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Small GTP-binding protein GDP
dissociation stimulator influences
cisplatin-induced acute kidney injury
via PERK-dependent ER stress

Check for updates

Yuxue Yang1,2,8, Ting Xiong3,8, Ti Wang1,8, Xiwei Chen1, Ziwei Ma4, Bangyun Zuo1, Dong Ning5,
Ruilong Song6, Xuesong Liu 7 & Daxin Wang 1

Cisplatin is a commonanticancer drug, but its frequent nephrotoxicity limits its clinical use. SmallGTP-
binding protein GDP dissociation stimulator (smgGDS), a small GTPase chaperone protein, was
considerably downregulated during cisplatin-induced acute kidney injury (CDDP-AKI), especially in
renal tubular epithelial cells. SmgGDS-knockdown mice was established and found that smgGDS
knockdown promoted CDDP-AKI, as demonstrated by an increase in serum creatine, blood urea
nitrogen levels and the appearanceof tubular patterns. RNAsequencing suggested that protein kinase
RNA-like ER kinase (PERK), which bridges mitochondria-associated ER membranes, was involved in
smgGDS knockdown following CDDP-AKI, and then identified that smgGDS knockdown increased
phosphorylated-PERK in vivo and in vitro. Furthermore, we confirmed that smgGDS deficiency
aggravated apoptosis and ER stress in vivo and in vitro. And the ER stress inhibitor 4-Phenylbutyric
acid and the inhibition of PERK phosphorylation mitigated smgGDS deficiency-induced ER stress
related apoptosis following cisplatin treatment, while the eIF2α phosphorylation inhibitor could not
reverse the smgGDS deficiency accelerated cell death. Furthermore, the over-expression of smgGDS
could reverse the ER stress and apoptosis caused by CDDP. Overall, smgGDS regulated PERK-
dependent ER stress and apoptosis, thereby influencing renal damage. This study identified a target
for diagnosing and treating cisplatin-induced acute kidney injury.

Acutekidney injury (AKI), a fatal diseasewithhighmortality andmorbidity,
is characterizedby sudden renal dysfunction1. It is responsible for 10–15%of
hospitalizations, with 20% requiring kidney replacement therapy2,3. The
etiology of AKI is complex and includes trauma, sepsis, circulation load
changes, and nephrotoxic substances4. Cisplatin (cis-diamminedi-
chloroplatinum II, CDDP) is a common anticancer drug, but its side effects
include damage to the proximal tubules of the kidneys, neurons, and ears
and nephrotoxicity resulting from renal biotransformation disorder due to
CDDPaccumulation in the kidney. These side effects limit the use of CDDP

for treatingmalignant tumors5,6. Research onCDDP-inducedAKI (CDDP-
AKI)may help identify themechanismunderlying the nephrotoxic effect of
the CDDP, provide biomarkers, and alleviate the renal injury induced by
CDDP-AKI7.

Under stressful conditions, an imbalance in cellular homeostasis
results in unfolded, misfolded, or dysfunctional proteins accumulating in
the endoplasmic reticulum (ER) lumen and an uptick in the unfolded
protein response (UPR), causing ER stress8. CDDP increases cellular stress,
including ER stress, mitochondrial stress, and autophagy, and when this
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stress exceeds certain thresholds, nuclear fragmentation and cell death
occur9,10. The ER transmembrane sensors, including protein kinase RNA-
like ER kinase (PERK), hepatic activating transcription factor (ATF) 6, and
inositol-requiring enzyme 1, are principally responsible for activating ER
stress. Furthermore, the intraluminal structures of sensors are tied with are
bound and rendered inactive by glucose-regulated protein 78 (GRP78, also
knownasBiP)underphysiological conditions.However,GRP78 is recruited
to improperly modified proteins while being separated from the UPR
sensor, causing ER stress activation11.Moreover, PERK signaling is initiated
in response to ER stress via amechanism involving PERK dimerization and
PERK structural domain autophosphorylation12. PERK is primarily loca-
lized in the ER membrane and acts as a bridge in mitochondria-associated
ER membranes (MAMs)12. Overactivation of the PERK pathway causes
defects in ER stress-induced apoptosis13,14. PERK dimerization and struc-
tural domain autophosphorylation activate the classical PERK/eukaryotic
initiation factor 2α (eIF2α)/C/EBPhomologous protein (CHOP)pathway15.
On the one hand, CHOPcould act as a transcription factor to upregulate the
expression of BH3-only proteins (e.g., Bim), leading to BAX activation,
whichmediatesmitochondrial apoptosis13.On the other hand,CHOPbinds
to ER and mitochondria and enables the rapid transfer of damage signals
from the ER to the mitochondria, thereby exacerbating mitochondria-
dependent apoptosis16. When eIF2α is activated, it phosphorylates and
decreases overall translation and enhances the translation of a subset of
genes, such as CHOP and ATF416. The homeostasis of ER influences cell
destiny and is highly essential in CDDP-AKI.

Statins can mitigate CDDP-induced renal injury17,18, and small GTP-
binding protein GDP dissociation stimulator (smgGDS, also known as
Rap1GDS) has been identified as a crucialmediator of the pleiotropic effects
of statins independent of their cholesterol-lowering effects19–22. SmgGDS
was discovered in 1990; it can regulate the conversion of GDP-bound
inactive small GTPases to GTP-bound active small GTPase23. The role and
function of smgGDS in various diseases have received increasing attention.
Statin administration increases smgGDS protein levels and exerts a pro-
tective effect against angiotensin-induced hypertrophic cardiomyopathy
and endothelial cell injury by reducing oxidative stress levels via RAC1
degradation19,20. Additionally, smgGDS knockdown results in aortic
inflammation and elevated matrix metalloproteinases, which accelerates
thoracic aortic aneurysm; however, the local administration of the smgGDS
gene construct inhibits thoracic aortic aneurysm growth24. Moreover, the
smgGDS was been identified as the key mediator of sex differences in
resilience to ferroptosis in takotsubo syndrome induced heart injury25.
Lastly, clinical studies have demonstrated that smgGDS mutations are a
potential cause of diabetes andhypotonia26. SmgGDSplays a primary role in
the prenylationof related smallGTPases and their translocation to theERor
cellmembrane.Moreover, splice switching—anoncogenic ratio of smgGDS
isoforms—modifies PERK activity, upregulates ER stress-related CHOP
expression, and ultimately enhances Caspase-3 activation and apoptosis26.
Thesefindings suggest that smgGDSmight play a role in humandisease and
CDDP-AKI. However, studies on smgGDS in kidney-related illnesses are
limited.

Theprecisemechanismsbywhich smgGDSregulatesPERK is required
to be clarified. Existing research on the role of smgGDS has mostly focused
on cancer-related diseases; however, in recent years, attention has gradually
shifted to the role of smgGDS in other areas of human disease, as itmay be a
potential therapeutic target for kidney disease, cardiovascular disease, and
metabolic imbalances. In this study, we hypothesized that smgGDS would
regulate PERK expression and/or activity, thereby influencing ER stress
and apoptosis in CDDP-AKI.

