up-regulated during replica-
tive senescence and by different anti-proliferative and
senescence inducing stressors, including UVB and ion-
izing radiation, due to inhibition of its negative regula-
tor, microRNA miR-15b. In our recent studies we ad-
dressed the molecular consequences of increased
SIRT4 expression for mitochondrial function and quali-
ty control. We demonstrated that SIRT4 reduces O,
consumption and decreases mitochondrial membrane
potential in line with an increased generation of mito-
chondrial reactive oxygen species (mtROS). This led to
the accumulation of dysfunctional mitochondria and a
more fused mitochondrial network associated with a
decreased mitophagic clearance. Mechanistically, our
data indicate that SIRT4 promotes mitochondrial fu-
sion in an enzymatically dependent manner through
interaction with and stabilization of the dynamin-
related GTPase L-OPA1, thereby opposing fission and
mitophagy. Our findings provide novel insight in the
role of SIRT4 as stress triggered factor that causes mi-
tochondrial dysfunction and impaired mitochondrial
quality control through decreased mitophagy, a major
hallmark of aging.

Aging is defined by various molecular and cellular hall-
marks, among them stem cell exhaustion, genomic instabil-
ity, altered proteostasis, cellular senescence, and mito-
chondrial dysfunction [1]. Mitochondrial defects are con-
sidered major drivers of cellular aging and are character-
ized by mtDNA mutations, respiratory chain dysfunction
and increased mtROS generation, or altered mitochondrial
quality control through impaired clearance of dysfunctional
mitochondria through selective autophagy (mitophagy) [2-
4]. A major group of proteins implicated in the regulation
of aging processes are sirtuins which represent NAD'-
dependent enzymes with a variety of enzymatic activities,
substrates, and cellular functions [5]. Among the sirtuins,
SIRT3, SIRT4, and SIRTS define a subgroup based on their
localization in mitochondria where they control various
metabolic pathways, including the respiratory chain [6], B-
oxidation of fatty acids [7], and the urea cycle [8].

SIRT4, that besides other targets, inhibits PDH (py-
ruvate dehygrogenase) [9] and GDH (glutamate dehydro-
genase) [10] as key anaplerotic enzymes feeding into the
citric acid cycle, represents a metabolic tumor suppressor
that is down-regulated in many cancer types. We have
shown that various senescence inducing stress stimuli,
including UVB and ionizing y-radiation, as well as replica-
tive senescence, up-regulate SIRT4 expression due to inhi-
bition of its negative regulator microRNA miR-15b that is
downregulated in various senescence models [11]. In vivo,
we demonstrated an inverse correlation between miR15b
and SIRT4 expression in photoaged vs. non-photoaged hu-
man skin. The senescence associated role of the miR-15b —
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SIRT4 axis was further strengthened by the observation
that oligonucleotide mediated inhibition of miR-15b al-
tered, in a SIRT4-dependent manner, the expression of
components of the senescence associated secretory phe-
notype (SASP; [12]) and nuclear encoded mitochondrial
genes, including TFAM (mitochondrial biogenesis; [13]) and
NRF1 (antioxidant response; [14]) [11].

Based on further work we suggest that the SIRT4-OPA1
axis represents a major effector mechanism responsible for
the aging associated decrease in mitophagy. Besides im-
pacting mitochondrial function SIRT4 also alters mitochon-
drial quality control. Our findings indicate that elevated
SIRT4 levels impact on the respiratory chain (presumably
via interaction with components of complexes | and/or V)
associated with reduced O, consumption under basal and
mitochondrial stress conditions, drop in mitochondrial
membrane potential (AWm), and increased mitochondrial
ROS (mtROS) levels [15]. As a consequence, we detected
an increase in mitochondrial mass that could be due to a
compensatory increase in mitochondrial biogenesis and/or
the accumulation of dysfunctional mitochondria due to
impaired mitophagy. Contrary to the latter, autophagic flux,
as determined by increased LC3B-II levels under mitochon-
drial stress conditions, was elevated in SIRT4 overexpress-
ing cells, indicative of a higher autophagic rate to clear
depolarized/dysfunctional mitochondria. However, further
experiments revealed that the recruitment of the E3 ligase
and mitophagy regulator Parkin to damaged mitochondria
was decreased by approximately 40% when corrected for
the almost 3-fold increase in mitochondrial mass [15].
These findings are mechanistically supported by our obser-
vation that SIRT4 interacts with and stabilizes, in an enzy-
matically dependent manner, the dynamin related GTPase
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and major mitochondrial fusion promotor L-OPA1 (long
form of OPA1), therefore negatively regulating mitophagy
[15]. In contrast, the proteolytically cleaved short form of
OPA1, S-OPA1, promotes mitochondrial fission [16] and
hence mitophagy. In line with our findings, SIRT4 was also
shown to reduce ERK mediated phosphorylation of the
pro-fission factor DRP1 thereby inhibiting mitochondrial
fission [17] and presumably mitophagy. Taken together,
increased SIRT4 expression seems not only to contribute to
the pool of dysfunctional and more fused mitochondria,
but also to inhibit their clearance by mitophagy.

