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Sirt5 desuccinylates Cdc42 to mediate )
osteoclastogenesis and bone remodeling

in mice

Post-translational modifications (PTMs) play a critical role in
bone remodeling, with phosphorylation and acetylation being
particularly well characterized. Recently, succinylation, a
relatively uncommon PTM on lysine, has received consider-
able research attention for its influence on several physio-
logical and pathological processes and conditions.” Several
substrates involved in mitochondrial pathways have been
validated as substrates for the desuccinylase sirtuin 5 (Sirt5),
a key regulator of succinylation.? Bone is one of the most
metabolically active organs, but the role of succinylation
during bone remodeling is not well characterized.

In this study, we report that Sirt5-mediated desucciny-
lation is involved in bone remodeling. Mechanistically, we
confirm that cell division cycle 42 (Cdc42), a critical regu-
lator of osteoclast function, is a physiological substrate of
Sirt5. We show that loss of Sirt5 stabilizes Cdc42 by succi-
nylating lysine residue K153, which in turn protects Cdc42
from ubiquitination and subsequent degradation. Thus, our
data reveal a mechanism by which Sirt5 mediates osteo-
clastogenesis by regulating Cdc42 succinylation and activ-
ity. It also suggests a potential intervention strategy for
osteoporosis and other Cdc42-associated diseases.

First, we examined the effects of Sirt5 deficiency on bone
remodeling in mice and showed that Sirt5~’~ mice had
reduced trabecular bone compared to wild-type controls
(Fig. 1A), a significant decrease in bone mineral density and
trabecular thickness, and an increase in trabecular separa-
tion (Fig. S1A). Dynamic histomorphometric analysis using
double labeling with tetracycline and calcein showed no
difference in mineral apposition rate (Fig. S1B). Bone
resorption marker fTRAP and serum calcium levels were
significantly higher in Sirt5~/~ mice, whereas there were no
significant differences in bone formation marker BALP levels
(Fig. S1C). Histological staining showed that the number of
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osteoclasts was significantly increased in Sirt5~'~ mice
(Fig. S1D), and Sirt5 KO did not affect the number of osteo-
blasts (Fig. S1E). Ex vivo studies further showed that loss of
Sirt5 could significantly enhance osteoclastogenesis
(Fig. 1B), but did not affect osteogenesis (Fig. S2A). The
expression of Sirt5 decreased during osteoclast differentia-
tion of RAW264.7 preosteoclast cells and primary mouse
bone marrow-derived macrophage cells (BMDMs)
(Fig. S2B, C). The Sirt5-specific inhibitor MC3482 promoted
osteoclast differentiation of RAW264.7 and BMDMs
(Fig. S2D, E), whereas the Sirt5 activator resveratrol
reversed this effect (Fig. S2F).

We then investigated the precise mechanisms of Sirt5-
mediated osteoclast differentiation. The levels of succiny-
lation, but not malonylation and glutarylation, were found
to increase dynamically during osteoclast differentiation of
RAW264.7 cells (Fig. S3A). Lysine succinylome analysis
identified a list of succinylated proteins during osteoclast
differentiation of RAW264.7 cells (Fig. 1C and Table S1).
The majority of these succinylated proteins and sites were
identified in mature osteoclasts (Fig. 1D). As expected, the
succinylated substrates were mainly cytoplasmic or mito-
chondrial proteins and enriched in different metabolic
pathways. Among these identified targets, several known
succinylated proteins including IDH2, PKM, S100A10, and
SDHA have been reported in previous studies. Furthermore,
based on the characteristics of the succinylated sites, we
narrowed down this list to 16 highly succinylated targets
that could contribute most to the effect of Sirt5, using the
following criteria: (i) >3 succinylated sites; (ii) all succi-
nylated sites show the same up- or down-trends in osteo-
clastogenesis; (iii) succinylated housekeeping proteins
were eliminated. Finally, 16 highly succinylated proteins
were selected (Fig. S3B). Most of the possible biological
processes were focused on mitochondrial metabolism and
ATP production (Fig. 1E), which are required for the energy-
consuming processes of osteoclastogenesis and osteolysis.