Results
SmgGDSmight play a vital role in CDDP-AKI and tubular epi-
thelial cell death
First, smgGDS expression was confirmed in the kidney using western
blotting, and the heart, aorta, and related cell lines were used as a positive
control (Fig. S1a). Furthermore, the cisplatin induced AKI model was

established by C57BL/6 J mice and the blood and kidney samples were
collected. Subsequently, kidney sectionswere subjected toHematoxylin and
Eosin (HE) aswell as periodic acid-Schiff (PAS) staining, followedbykidney
injury scoring, andmeasurement of serum creatinine (SCr) and blood urea
nitrogen (BUN). The results showed that after injected with cisplatin
(20mg/kg) 72 h, renal tubule damage ensued, presenting a tubular pattern,
with an elevated injury score, BUN, and SCr levels compared to the saline-
treated group. These results suggested successful establishment of the
CDDP-AKI model (Fig. 1a–d). Furthermore, immunofluorescence and
western blotting were conducted to identify smgGDS alterations in CDDP-
AKI. Immunofluorescence analysis showed that smgGDS expressed in
kidney, specifically that expressed in the renal tubular epithelial cells (the
cadherin-16-positive cells),was reduced in theCDDP-AKIgroupcompared
with that in the saline-treated group in vivo (Fig. 1e). Additionally, smgGDS
wasmainly expressed in renal tubular epithelial cells (Fig. 1e). Renal tubular
epithelial cell lesions—an important pathophysiological process inAKI and
TCMK-1—were selected for further study. Next, immunofluorescence
analysis demonstrated that smgGDS decreased in CDDP-treated TCMK-
1 cells compared with that in control cells (Fig. 1f). Furthermore, western
blotting confirmed that smgGDS expression was reduced in vivo and
in vitro after CDDP treatment (Fig. 1g, h). Additionally, the human-derived
cell line HK-2 was evaluated to determine the clinical translational sig-
nificance of this study; smgGDSwas downregulated inHK-2 cells following
CDDP treatment (Fig. S1b). Therefore, smgGDS was involved in CDDP-
AKI and might have played a vital role in this process.

Genetic knockdown of smgGDS promoted CDDP-AKI
To explore the effect of smgGDS in CDDP-AKI, the smgGDS+/− (KD) mice
used to establish the animalmodel for the smgGDS-knockout (smgGDS−/−)
micewere embryo-lethal (Fig. S1c–e)19. Furthermore, age- and sex-matched
wildtype (WT) and KD mice were treated with CDDP (i.p.) for 72 h to
establish the AKI model. Subsequently, the body and kidney weights were
measured, and the kidney and blood samples were collected. After CDDP
injection in the WT group, the kidney was swollen, the renal cortex was
relatively ischemic (Fig. 2a, b Fig. S2a). Notably, these pathological mani-
festations presented as swelling and vacuolation of renal tubular epithelial
cells with a tubular pattern (Fig. 2c). Comparatively, in KDmice, the renal
injury wasmore severe andwasmainly localized in the renal tubular cortex.
Additionally, comparedwith that inWTmice, inKDmice, thewhole kidney
showed ischemia and swelling (Fig. 2a), the bodyweight decreasedwhile the
kidney/body weight ratio increased (Fig. 2b), and a large number of tubular
patterns appeared with the renal tubular lumen significantly dilated, the
renal tubular epithelial cells were swollen and detached, and the kidney
injury score was increased (Fig. 2c, d). Moreover, SCr and BUN levels were
markedly increased in theKD group comparedwith those in theWTgroup,
suggesting a sharp decline in renal function in KD mice after CDDP-AKI
compared with that inWTmice (Fig. 2e, f). Furthermore, regarding NGAL
and KIM-1, the biomarkers of renal damage, NGAL was detected through
immunohistochemistry and western blotting, while KIM-1 was detected
using western blotting. Their expressions were increased in KD mice
compared to WT mice after CDDP-AKI (Fig. 2c, g).

KD mice were more susceptible to CDDP and had more severe renal
injury than WT mice. smgGDS insufficiency in mice resulted in higher
levels of renal injury markers, such as BUN, SCr, and NGAL, and a con-
siderable loss of renal tubular function compared with those in WT mice,
suggesting that smgGDSmight have played a protective role inCDDP-AKI.

PERKmight be involved in the smgGDS-meditated CDDP-AKI
process
The smgGDS-knockdowncell linewas established to explore theunderlying
mechanism of CDDP-AKI, and shRNA targeting smgGDS produced a
robust knockdown of smgGDS protein expression compared with control
shRNA. For further mechanistic studies, a series of examination was
designed (Fig. 3a), and RNA-seqwas performed to explore the differentially
expressed genes between the NC+CDDP and KD+CDDP groups.
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Fig. 1 | SmgGDS decreased in CDDP-AKI. a The HE and PAS staining of C57BL/
6 J mice kidney treated with saline or cisplatin (scale bar: 50 μm); (b) the kidney
injury score of C57BL/6 J mice kidney treated with saline or cisplatin; (c, d) serum
creatinine and bloodurea nitrogen determined at 72 h after CDDPor saline injection
in C57BL6/Jmice; (e) immunofluorescence staining of smgGDS (red) and cadherin-
16 (green) in the kidney cortex of C57BL/6 J mice treated with saline or CDDP for
72 h (magnification: ×400, scale bar: 50 μm); (f) immunofluorescence staining of

smgGDS (red) and cadherin-16 (green) in TCMK-1 treated with CDDP or saline
(control group) (magnification: ×1000, scale bar: 50 μm); (g, h) western blot of
smgGDS in kidney (n = 6) and TCMK-1 (n = 3) protein expression treated with
saline or CDDP and quantified by ImageJ. CDDP, cisplatin; TCMK-1, mouse renal
tubular epithelial cells; DAPI, nuclei; smgGDS, small GTP-binding protein GDP
dissociation stimulator. All data presented are the means ± SD. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 2 | SmgGDS insufficiency promoted the cisplatin-induced AKI. a Coronal
sections of the kidney from WT and KD mice injected with CDDP or saline intra-
peritoneally for 72 h; (b) the ratio of kidney and body weight (n = 6); (c) repre-
sentative images of HE, PAS, and immunohistochemistry staining of NGAL of
kidneys collected from WT and KD mice injected with CDDP or saline intraper-
itoneally for 72 h (magnification: ×200 HE and PAS upper panel, scale bar: 50 μm;
×400 HE, PAS and immunohistochemistry staining of NGAL lower panel, scale bar:
50 μm); (d) the injury score was evaluated as described in “Methods” (n = 6); (e, f)

serum creatinine and blood urea nitrogen determined at 72 h after CDDP or saline
injection (n = 6); (g) western blot KIM-1 and NGAL protein expression in the kidney
collected fromWT and KDmice injected with CDDP or saline and quantified by ImageJ
(n = 6). WT wildtype, KD smgGDS+/−, CDDP cisplatin, HE hematoxylin–eosin staining,
PAS periodic acid–Schiff staining, DAPI nuclei, smgGDS small GTP-binding protein
GDP dissociation stimulator, NGAL neutrophil gelatinase-associated lipocalin, KIM-1
kidney injury molecule 1. All data presented are the means ± SD. *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001.
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Fig. 3 | PERK involved in smgGDS-mediated CDDP-AKI process.Transcriptome
sequencing analysis of vector and smgGDS-knockdown TCMK-1 treated with
CDDP (NC+ CDDP vs. KD+ CDDP). a Scheme of RNA-seq and bioinformatics
analysis to screen the effector molecule of smgGDS knockdown; a volcano plot (b)
and heat map (c) of different genes compared with NC+ CDDP with KD+CDDP
(n = 4, Log2