In summary, our current model for the function of the
SIRT4-OPA1 axis in mitochondrial fusion/fission regulation
and mitochondrial quality control is summarized in Figure
1. The nature of the SIRT4-OPA1 interaction, the involved
enzymatic activity of SIRT4 (ADP-ribosyltransferase [10],
lipoamidase [9], or lysine deacylase [18]) required for L-
OPA1 stabilization or decreased proteolytic L-OPA1 pro-
cessing (e.g. via the stress responsive mitochondrial prote-
ase OMA1), and the interaction of SIRT4 with mitophagy
pathways (receptor mediated, Pink-Parkin driven) [19] are
currently unclear. Moreover, SIRT4 may trigger the “retro-
grade” signalling response from mitochondria to the nu-
cleus that is mediated by the AMPK/PGCla pathway [20]
and potentially contributes to the increased mitochondrial
mass observed in SIRT4 overexpressing cells. Although our
work was based on cell culture systems including primary
human dermal fibroblasts, further studies will test the gen-
eral significance and potential druggability of the miR-15b
— SIRT4 — OPA1 axis in vivo to better understand and pre-
vent stress-induced decrease in mitophagy as emerging
effector of cellular aging.

FIGURE 1: lllustration of
the role of the SIRT4-OPA1
axis in mitochondrial qual-
ity control, mitophagy
inhibition, and accumula-
tion of functionally im-
paired mitochondria
linked to cellular aging.
The depicted interaction

o, —

partners of SIRT4, including
components of the com-

PN
— |(L-OPA1) — Fysion
. A ﬁ plexes | and V of the res-

piratory chain, have been
Mitophagy identified by mass spec-

v

ATP

"‘“’,.,_

trometric analyses (un-
published results). L-OPA1,

J_ long form of the dynamin-

related GTPase and mito-

: chondrial fusion regulator

D‘_lr‘SfUﬂCthﬂ.m optic atrophy 1; ROS, reac-
Mitochondria tive oxygen species.

¥

Aging

OPEN ACCESS | www.cell-stress.com 2

Cell Stress | JANUARY 2018 | Vol. 2 No. 1



A. Lang and R.P. Piekorz (2017)

ACKNOWLEDGEMENTS

This work was supported by research commission (grant
9772643) of the Medical Faculty of the Heinrich-Heine-
University, strategic research fund (grant 701.301.987) of
the Heinrich-Heine-University, and Deutsche For-
schungsgemeinschaft (SFB728, project A05).

CONFLICT OF INTEREST
The authors declare no conflict of interest.

REFERENCES

1. Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G (2013).
The hallmarks of aging. Cell 153(6): 1194-1217. doi:
10.1016/j.cell.2013.05.039

2. Diot A, Morten K, Poulton J (2016). Mitophagy plays a central role in
mitochondrial ageing. Mamm Genome 27(7-8): 381-395. doi:
10.1007/s00335-016-9651-x

3. Gaziev Al, Abdullaev S, Podlutsky A (2014). Mitochondrial function
and mitochondrial DNA maintenance with advancing age. Biogeron-
tology 15(5): 417-438. doi: 10.1007/s10522-014-9515-2

4. Korolchuk VI, Miwa S, Carroll B, von Zglinicki T (2017). Mitochondria
in cell senescence: Is mitophagy the weakest link? EBioMedicine doi:
10.1016/j.ebiom.2017.03.020

5. Haigis MC, Sinclair DA (2010). Mammalian sirtuins: biological in-
sights and disease relevance. Annu Rev Pathol 5:253-295. doi:
10.1146/annurev.pathol.4.110807.092250

6. Yang W, Nagasawa K, Miinch C, Xu Y, Satterstrom K, Jeong S, Hayes
SD, Jedrychowski MP, Vyas FS, Zaganjor E, Guarani V, Ringel AE, Gygi
SP, Harper JW, Haigis MC (2016). Mitochondrial Sirtuin Network Re-
veals Dynamic SIRT3-Dependent Deacetylation in Response to Mem-
brane  Depolarization. Cell 167(4): 985-1000.e1021. doi:
10.1016/j.cell.2016.10.016

7. Laurent G, Boer VCJd, Finley LWS, Sweeney M, Lu H, Schug TT, Cen
Y, Jeong SM, Li X, Sauve AA, Haigis MC (2013). SIRT4 represses peroxi-
some proliferator-activated receptor a activity to suppress hepatic fat
oxidation. Mol Cell Biol 33(22): 4552-4561. doi: 10.1128/mcb.00087-
13

8. Nakagawa T, Lomb DJ, Haigis MC, Guarente L (2009). SIRTS
Deacetylates carbamoyl phosphate synthetase 1 and regulates the
urea cycle. Cell 137(3): 560-570. doi: 10.1016/j.cell.2009.02.026

