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Stratifin promotes renal dysfunction in ischemic and
nephrotoxic AKI mouse models via enhancing

RIPK3-mediated necroptosis
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Stratifin (SFN) is a member of the 14-3-3 family of highly conserved soluble acidic proteins, which regulates a variety of cellular
activities such as cell cycle, cell growth and development, cell survival and death, and gene transcription. Acute kidney injury (AKI) is
prevalent disorder characterized by inflammatory response, oxidative stress, and programmed cell death in renal tubular epithelial
cells, but there is still a lack of effective therapeutic target for AKI. In this study, we investigated the role of SFN in AKI and the
underlying mechanisms. We established ischemic and nephrotoxic AKI mouse models caused by ischemia-reperfusion (I/R) and
cisplatin, respectively. We conducted proteomic and immunohistochemical analyses and found that SFN expression levels were
significantly increased in AKI patients, cisplatin- or I/R-induced AKI mice. In cisplatin- or hypoxia/reoxygenation (H/R)-treated human
proximal tubule epithelial cells (HK2), we showed that knockdown of SFN significantly reduced the expression of kidney injury
marker Kim-1, attenuated programmed cell death and inflammatory response. Knockdown of SFN also significantly alleviated the
decline of renal function and histological damage in cisplatin-caused AKI mice in vivo. We further revealed that SFN bound to RIPK3,
a key signaling modulator in necroptosis, to induce necroptosis and the subsequent inflammation in cisplatin- or H/R-treated HK2
cells. Overexpression of SFN increased Kim-1 protein levels in cisplatin-treated MTEC cells, which was suppressed by RIPK3
knockout. Taken together, our results demonstrate that SFN that enhances cisplatin- or I/R-caused programmed cell death and
inflammation via interacting with RIPK3 may serve as a promising therapeutic target for AKI treatment.
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INTRODUCTION
Acute kidney injury (AKI) is a clinical syndrome characterized by
acute renal dysfunction [1], and in recent years, both the incidence
and mortality rate of this condition have been increasing [2, 3].
Although the pathogenesis of AKI has been well-documented,
there are currently no effective treatments or preventive measures
[4-6]. The main causes of AKI are ischemia, hypoxia [7, 8], sepsis
[9], and nephrotoxic drugs (ex. cisplatin) [10-12]. Emerging
evidence indicates that there are several pathological mechanisms
of AKI, including tubule necroptosis and inflammation [13, 14],
and although these processes have been verified to play essential
roles in AKI, potential mechanisms and effective treatments are
still lacking.

Stratifin (SFN) is a highly conserved soluble acidic protein in the
14-3-3 family that can spontaneously self-assemble into dimers

[15, 16]. This family consists of seven isoforms denoted 3, €, v, n, T,
¢, and §&; 14-3-3 proteins are crucial for a wide range of cellular
activities, including cell proliferation, protein trafficking, DNA
replication, apoptosis, and cell survival [17, 18]. Using isobaric tags
for relative and absolute quantitation (iTRAQ), we found that SFN
(14-3-38) was highly expressed in ischemia-reperfusion (I/R) mice,
which is consistent with the findings of a previous study [15, 16].
SFN has been shown to aid in modulating the inflammatory
response in multiple disorders, including autoimmune and
respiratory diseases [19, 20]. SFN is also involved in the regulation
of cell proliferation, differentiation, and death in immune system
diseases and tumors [19, 21, 22], and these findings suggest that
its role in cell death and inflammation is critical. It is generally
acknowledged that the regulation of inflammation and pro-
grammed cell death is a central process in the maintenance of
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renal homeostasis [23-25]; therefore, we hypothesized that SFN
regulates renal function, programmed death of tubular cells, and
the inflammatory response in AKI.

To verify this hypothesis, we studied the expression and function
of SFN in models of cisplatin- and hypoxia-reoxygenation (H/R)-
induced cell damage using renal tubular cells in vitro and a model
of cisplatin-induced nephropathy treated with lentivirus-packaged
SFN shRNA in vivo.