(fold change) ≥ 1.5, P < 0.05); (d) TOP10 genes related with the cell death and
biological process of smgGDS knockdown affected in the CDDP-AKI; (e) KEGG

analysis of top 20 pathways; (f) protein expression of PERK and p-PERK in vivo
quantified by ImageJ (n = 6); (g) protein expression of PERK and p-PERK in vitro
quantified by ImageJ (n = 3). WT wildtype, KD smgGDS+/−, CDDP cisplatin,
smgGDS small GTP-binding protein GDP dissociation stimulator, KEGG Kyoto
Encyclopedia of Genes and Genomes. All data presented are the means ± SD.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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As expected, smgGDS insufficiency profoundly affected mRNA expression
profiles (Fig. 3b, c). Next, bioinformatics analysis of the differentially
expressed geneswas performed (Fig. 3d, e, Fig. S2b, c).GeneOntology (GO)
analysis demonstrated that smgGDS insufficiency in CDDP-induced injury
was related to molecular function, specialized in binding and catalytic
activity, consistentwith our expectation (Fig. S2b).Apathway analysis using
the Kyoto Encyclopedia of Genes and Genomes (KEGG) database revealed
that smgGDS promoted CDDP-induced injury through apoptosis (Fig. 3c).
Furthermore, a Reactome analysis was performed to screen out the central
aspects of smgGDS affecting apoptosis, which showed that PERK/eIF2α
might be involved in the process (Fig. S2c). Combined with the heat map
displaying differentially expressed genes in cellular processes and signal
transduction, EIF2A3K, the PERK gene, was significantly influenced by
smgGDS knockdown in CDDP-induced TCMK-1 injury (Fig. 3d).

The expression of the selected genes from RNA-seq (including
EIF2AK3), which participated in cell processes and smgGDS function-
related small GTPases (including Rap1a, Rap1b, Rac1, Rab7, and Cdc42),
was validated by qPCR (Fig. S3a). Combined with the Reactome analysis,
these analyses indicated that the mRNA expression level of EIF2AK3
showed themost significant change,PERK, theEIF2AK3-translatedprotein,
is suggested to be involved in downstreamsignaling. PERKphosphorylation
level was detected using western blotting, which showed that p-PERK was
increased in CDDP-AKI in KD mice compared with that in WT mice
(Fig. 3f). In tubular epithelial cells, which undertake the major function of
the kidney, p-PERK was markedly increased in KD treated with CDDP
compared with that in NC (Fig. 3g). Interestingly, mRNA and protein
expression were decreased, and the PERK phosphorylation level was rela-
tively increased.We suspected that excessive PERK phosphorylation would
consume PERK and have negative feedback on the transcription process;
this phenomenon has been reported in some acute injuries27. However, the
underlying mechanism needed further exploration.

Lastly, smgGDS knockdown accelerated CDDP-AKI, possibly medi-
ated by PERK. As PERK is the central component of MAM-related ER
stress, we suspected that smgGDS knockdown induced CDDP-induced
kidney dysfunction via PERK, leading to ER stress.

smgGDS knockdown enhanced mitochondria-dependent
apoptosis in CDDP-AKI in vivo and in vitro
KEGGanalysis showed that apoptosismight be a crucialmolecular outcome
in CDDP-AKI. Additionally, a severe imbalance of ER homeostasis com-
bined with PERK activation might modulate mitochondrial metabolism,
and the keymolecules involved inmitochondria-dependent apoptosis were
detected28. CleavedCaspase-3was increased inKDmice treatedwithCDDP
compared with those in WT mice (Fig. 4a). Furthermore, the function of
Bcl-2 and BAX are tightly associated with mitochondria-dependent apop-
tosis. Bcl-2 decreased andBAX increased inCDDP-AKIKDmice compared
with those in WT mice (Fig. 4a). Similar trends were observed in vitro
(Fig. 4b). Terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) assay andflow cytometrywere performed tomeasure the
apoptosis rate. In the kidneys of saline-injected mice, few TUNEL-positive
cells were detected in WT and KD mice. Furthermore, high numbers of
TUNEL-labeled cells were observed in the kidneys of WT and KD with
CDDP-AKI, and apoptosis was markedly higher in KD mice than in WT
mice (Fig. 4c). Additionally, the apoptosis rate of TCMK-1 was augmented
by CDDP, which was exacerbated by smgGDS insufficiency (Fig. 4d).
Overall, smgGDS might enhance mitochondria-dependent apoptosis in
CDDP-AKI.

smgGDS insufficiency aggravated ERstress inCDDP-AKI in vivo
and in vitro
PERK links the ER and mitochondria to react to various stresses and
damage. Furthermore, PERK activation byUPRaccumulation in the lumen
of the ER leads to eIF2α subunit phosphorylation and inhibits translation29.
We first observed an elevated eIF2α phosphorylation level in the kidneys of
WT mice with CDDP-AKI and later discovered that this level was even

more elevated in KD mice than in WT mice (Fig. 5a). And in the CDDP
treated TCMK-1, eIF2α phosphorylation level of the KD group was
increased comparedwith theNCgroup (Fig. 5b). eIF2αphosphorylation is a
key switch for controlling global transcriptional levels because it makes
eIF2β inactive, thereby causing a low transcriptional level30. Combining the
mechanismmentioned above with the low transcript levels and high PERK
phosphorylation levels after CDDP intervention in smgGDS-deficient cells
and tissues, we propose that CDDP intervention after smgGDS knockdown
increases PERK phosphorylation levels, which in turn activates eIF2α. In
contrast, hyperphosphorylation of PERK might trigger a corresponding
negative feedback mechanism that reduces PERK translation.