9. Mathias RA, Greco TM, Oberstein A, Budayeva HG, Chakrabarti R,
Rowland EA, Kang Y, Shenk T, Cristea IM (2014). Sirtuin 4 is a lipoami-
dase regulating pyruvate dehydrogenase complex activity. Cell 159(7):
1615-1625. doi: 10.1016/j.cell.2014.11.046

10. Haigis MC, Mostoslavsky R, Haigis KM, Fahie K, Christodoulou DC,
Murphy AJ, Valenzuela DM, Yancopoulos GD, Karow M, Blander G,
Wolberger C, Prolla TA, Weindruch R, Alt FW, Guarente L (2006). SIRT4
inhibits glutamate dehydrogenase and opposes the effects of calorie
restriction in pancreatic beta cells. Cell 126(5): 941-954. doi:
10.1016/j.cell.2006.06.057

11. Lang A, Grether-Beck S, Singh M, Kuck F, Jakob S, Kefalas A, Al-
tinoluk-Hambuchen S, Graffmann N, Schneider M, Lindecke A,

OPEN ACCESS | www.cell-stress.com 3

SIRT4 and mitophagy

COPYRIGHT

© 2017 Lang and Piekorz. This is an open-access article
released under the terms of the Creative Commons Attrib-
ution (CC BY) license, which allows the unrestricted use,
distribution, and reproduction in any medium, provided
the original author and source are acknowledged.

Please cite this article as: Alexander Lang and Roland P. Piekorz
(2017). Novel role of the SIRT4-OPA1 axis in mitochondrial quality
control. Cell Stress 2(1): 1-3. doi: 10.15698/cst2018.01.118

Brenden H, Felsner |, Ezzahoini H, Marini A, Weinhold S, Vierkotter A,
Tigges J, Schmidt S, Stuhler K, Kohrer K, Uhrberg M, Haendeler J,
Krutmann J, Piekorz RP (2016). MicroRNA-15b regulates mitochondrial
ROS production and the senescence-associated secretory phenotype
through sirtuin 4/SIRT4. Aging 8: 534-559. doi:
10.18632/aging.100905

12. Rodier F, Campisi J (2011). Four faces of cellular senescence. J Cell
Biol 192(4): 547-556. doi: 10.1083/jcb.201009094

13. Hock MB, Kralli A (2009). Transcriptional control of mitochondrial
biogenesis and function. Annu Rev Physiol 71: 177-203. doi:
10.1146/annurev.physiol.010908.163119

14. Biswas M, Chan JY (2010). Role of Nrfl in antioxidant response
element-mediated gene expression and beyond. Toxicol Appl Phar-
macol 244(1): 16-20. doi: 10.1016/j.taap.2009.07.034

15. Lang A, Anand R, Altinoluk-Hambdiichen S, Ezzahoini H, Stefanski A,
Iram A, Bergmann L, Urbach J, Bohler P, Hansel J, Franke M, Stlhler K,
Krutmann J, Scheller J, Reichert A, Piekorz R (2017). SIRT4 interacts
with OPA1 and regulates mitochondrial quality control and mitopha-
gy. Aging 9(10): 2163-2189. doi: 10.18632/aging.101307

16. Wai T, Langer T (2016). Mitochondrial Dynamics and Metabolic
Regulation. Trends Endocrinol Metab 27(2): 105-117. doi:
10.1016/j.tem.2015.12.001

17. Fu L, Dong Q, He J, Wang X, Xing J, Wang E, Qiu X, Li Q (2017).
SIRT4 inhibits malignancy progression of NSCLCs, through mitochon-
drial dynamics mediated by the ERK-Drp1 pathway. Oncogene 36(19):
2724-2736. doi: 10.1038/0nc.2016.425

18. Anderson KA, Huynh FK, Fisher-Wellman K, Stuart JD, Peterson BS,
Douros JD, Wagner GR, Thompson JW, Madsen AS, Green MF, Sivley
RM, llkayeva OR, Stevens RD, Backos DS, Capra JA, Olsen CA, Campbell
JE, Muoio DM, Grimsrud PA, Hirschey MD (2017). SIRT4 Is a Lysine
Deacylase that Controls Leucine Metabolism and Insulin Secretion.
Cell metabolism 25(4): 838-855. doi: 10.1016/j.cmet.2017.03.003

19. Zimmermann M, Reichert AS (2017). How to get rid of mitochon-
dria: crosstalk and regulation of multiple mitophagy pathways. Biol
Chem 399(1): 29-45. doi: 10.1515/hsz-2017-0206

20. Ho L, Titus AS, Banerjee KK, George S, Lin W, Deota S, Saha AK,
Nakamura K, Gut P, Verdin E, Kolthur-Seetharam U (2013). SIRT4
regulates ATP homeostasis and mediates a retrograde signaling via
AMPK. Aging 5(11): 1-15. doi: 10.18632/aging.100616

Cell Stress | JANUARY 2018 | Vol. 2 No. 1