2352-3042/© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.gendis.2023.04.033&domain=pdf
www.sciencedirect.com/science/journal/23523042
http://www.keaipublishing.com/en/journals/genes-diseases
https://doi.org/10.1016/j.gendis.2023.04.033
https://doi.org/10.1016/j.gendis.2023.04.033
http://creativecommons.org/licenses/by/4.0/

Rapid Communication

WT

D Osteoclast/Raw264.7 E
250 Cs, Got2, DId, Sdha
[ Up-regulated

Atpsfia, AtpSh, Hsp90ab1 [ATPISYRtRase I

_ Sirt5-/-

Raw264.7

Gaes) [ )
S Cell lysis

Osteoclast

'
Trypic digestion
¥

Peptides HPLC Seperation
1

aug

e

Immunoprecipitation

electron transport

200 3 Down-regulated !
@ Hsp90ab1, Hspa8, Hspa9 HPLC/MS/MS
€150 DId, Eeflat, Eef2
O 100 Eno1, Tpi1 -d gluconeogenesns
Cdc42, S100a10_ or cellular p
50
Lep1 [Agiintbinding protein
Suc-sites Suc-proteins High-suc proteins o 1 2 3 4 5
X
F {@@t\ o“\# G H mca4s2 - - - - + + + +
& & RANKL(min) 0 15 30 60 0 15 30 60

WT Sirt5-/-
Succinyllysine| &+ ’

Succinyllysine \H}
IP: Cdc42 IP: Cdc42 =

p-Erk1/2 | = |

Cdcaz [ = CdeA2 [ pAkt

Input w Input :

B-actin [ B-actin [ — Akt | ——————— —
p-P38 —_——— ——
| P38 |w—

MC3482 - = + - + COCA2 S ws S s - ———
CASIN - - - + + Sirts - ew wp e e G- e
Rankl -+ + + & B-ACHn [ ———— ——

pEK2 | T8 e = -

Erk1/2 E : :-T—; 3 ’ J K
et [ SR S S | Mc3a52 bmso mosm2 -
CHXh) 01 2 46 8 01 2 4 6 8 IP:Cdc42  + +
Akt | ———— o
Cdca2 | N —— | Ubiquitin ! '
P38 [ o e e | . W
_Acti - Cdc42|
P38 B-Actin I l
Cdc42 | s -
CdCA2 | g S E—" e S | Input
Sirts [——-— —.4—‘
BrACHN | ———
L M Flag-Cdc42
WT K153R K133R K163R
FIag-Cdc42 IP:Flag + . . .
CHX + + + + Flag
Flag |mme e o o Flag| gum o - —
R Input
B-actin B-actin| =— — - —
N
M-CSF RANKL
/ Osteoclast
RANK
\(HHNH”HN SEISRIEINE I TE ({9454 17
2
,u 5 MC3482 Resveratrol @]
\, ® @6
//59 . @\ e/
() \ Slrl5 NS
Cdc42 Cdc42

/i\

Proliferation  Differentiation Polarization

Degradation



Rapid Communication

3

All highly succinylated proteins belong to up-regulated
targets in osteoclastogenesis and no down-regulated ones
were identified (Fig. S3B).

Most interestingly, among the highly succinylated tar-
gets, a well-known mediator of osteoclastogenesis, Cdc42,
was found to be modified by succinylation at three lysine
sites (Lys153, Lys133, Lys163) (Fig. S4A—C). Succinylation of
Cdc42 has not been reported previously. Using a Co-IP
assay, we further confirmed that Cdc42 succinylation levels
were significantly increased in differentiated osteoclasts
(Fig. 1F). Cdc42 was also more highly succinylated in os-
teoclasts isolated from Sirt5 KO mice than from wild-type
mice (Fig. 1G). Taken together, these results indicate that
Cdc42 is succinylated during osteoclastogenesis.

Subsequently, Co-IP and Western blotting with Flag-
Cdc42 and HA-Sirt5 ectopically expressed HEK293T cells
showed that Cdc42 interacts with Sirt5 (Fig. S5A). Immu-
nofluorescence staining revealed that endogenous Cdc42
colocalized with endogenous Sirt5 mainly in the cytoplasm
of osteoclasts (Fig. S5B). We further showed that a Sirt5-
specific inhibitor, MC3482, could enhance Cdc42-mediated
activation of p-Erk1/2, p-Akt, and p-38 in RANKL-stimulated
osteoclastogenesis (Fig. 1H), whereas a Cdc42 inhibitor,
CASIN, could reverse this activation (Fig. 11). Sirt5 knock-
down increased Cdc42 levels in RAW264.7 cells (Fig. S5C),
whereas Sirt5 overexpression decreased Cdc42 levels in
RAW264.7 cells, which was independent of RANKL stimula-
tion (Fig. S5D). Primary osteoclasts from Sirt5~/~ mice also
had increased Cdc42 expression compared to those from
wild-type mice, and the Sirt5 activator resveratrol
decreased Cdc42 levels in primary osteoclasts from wild-
type mice, but had no effect in pre-osteoclasts from
Sirt5-/~ mice (Fig. S5E). Furthermore, the reduced effects
of resveratrol on Cdc42 could also be counteracted by the
Sirt5 inhibitor MC3482 (Fig. S5F). Taken together, these
data indicate that Cdc42 could be desuccinylated as a
direct target of Sirt5 and suggest that Sirt5-mediated suc-
cinylation of Cdc42 affects its levels and corresponding
activity in regulating RANKL-triggered osteoclastogenesis.