ER stress was detected in vivo and in vitro. We verified that GRP78,
ATF4, and CHOP levels were increased in the kidney in vivo and in vitro
after CDDP administration (Fig. 5a). Moreover, smgGDS insuffi-
ciency further elevated GRP78, ATF4, and CHOP levels in CDDP-induced
renal injury in vivo and in vitro (Fig. 5a, b). The subcellular structure was
observed using TEM. In the WT + Saline and KD + Saline group, the
massive ER (red) was surrounded themitochondria, and in theKD+ Saline
group, there are few ER slightly dilated (yellow arrow) (Fig. 5c). Further-
more, a part of the ER was dilated and mitochondria were swollen in the
kidneys of WT mice after administering CDDP (Fig. 5c). Furthermore, a
part of the ERwas dilated (yellow arrow) andmitochondria were swollen in
the kidneys of WT mice after administering cisplatin. ER swelling and
rupture resulted in noticeable vacuolization, and aberrant mitochondria
were observed in the kidneys of CDDP-treated KD mice (Fig. 5c). As pre-
viously described, PERK is strongly associated with mitochondria and ER.
However, the role of ER stress in the apoptosis resulting from smgGDS
insufficiency inCDDP-AKIwas not analyzed.The 4-PBA, a global ER stress
inhibitor, was used in order to identify the link between apoptosis and ER
stress resulting from smgGDS in CDDP-AKI. The results showed that
4-PBA could suppress ER stress induced apoptosis, compared with the NC
and KD cells treated with CDDP (Fig. 6a), decrease the expression of
CleavedCaspase-3 andBAX, and increaseBcl-2 expression (Fig. 6b) and the
decreased expression of p-PERK, GRP78, ATF4, andCHOP in the KD cells
of the CDDP-AKI model treated with 4-PBA (Fig. 6b).

In summary, smgGDS insufficiency activated PERK, aggravated
CDDP-induced ER stress and mitochondrial damage, eventually resulting
in severe apoptosis and renal injury.

SmgGDS insufficiency increased apoptosis via PERK/eIF2α/
CHOP axis
We have already identified that PERK might be involved in smgGDS
deficiency-induced ER stress and apoptosis; however, the underlying
mechanism requires further exploration. PERK and eIF2α phosphorylation
were inhibited byPERKi and ISRIB, respectively, inTCMK-1. Furthermore,
PERKi decreased p-PERK and p-eIF2α levels, and the eIF2α phosphoryla-
tion inhibitor (ISRIB) only decreased the level of p-eIF2α in the smgGDS-
knockdownTCMK-1 treatedwithCDDP (Fig. 7a). Therefore, we suspected
that PERK is upstreamof eIF2α. Furthermore, we investigated the impact of
PERKionERstress andapoptosis. SmgGDSknockdown-inducedapoptosis
and increased ER stress were reversed by PERKi injection, which was
demonstrated by the increased Bcl-2 and decreased BAX and Cleaved
Caspase-3 levels (Fig. 7b). Additionally, PERKi intervention markedly
decreased the number of apoptotic cells (Fig. 7c). Compared with those in
KD cells treated with CDDP, the ER stress-related components GRP78,
ATF4, and CHOP decreased after PERKi treatment (Fig. 7b). Considering
the changes in Caspase-3, Bcl-2, and BAX observed in this study,
which indicated potential mitochondrial injury, the mitochondrial mem-
brane potential was assessed using 5′,6,6′-tetrachloro-1,1′,3,3′-tetra-
ethylbenzimidazolylcarbocyanine iodide (JC-1).After treatedwith cisplatin,
NC cell the JC-1 monomers signal increased and the JC-1 aggregates signal
decreased compared with treated with saline. Furthermore, in the KD cell
line treated with cisplatin, the JC-1 aggregates significantly decreased
compared with the JC-1 monomers significantly increased, compare with
NC cell treated with cisplatin, suggested that the mitochondrial membrane
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Fig. 4 | SmgGDS insufficiency enhanced mitochondria-dependent apoptosis in
CDDP-AKI. aWestern blot to detect the expression and activation of Caspase-3,
PARP, Bcl-2, and BAX in the kidneys of WT and KD mice injected with CDDP or
saline intraperitoneally for 72 h was quantified by ImageJ (n = 6); (b) western blot to
detect the protein expression and activation of Caspase-3, Bcl-2, and BAX inTCMK-
1 treated with CDDP or saline was quantified by ImageJ (n = 3); (c) representative
images of apoptotic cells labeled by TUNEL in the kidney cortex ofWT andKDmice
injected with CDDP or saline intraperitoneally for 72 h, and the TUNEL-positive

cells were counted as described in the “Methods” Section (scale bar: 50 μm).
dApoptosis detection by flow cytometry labeled with PI and Annexin V FITC inNC
andKDTCMK-1 treatedwithCDDPor saline; CDDPcisplatin, NC control group of
TCMK-1, KD knockdown of smgGDS in TCMK-1, WT wildtype, KD smgGDS+/−,
TUNEL terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling;
smgGDS, small GTP-binding protein GDP dissociation stimulator. All data pre-
sented are the means ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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potential declined significantly. The result showed that smgGDS knock-
down in cells exacerbated the mitochondrial membrane potential damage
caused by CDDP compared to NC cells (Fig. 7d). To further clarify the link
between PERK and mitochondria function, the PERKi was utilized in KD
cells treated with CDDP. It showed that the PERKi treatment mitigated the
smgGDS knockdown inducedmitochondrial membrane potential declined
(Fig. 7d). These findings suggested that smgGDS-knockdown-induced ER
stress and mitochondria related apoptosis can be reversed by inhibiting
PERK phosphorylation. PERK has been proposed to be crucial for med-
iating smgGDS-induced apoptosis and ER stress.

In order to clarify role of smgGDS within CDDP-AKI, the smgGDS
overexpression cell line was established. Firstly, the results showed that the

overexpression of smgGDS could reduce the cell apoptosis ratio (Fig. 8a)
and decrease the expression of Cleaved Caspase-3 and BAX, while
increasing the expression of Bcl-2 (Fig. 8b). Furthermore, compared with
theOE-NCCDDP-treated group, the smgGDSoverexpression cells showed
decreased p-PERK levels (Fig. 8c). Furthermore, the overexpression of
smgGDS could reduce the expression of GRP78, ATF4, and CHOP in the
cells treated with CDDP (Fig. 8c). The CCT020312, a PERK phosphoryla-
tion agonist, was used, revealing that the activation of PERK could reverse
the protective effect of smgGDS overexpression (Fig. 8a–c).

Interestingly, although the protein levels of pro-PERK decreased
after smgGDS knockdown after CDDP intervention, they increased fol-
lowing theuse of PERKi and ISRIBandactivationofPERKbyCCT020312

Fig. 5 | SmgGDS insufficiency aggravated endoplasmic reticulum stress in
CDDP-AKI. aWestern blot to detect the protein expression of eIF2α, p- eIF2α,
GRP78, ATF4 andCHOP in the kidneys ofWT andKDmice injectedwith CDDP or
saline intraperitoneally for 72 h; (b) western blot to detect the protein expression of
eIF2α, p- eIF2α, GRP78, ATF4 and CHOP in TCMK-1 treated with CDDP or saline;
(c) transmission electron microscopy to observe the morphology of subcellular

organelles in the kidneys of WT and KD mice injected with CDDP or saline
(magnification: ×25.0 k, scale bar: 500 nm); WT wildtype, KD smgGDS+/−, DAPI
nuclei, CDDP cisplatin, smgGDS, small GTP-binding protein GDP dissociation
stimulator. All data presented are the means ± SD. *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001.
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also decreased pro-PERK protein levels (Figs. 6a, 8c). Combined with the
finding from earlier research that eIF2α activation suppresses levels across
the board during transcription, this finding raises the possibility that
elevated PERK phosphorylation depletes pro-PERK and activates eIF2α,
resulting in decreased PERK transcript levels and, ultimately, a significant
decrease in pro-PERK protein levels. We confirmed this hypothesis by
examining the transcription levels of the relatedmolecules (Fig. S3b). The
inhibition of eIF2α phosphorylation resulted in significantly higher
transcript levels of PERK and eIF2α, which were much higher than those
in the control group. This finding suggests that phosphorylation of eIF2α
is the primary factor causing thedownregulation of PERK transcript levels

and that it is a key molecule that controls transcription throughout the
organism.

Discussion
This study demonstrates that smgGDS contributes to CDDP-induced
kidney damage, which to the best of our knowledge, has not been reported
previously. The contributions of this study include the following. First, we
found that smgGDSwas significantly downregulated in CDDP-AKI in vivo
and invitro and that thedecrease in smgGDSexpressionwaspredominantly
located in renal tubular epithelial cells. Second, after smgGDS knockdown,
PERK phosphorylation was increased in CDDP-AKI, which activated the

Fig. 6 | Suppressed of endoplasmic reticulum stress reduced apoptosis in CDDP-
induced AKI. aApoptosis detected by flow cytometry labeled with PI and Annexin
V FITC in NC and KD TCMK-1 treated with CDDP or saline and/or 4-PBA; (b)
western blot to detect the influence of 4-PBA to the protein expression of smgGDS,
p-PERK, PERK,GRP78, ATF4, CHOP, Cleaved-Caspase3, Pro-Caspase3, Bcl-2, and

BAX in NC and KD TCMK-1 treated with CDDP or saline; 4-PBA 4-phenylbutyric
acid, CDDP cisplatin, smgGDS small GTP-binding protein GDP dissociation sti-
mulator. All data presented are the means ± SD. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001.
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Fig. 7 | SmgGDS insufficiency increased apoptosis via PERK-dependent ER
stress. a The protein expression and phosphorylation of PERK and eIF2α in CDDP
or saline-treated TCMK-1 treated with PERKi (5 nM) or ISRIB (25 nM); (b) the
protein expression and activation related to apoptosis including Caspase-3, Bcl-2,
BAX, GRP78, ATF4, and CHOP normalized by β-actin in CDDP or saline-treated
TCMK-1 treated with PERKi (5 nM); (c) apoptosis detected by flow cytometry
labeled by PI and Annexin V FITC in CDDP or saline-treated NC and KD TCMK-1

treated with PERKi (5 nM); (d) the mitochondria membrane potential detection in
CDDP or saline-treated NC and KD TCMK-1 treated with PERKi (5 nM, scale bar:
20 μm). CDDP cisplatin, PERKi selective PERKphosphorylation inhibitor, smgGDS
small GTP-binding protein GDP dissociation stimulator, JC-1 mitochondrial
membrane potential probe. All data presented are the means ± SD. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 8 | SmgGDS overexpression alleviated CDDP-induced apoptosis via PERK-
dependent ER stress. aApoptosis detected by flow cytometry labeled by 7-AAD and
Annexin V PE in CDDP or saline-treated OE-NC and OE TCMK-1 treated with
CCT020312 (10 μM); (b) the protein expression and activation related to apoptosis
including smgGDS, Caspase-3, Bcl-2, and BAX normalized by β-actin in CDDP or
saline-treated OE-NC and OE TCMK-1 treated with CCT020312 (10 μM); (c) the

protein expression including smgGDS, GRP78, ATF4, and CHOP normalized by β-
actin in CDDP or saline-treated OE-NC and OE TCMK-1 treated with CCT020312
(10 μM). CDDP, cisplatin; CCT020312, PERK phosphorylation agonist; OE over-
expression of smgGDS in TCMK-1, smgGDS small GTP-binding protein GDP
dissociation stimulator. All data presented are the means ± SD. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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PERK/eIF2α/CHOP axis and increased ER stress. And the smgGDS
insufficiency induced ER stress and apoptosis could be reverse by ER stress
inhibitor. Lastly, the inhibition of PERK phosphorylation ameliorated
CDDP-AKI caused by smgGDS knockdown and reversed the detrimental
effect of smgGDS knockdown on ER stress, while overexpression of
smgGDS mitigated ER stress and apoptosis. Moreover, to the best of our
knowledge, this is thefirst study todemonstrate that smgGDSmodulates ER
stress and apoptosis via the PERK/eIF2α/CHOP pathway in CDDP-AKI.

Nephrotoxicity is the major side effect of CDDP, which would cause
irreversible damage in patients with malignant tumors31. Statins could
relieve CDDP-induced side effects, including hearing loss and renal injury,
and smgGDS has been reported to be a vital mediator of statins’ pleiotropic
effects as previous metioned. However, studies on the role of smgGDS in
humandiseases are limited, and to the best of our knowledge, there has been
no research on smgGDS function in kidneys. In our study, we found, for the
first time, to the best of our knowledge, that smgGDS was expressed in
kidneys that and smgGDS was downregulated in CDDP-AKI. Since
embryonic lethality resulted from the systemic knockout of smgGDS in
mice, smgGDS global knockdown mice were established. SmgGDS
knockdown greatly aggravated CDDP-AKI, whichmanifested as a marked
increase in renal tubular epithelial cell death, loss of tubular function,
appearance of numerous tubular patterns, and severe kidney cortex ische-
mia. These findings provide the first convincing evidence that smgGDS
might play a protective role in renal injury.

The KEGG analysis of RNA-Seq data implied that apoptosis might be
themajor formof cell death in smgGDSdeficiency-inducedCDDP-AKI.To
confirmthis result, the cell apoptosis ratio andapoptosis biomarkers, suchas
Caspase-3, Bcl-2, and Bax, were detected in vivo and vitro. We confirmed
that smgGDS deficiency-induced renal epithelial cell death via apoptosis,
but the specific mechanism was unclear. Through sequencing the tran-
scriptome, we identified significant alterations in EIF2AK3, the ER stress
kinase PERKgene, indicating that PERKmight be a keymediator ofCDDP-
AKI exacerbated by smgGDS knockdown. PERK is an ER stress sensor, and
its increased phosphorylation activates eIF2α, resulting in an overall
downregulation of transcriptional levels and increased transcriptional levels
of stress-related molecules, including ATF4 and CHOP32. Following
smgGDS knockdown, p-PERK levels were markedly increased in the
CDDP-AKI model. Under ER stress, the distance between the ER and
mitochondria is shortened, reactive oxygen species produced by ER stress
can be transferred to mitochondria, and CHOP promotes the transcrip-
tional upregulation of mitochondrial apoptosis-related genes, such as BAX,
causing MAM-related apoptosis. It was reported that use of the ER stress
inhibitor 4-PBA not only inhibited ER stress but also improved mito-
chondrial morphology and inhibited mitochondrial pathway-dependent
apoptosis, suggesting a close relationship between the mitochondria and
ER33–36. Moreover, in the smgGDS knockdown cells, 4-PBA supplementa-
tion reversed the ER stress and apoptosis in cells treated with CDDP. These
results demonstrated that the apoptosis caused by smgGDS insufficiency
was tightly associated with ER stress and PERK might be a key molecular
player.