Finally, we found that the Sirt5 inhibitor MC3482 delayed
the degradation and increased the protein stability of
Cdc42 in the CHX chase (Fig. 1J). In addition, MC3482
treatment also decreased the ubiquitination of Cdc42 in
RAW264.7 cells (Fig. 1K). K153 overlaps with two other sites
(K133, K163) adjacent to known ubiquitination sites, sug-
gesting a possible competition mechanism between succi-
nylation and ubiquitination (Fig. S6A). Furthermore, K133

and K153 are highly conserved across species (Fig. S6B). We
generated K to R mutants (mimicking desuccinylation) of
Cdc42, including K133R, K153R, and K163R. As a result, the
desuccinylation mimicking mutant K153R increased its
ubiquitination level and promoted the degradation of
Cdc42 (Fig. 1L, M). In contrast, K133R and K163R did not
show any significant changes (Fig. 1L, M). Taken together,
these results indicate that succinylation at the K153 residue
protects Cdc42 from ubiquitination and degradation and
that Sirt5 can abolish the protective effect by desucciny-
lation (Fig. 1N).

Given the central role of Cdc42 in bone remodeling,® we
propose that Cdc42 may be a key effector in determining
the bone loss phenotype in the Sirt5 null mice. In addition
to Cdc42, we also found that several key enzymes involved
in the tricarboxylic acid cycle and ATP production were also
highly succinylated in osteoclasts, suggesting that there
may be a significant Sirt5-mediated metabolic shift to
accommodate energy-consuming osteoclastogenesis. Sub-
sequently, changes in metabolites, such as ATP, would also
regulate osteoclast survival and function.

Based on our findings, we propose that targeting Sirt5 to
block Cdc42 activity may be an option for the treatment of
osteoporosis. The Sirt5 activator resveratrol has been
shown to have therapeutic potential in osteoporosis.* More
interestingly, Cdc42 inhibition has been shown to extend
the lifespan of aged mice.® Given the concurrent role of
Sirt5, it is reasonable to speculate that the role of Sirt5-
mediated Cdc42 desuccinylation may not be limited to os-
teoclasts, but may represent a common mechanism in the
regulation of the aging process, where targeting Sirt5-
Cdc42 may be a valuable intervention strategy for other
age-related diseases.
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Figure 1

Sirt5 desuccinylates Cdc42 to mediate osteoclastogenesis and bone remodeling. (A) Representative images of tibial

trabecular bone. (B) BMDMs isolated from Sirt5~/~ mice showed increased osteoclastogenesis as determined by Trap staining. (C)
Experimental procedure for mass spectrometry-based lysine succinylome analysis. (D) Number of succinylated proteins and pep-
tides and highly succinylated targets identified in RAW264.7 cells and osteoclasts. (E) Functional classification of highly succiny-
lated targets. (F) CO-IP and Western blot assays validated higher succinylation status in differentiated osteoclasts. (G) Cdc42 was
also highly succinylated in osteoclasts from Sirt5~/~ mice. (H, 1) SIRT5 inhibition by MC3482 promoted RANKL-stimulated Cdc42-
mediated p-Erk1/2, p-Akt, and p-38 activation, which can be attenuated by the Cdc42 inhibitor CASIN. (J, K) Sirt5 inhibitors can
delay Cdc42 degradation in the CHX chase and increase ubiquitin modification levels. (L, M) Lys153 desuccinylation mutation
showed a significant effect on Cdc42 degradation and ubiquitination. (N) A proposed model for explaining the effects of Sirt5 on

Cdc42 modification and functions in osteoclasts.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gendis.2023.04.033.
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