The TEM showed that the ER lumen was significantly expanded, and
the mitochondria were swollen, increasing their size. The ER stress-related
PERK downstream molecules, including ATF4 and CHOP, increased after
smgGDS knockdown in CDDP-AKI, and GRP78 showed the same trends.
Above all, we suspected that smgGDS insufficiency in CDDP-AKI activated
PERK, which, in turn, led to the initiation of ER stress and activated the
apoptotic pathway via MAMs, finally resulting in cell death.

The ER is the organelle primarily responsible for proteinmodification,
qualitycontrol, and transport37,38. smgGDSwasbelieved toprimarily control
the activity of partial small GTPases from the Ras, Rho, and Rap families,
facilitating GDP/GTP exchange. However, more recent research has
revealed that smgGDS is important for the post-translational modification
and transport of small GTPases, and its absence can hamper these activities,
leading to the accumulation of unmodified proteins in the ER39. SmgGDS
comprises two spliceosomes, smgGDS-607 and smgGDS-55840. Variations

in the ratio of these spliceosomes influence prenylation modifications of
small GTPases39. Additionally, smgGDS facilitates the transport of asso-
ciated proteins between the nucleus, plasma membrane, and inner mem-
brane. Furthermore, smgGDS might use its N-terminal nuclear export
sequence to return small GTPases to the cytoplasm when nuclear signaling
is complete41. On completing prenylation processing in ER, smgGDS likely
functions as a chaperone to assist the smallGTPaseof prenylation inmoving
to the plasma membrane or other cell regions42. Additionally, the detection
of PERK downstreammolecules revealed that smgGDS knockdown caused
markedly increased GRP78, ATF4, and CHOP expression in the CDDP-
AKI model. Furthermore, observing ER morphology using TEM revealed
that after administering CDDP to the KD mice, the ER of the renal cortex
was significantly dilated, and a large number of vacuoles appeared. Lastly,
the overexpression of smgGDS could decrease the expression of GRP78,
ATF4, and CHOP in cells treated with CDDP. In conclusion, in CDDP-
AKI, smgGDS is likely involved in maintaining ER homeostasis and
assisting in protein transport, modification, and degradation; therefore, its
insufficiency impairs related protein post-translational modification and
increases unfolded or misfolded protein accumulation in the ER and PERK
activation leading to severe ER stress; while the overexpression of smgGDS
helps the ER in maintaining normal function to resist external stress.

Interestingly, in our study, although the protein levels of prototypical
PERK and PERK mRNA level significantly decreased after smgGDS
knockdown and PERK activation, PERK mRNA level increased with the
promoting PERK and eIF2a phosphorylation. This raises the hypothesis
that high PERK phosphorylation depletes prototypical PERK and activates
eIF2α, resulting in lowerPERK transcript levels and a substantial decrease in
prototypical PERK protein. We tested the validity of this theory by inves-
tigating the transcription levels of linked molecules. We discovered that
reducing eIF2αphosphorylation considerably increased themRNA levels of
PERKand eIF2α comparedwith those in the control group. Eukaryotic cells
have evolved a UPR to restore ER homeostasis in response to an imbalance
in protein folding capacity43. The inhibition of PERK phosphorylation can
effectively reduce CHOP expression and ER-associated reactive oxygen
species production44. A negative feedback mechanism exists in the PERK/
eIF2α/CHOP axis, where overexpression of CHOP leads to increased
dephosphorylation of eIF2α, restoring global translation that is inhibited in
the ER stress state45. Above all, we suspected that the inhibition of eIF2α led
to an increase in PERK transcription and translation due to negative feed-
back but did not inhibit PERK phosphorylation. PERK was still activated,
and ER stress was still initiated; hence, cell damage was not reduced. The
inhibition of PERK turned off ER stress receptors and reduced ER stress,
which, in turn, led to a reduction in MAM-related apoptosis.

This study suggests that eIF2α phosphorylation is the principal
mechanismresponsible for thedownregulationofPERKtranscription levels
and is a critical transcription-regulating molecule in the entire organism.
However, it is the activation of PERK that is central to the ER stress and
MAM-related apoptosis caused by smgGDS deficiency. In other words, the
ER stress and associated apoptotic phenotype caused by smgGDS insuffi-
ciency is PERK dependent.

There are some limitations in this study. First, this study focused solely
on the effects of global smgGDS knockdown on CDDP-AKI. Given that
smgGDS-607 and smgGDS-558 had various activities within cells and the
influence of altered spliceosome ratios on disorders, such as tumors, it is
possible that the change in the spliceosome ratio also affected CDDP-AKI,
which was not considered in this study. Secondly, the effect of smgGDS on
ER stress might be due to its role in the post-translational modification and
transport of small GTPases, which require prenylation by smgGDS to
properly anchor them to the plasma membrane. Additionally, smgGDS
could helpRac1 transfer into the nucleus. The next stage of our researchwill
be to elucidate the specific role of smgGDS by investigating the effect of its
deletion on the intracellular location of small GTPases.

smgGDS shows potential as a molecule that can influence ER stress in
CDDP-AKI, broadening our understanding of its biological function. Our
study confirms that smgGDS knockdown exacerbates CDDP-AKI,
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suggesting that smgGDS plays a role in kidney-related diseases. Based on
these findings, smgGDS may be a biological target for diagnosing, pre-
venting, and treating CDDP-AKI.

In conclusion,wedetermined the expression of smgGDS in kidneys for
the first time to the best of our knowledge. Our findings indicate that
smgGDS insufficiency aggravates CDDP-AKI and reveal the vital role of
smgGDS in CDDP-AKI. Notably, in CDDP-AKI, smgGDS insufficiency
activates PERK-dependent ER stress and accelerates MAM-related apop-
tosis. The study of smgGDS function in CDDP-AKI may provide a bio-
marker and improve our understanding of smgGDS in human disease.

Methods
Reagents
The following reagents were used in this study: Cisplatin (MedChemEx-
press, Shanghai, China), Zoletil®50 (Virbac, Carros, France), 4% paraf-
ormaldehyde universal tissue fixative (Biosharp, Hefei, China),
hematoxylin–eosin (HE) kit (BaSO, Zhuhai, China), periodic acid–Schiff
(PAS) kit (BaSO, Zhuhai, China), neutral balsam (Solarbio, Beijing, China),
100X citrate antigen retrieval solution (BBI, Shanghai, China), TritonX-100
(Solarbio), Normal Goat Serum (Solarbio), PageRuler Protein ladder
(Thermo Fisher,Waltham,MAUSA) RIPA buffer (NCMBiotech, Suzhou,
China), sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) loading buffer 5X (NCM Biotech, Suzhou, China), proteolytic
protease and phosphatase inhibitor cocktail (NCM Biotech, Suzhou,
China), TRIzol (Tiangen, Beijing, China), PrimeScript RT reagent Kit with
gDNA Eraser (TAKARA, Kusatsu, Japan), TB Green Premix Ex Taq II
(TAKARA, Kusatsu, Japan), 3,3’-diaminobenzidine tetrahydrochloride
(DAB, ZSGB-Bio, Beijing, China), fetal bovine serum (FBS, Gibco, NY, CA,
USA), Eagle’s minimum essential medium (MEM, Hyclone, Logan, UT,
USA), penicillin–streptomycin (Beyotime, Shanghai, China), PEAnnexinV
Apoptosis Detection Kit I (BD Bioscience, Franklin Lakes, NJ, USA), FITC
Annexin V Apoptosis Detection Kit I (BD Bioscience, Franklin Lakes, NJ,
USA), lentiviruses containing shRNA targeting mouse smgGDS-shRNA
and control vectors with anti-puromycin (LV-shsmgGDS-Puro, LV-shNC-
Puro, HanBio, Shanghai, China), polybrene (HanBio, Shanghai, China),
lentiviruses containing smgGDS overexpression (OE) and empty vectors
(LV-OE-smgGDS-ZsGreen-Puro, LV-ZsGreen-Puro, HanBio, Shanghai,
China), 4-Phenylbutyric acid (4-PBA, MedChemExpress, Shanghai,
China), GSK2606414 (selective PERK phosphorylation inhibitor [PERKi],
MedChemExpress, Shanghai, China), and selective inhibitor of eIF2α/
eIF2S1 Ser51 phosphorylation (ISRIB, Sigma-Aldrich, St. Louis,MO,USA),
CCT020312 (selective PERK phosphorylation agonists, MedChemExpress,
Shanghai, China). The antibodies for immunohistochemistry and primers
used in this study are listed in Tables S1, S2.

Animals
C57BL/6 J mice (strain no. N000013) were purchased from GemPharma-
tech (Nanjing, China).Additionally, smgGDShetero-deficient (smgGDS+/−,
strain n. T014825) C57BL/6 J background mice were obtained from Gem-
Pharmatech. The mice were raised in Specific Pathogen Free environment
under the 12 h-light and 12 h-dark cycle. Subsequently, at 3–4 weeks, DNA
was extracted from the mice tails. Next, WT and KD genes were amplified
using their primers, andDNA agarose gel electrophoresis was performed to
confirm the genotype. The procedure for genotype identification was per-
formed, as described previously46. The data and primers are presented in
Fig. S1d and Table S3.

The mice used in this study were male, aged 8–10 weeks, and weighed
22 ± 3 g.Weestablished theCDDP-AKImodel by administeringadosageof
CDDP (20mg/kg, i.p.) tomice, while a control groupwas given saline47. The
mice were anesthetized with Zoletil®50 72 h after CDDP treatment, and
then the sampleswere collected for the further study, after that themicewere
euthanized using CO2. Themouse carcasses were frozen and processed and
were subsequently enclosed and delivered to Yangzhou University Animal
Carcass Disposal Center for centralized harmless disposal. There were no
surplus animals. All animal experiments were approved by the Ethics

Committee of Yangzhou University (approval no. 202210006) and were
conducted in accordance with the National Institutes of Health Guidelines
for the Care and Use of Laboratory Animals.

Cell culture and in vitro treatment
TCMK-1 (normal mouse renal tubular epithelial cell line) was purchased
from the American Type Culture Collection (Manassas, VA, USA) (#CCL-
139) and cultured inMEMcontaining 10% fetal bovine serum(FBS) and1%
penicillin–streptomycin (AA) at 37 °C in a 5% CO2 incubator. HK-2
(proximal renal tubular epithelial cell line derived fromnormal human)was
obtained from the Chinese Academy of Sciences and cultured in DMED/
F12 containing 10% FBS and 1% AA 37 °C in a 5% CO2 incubator. Cells
were transferred to a medium containing 1% FBS for 12 h for starvation.
Then, TCMK-1 and HK-2 were treated with CDDP (20 μM) dissolved in
saline, and the control group was treated with saline. Subsequently, the
PERKi (5 nM), ISRIB (25 nM), 4-PBA (5mM), and CCT020312 (5 μM)
were used48–50.

Lentiviral transfection
To obtain a stable smgGDS-knockdown and smgGDS-OE cell lines,
transfected LV-smgGDS-Puro and LV-OE-smgGDS-ZsGreen-Puro cell
lines were used as the KD and OE group, and transfected LV-shNC-Puro
and LV-ZsGreen-Puro cell lines were used as the control group (NC and
OE-NC) at multiplicity of infection = 1. The smgGDS-shRNA sequence
Top strand: GATCCGTAGAGATCGTCCAACAGAACTCGAGTTCTG
TTGGACGATCTCTATTTTTTG, Bottom strand:

AATTCAAAAAATAGAGATCGTCCAACAGAACTCGAGTTCTG
TTGGACGATCTCTACG. The information of the plasmids, sh-
smgGDS(225202) OE-smgGDS(225203), was submitted to Addgene.
Twenty-four hours before lentiviral transfection, TCMK-1 was seeded into
six-well plates. The next day, when the cell density was about 50%, the
original medium was exchanged for a fresh medium supplemented with
6 μg/mL polybrene and LV-smgGDS-Puro and LV-NC-Puro (or LV-OE-
smgGDS-ZsGreen-PURO and LV-ZsGreen-Puro) were added and incu-
bated at 37 °C. Next, fresh medium was added into plates to dilute poly-
brene to half of initial concentration after 4 h and re-added after 24 h
incubation. After transfection with lentivirus containing the anti-
puromycin gene, medium added with puromycin (2 μg/mL) to select
stable transfectants. The verification of transfection efficiency by western
blotting is shown in Fig. 3g. Furthermore, the rescue assay was conducted to
exclude the off-target interference shown in Fig. S3c, d.

Histological assessment
Mice kidney tissues were fixed in 4% paraformaldehyde, embedded in
paraffin, and sequentially sectioned using a rotary microtome (LeicaBio-
systems, Weztlar, Germany) to prepare paraffin sections (5 μm). Next, the
sections were stained with HE and PAS kit and sealed with neutral balsam.
The injury score was calculated as previously described51. Briefly, the his-
topathologic injury scorewas calculated using a single-blindmethod in each
group of six mice with 10 random 200× fields of view per section. The renal
injury was then assessed by calculating the ratio per field of tubular dilata-
tion, tubular cast formation, cellular debris or necrosis of epithelium in the
tubular lumen, loss of brush border, loss of nuclei, and basementmembrane
exfoliation in the renal cortex. For the scores, 0 represents no lesion, 1
indicatesminor injury (<25%), 2 indicatesmild injury (25–50%), 3 indicates
moderate injury (50–75%), and 4 indicates severe injury (>75%).

Apoptosis assay
Paraffin sections were routinely dewaxed, incubated for 20min with pro-
teinase K at 37 °C and washed with phosphate-buffered saline (PBS). Sub-
sequently, TUNEL assay solution (containing 5 μL of TdT enzyme and
45 μL of fluorescent labeling solution) was added, stained with 4’, 6-dia-
midino-2-phenylindole, washed with PBS, and finally sealed. The sections
were thenphotographedusing a confocalmicroscope (Leica, TCSSP8STED,
Weztlar, Germany). Ten random 200× fields were selected for each section,
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and TUNEL-positive cells were counted per field. The cells were digested
with trypsin and collected by centrifugation, incubated on icewith Annexin
V- fluorescein isothiocyanate (labeled by FITC) for 15min and propidium
iodide for 5min. For cells transfected with smgGDS overexpression lenti-
viruses, where the vector contained green fluorescent genes with a wave-
length similar to that of FITC, the Annexin V-PE/7-ADD apoptosis kit was
used. The cells were digested with trypsin, Annexin-PE and 7-AAD were
added to the medium and incubated 15min at room temperature (RT,
25 °C). Then assayed using flow cytometry (CyToFLEX, Beckman Coulter,
Brea, California, USA), counting 1 × 105 cells per sample according to the
manufacturer’s instructions. The gate strategy was shown in Fig. S4.

Renal function measurement
The blood samples were centrifuged at 3000 r/min for 15min at 4 °C to
separate the serum. Next, SCr and BUN levels were measured using the
Creatinine (Nanjingjiancheng, Nanjing, China) and Urea Assay Kits
(Nanjingjiancheng, Nanjing, China).

Immunofluorescence and immunohistochemistry
For the in vivo sample, the paraffin sections (5 μm)were routinely dewaxed
and placed in boiling 1× citrate antigen retrieval solution for 20min to fully
repair the tissue antigen. For the in vitro sample, the cellswere seeded on cell
slide (Solarbio, Beijing, China) and accepted the corresponding treatment
mentioned above. Next, the cells were fixed in 4% paraformaldehyde and
permeabilized with 0.3% Triton X-100. Subsequently, the above samples
were blocked with 5% normal goat serum in PBS for 1 h at 37 °C. Then,
immunostaining was performed by adding mouse anti-smgGDS (1:50,
Santa Cruz Biotechnology, Dallas, TX, USA) antibody, rabbit anti-
Cadherin16 (1:100, ABclonal, Wuhan, China), and rabbit anti-neutrophil
gelatinase-associated lipocalin (NGAL) (1:100, ABclonal, Wuhan, China),
incubating overnight at 4 °C, and incubating with fluorescent secondary
antibody (1:100–1:200) or peroxidase conjugate secondary antibody for 1 h
at 37 °C, visualized by DAB. Lastly, immunofluorescence images were
acquired (Leica, TCSSP8STED, Weztlar, Germany), and immunohis-
tochemistry images were captured (Olympus, BX53, Tokyo, Japan). Cells or
sections treated with fluorescent or peroxidase-conjugated secondary
antibodies only were used as the negative control.

Western blotting
Proteins from the kidney tissues or cells were extracted using RIPA buffer
containing a protease and phosphatase inhibitor cocktail. Protein con-
centrationsweremeasuredby thebicinchoninic acidmethod, then theRIPA
buffer was used to align the protein concentrations of each sample. The
protein samples added loading bufferwith bromophenol blue and heated in
a metal bath at 95 °C for 10min to denature the protein and to expose the
protein antigenic sites. Next, the protein samples were separated using
8%–12% SDS-PAGE in running buffer. For the stacking part of the gel, a
tensionof 70 Vwas applieduntil all samples reached the resolvingpart of the
gel, at which point a tension of 100–120 V was applied; finally, electro-
phoresis was terminated when the protein ladder was completely separated
at the level of the target protein weighing. The protein was transferred to a
nitrocellulose filter membrane (Pall, Ann Arbor, MI, USA) in Tris-glycine
transmembrane buffer on ice bath, and the duration time depended on the
molecularweight.Then, themembranewasblockedwithblockingbuffer for
1 h at RT and incubatedwith primary antibodies at 4 °C overnight. The next
day, the membrane was washed by TBST, then incubated with horseradish
peroxidase-conjugated secondary antibody for 1 h at RT and visualized
using enhanced chemiluminescence reagent. The antibodies are presented
in Table S1.

Quantitative polymerase chain reaction
Total RNA was extracted with TRIzol, and RNA and cDNA synthesis was
performed using the PrimeScript RT reagent Kit with gDNA Eraser
(TAKARA). Furthermore, real-time quantitative polymerase chain reaction
(qPCR)was performedwith theABI 7500 System (AppliedBiosciences, LA,

CA, USA) using TBGreen Premix Ex Taq II (TAKARA). The primers used
for qPCR are listed in Table S2.

Eukaryotic transcriptome sequencing and bioinformatics
analysis
NC and KD TCKM-1 treated with CDDP (NC+CDDP vs. KD+CDDP)
were subjected to transcriptome sequencing (RNA-seq). The transcriptomic
and bioinformatic analyses were conducted by Gene-deNovo (Guangz-
hou, China).

Transmission electron microscopy
WT and KD mice were used to establish the CDDP-AKI model, and the
kidney cortex was isolated. Next, the tissue was cut into 1mm3 sections and
promptlyfixed in 2.5%glutaraldehyde (4 °C), rinsed inPBS, and re-fixed for
2 h in 1% osmium acid. After dehydrating, soaking, and embedding the
sections, the embeddedblockswere removed, trimmed toultra-thin sections
(70 nm, Leica UC-7), and sliced in a copper mesh. Next, the sliced sections
were electronically stained with lead stain and photographed by using
transmission electronmicroscopy (TEM, JapanElectronOptics Laboratory,
JEM1400, Tokyo, Japan) to observe the subcellular features.

Mitochondria membrane potential detection
The mitochondria membrane potential was detected by using 5′,6,6′-tet-
rachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide (JC-1)
(T3168, Invitrogen). The NC and KDTCMK-1 was seeded into the 35mm
glass bottom dishes. After treatment of the cells, the culture medium was
replacedwith theworking solutionof JC-1, and the cellswere incubatedwith
JC-1 (10 μg/mL) at 37 °C for 20min. Gently wash the cells twice with pre-
cooled PBS to remove any unbound dye. Then, the images were taken by
fluorescence microscope.

Statistics and reproducibility
Statistical analyses were performed using SPSS version 20.0 (IBM SPSS,
Chicago, IL, USA) and GraphPad Prism 7 (San Diego, CA, USA), and
graphs were constructed using GraphPad Prism 7. Data are expressed as
means ± standard deviations. All the Using one-way analysis of variance
(ANOVA), we compared the differences between three or more levels of a
single variable. Two-way ANOVA with Bonferroni’s post hoc correction
was performed to compare the effects of the two factors. Lastly, P < 0.05was
considered to be indicative of statistical significance.

Data availability
The primers and antibodies informationwere available in the Supplementary
Information. The uncropped images of Western blots are found in Fig. S5.
The information of the plasmids, sh-smgGDS(225202) OE-
smgGDS(225203), was submitted to Addgene. The raw data and processed
data of RNA-seq are available in GEO(GSE275317). The numerical source
data are available in Figshare (https://doi.org/10.6084/m9.figshare.
26795518). The other datasets generated and/or analyzed during the cur-
rent study are available fromthe corresponding authoron reasonable request.
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