MATERIALS AND METHODS

Reagents and materials

Cisplatin was obtained from Sigma-Aldrich (St. Louis, MO, USA). Fetal
bovine serum (FBS), DMEM, and other cell culture reagents were
purchased from Invitrogen (Carlsbad, CA, USA). The antibody-related
information is as follows. The anti-SFN antibody (ab14123) was
obtained from Abcam (Shanghai, China; WB: 1:1000, IP: 1:500, IF:
1:500, IHC: 1:500). The anti-p-MLKL antibody (#91689) was obtained
from Cell Signaling Technology (CST, Danvers, MA, USA; IF: 1:200).
The anti-TNF-a antibody (bs-2081R) was obtained from BiossBio-
technology (Bioss, Beijing, China; IHC: 1:200). The anti-B-Actin
antibody (bsm-33036M) was obtained from BiossBiotechnology
(Bioss, Beijing, China; WB: 1:800). The anti-Kim-1 antibody (bs-2713R)
was also obtained from BiossBiotechnology (Bioss, Beijing, China;
WB: 1:800, IF: 1:500, IHC: 1:200). The anti-RIPK3 (sc-135170) and
anti-RIPK1 (sc-7881) antibodies were obtained from Santa Cruz
Biotechnology (CA, USA; WB: 1:800, IP: 1:500). The anti-F4/80 (sc-
26643-R) antibody was also obtained from Santa Cruz Biotechnology
(CA, USA; HC: 1:200). Lipofectamine 2000 was purchased from
SciencBio Technology (Invitrogen, Carlsbad, CA, USA). The Protein
Assay Kit was purchased from Beyotime Institute of Biotechnology
(Jiangsu, China). Periodic acid-Schiff (PAS), creatinine (Cr), and blood
urea nitrogen (BUN) assay kits were obtained from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China).

Establishment of the AKI mouse model

Male C57BL/6 mice (6-8 weeks of age, 20-25 g) were obtained from
Jinan Pengyue Experimental Animal Breeding Company. All animal
procedures were approved by the Animal Experimentation Ethics
Committee of Anhui Medical University, Anhui, China. To test the
effect of SFN on cisplatin-induced AKI, adult male mice were
randomly divided into the following groups (n=6-8 per group):
control, cisplatin, SFN knockdown, and cisplatin 4+ SFN knockdown.
Except for those in the control group, all animals were intraper-
itoneally injected with a single dose of cisplatin at 20 mg/kg to
induce AKI|, and after 72 h of cisplatin treatment, mice in all groups
were sacrificed. To establish I/R-induced AKI, renal I/R was induced in
mice as previously described [26]. Briefly, mice were subjected to I/R
by bilateral clamping for 40 min followed by reperfusion [27, 28].
Kidney tissue samples were harvested for PAS staining, immuno-
histochemistry, Western blotting, and real-time PCR as reported
previously, and blood samples were collected for BUN and Cr
measurement in accordance with the manufacturer’s instructions.

Lentivirus-mediated SFN knockdown in mice

Mouse SFN shRNA was obtained from GenePharm (Shanghai,
China). The vector used for shRNA delivery was the LV3 vector, and
the target sequence of the shRNA was 5-CCGAACGCTATGAG
GACAT-3'. To silence SFN expression, the lentiviral vector was
injected into mice through the tail vein, and according to the
manufacturer’s instructions, the cisplatin-induced mouse model was
established after 96 h of lentiviral expression for further analysis.

Isobaric tags for relative and absolute quantitation (iTRAQ)

Total protein was extracted from mice in the normal and I/R
groups using the cold acetone method, and protein quality was
examined by SDS-PAGE. A BCA assay was then used to determine
the protein concentration in the supernatant. For each sample,
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proteins were first precipitated with ice-cold acetone and were
then digested with sequencing-grade modified trypsin (Promega,
Madison, WI, USA) at 37 °C overnight. Next, the labeled samples
were combined and dried in a vacuum. Finally, strong cation
exchange (SCX) fractionation and liquid chromatography-tandem
mass spectrometry analyses were carried out.

Knockdown and overexpression (OE) of SFN in tubular

epithelial cells

SFN was knocked down by transfection of siRNA sequences
obtained from GenePharm (Shanghai, China), and the siRNA
sequence was 5-CCGAACGCUAUGAGGACAUTTAUGUCCUCAUAG
CGUUCGGTT-3'. The SFN OE plasmid was obtained from Hanbio
Biotechnology Co., Ltd. (Shanghai, China), and the plasmid used
for SFN OE was pcDNA3.1-EF1a-mcs-3flag-CMV-GFP. Briefly, cells
were seeded in six-well plates and transfected with SFN siRNA/SFN
OE plasmid or the corresponding control constructs using
Lipo2000 transfection reagent (Invitrogen, Carlsbad, CA, USA).
Cells were incubated with Opti-MEM at 37 °C and 5% CO, for 6 h.
Cells were cultured in DMEM containing 5% FBS. Two kinds of cell
damage models using renal tubular cells in vitro were established.
The relationship between SFN and AKI was analyzed by Western
blotting, real-time PCR, and immunofluorescence.

CRISPR-Cas9-based RIPK3 knockout

Lentiviral vectors containing a pair of gRNAs targeting exon 3 of
mouse RIPK3 and CRISPR-associated protein 9 (Cas9; lenti Cas9-
GFP) were obtained from Shanghai Genechem. Mouse renal tubule
epithelial cells (MTECs) were infected with GFP lentivirus and
sorted by green fluorescent protein (GFP) expression. Single GFP-
labeled MTECs were plated in 96-well plates using a flow
cytometer and grown for 7-10 days. The isolated single clones
were subjected to PCR and DNA sequencing for knockout
validation. The target sequence of the sgRNA was 5-GCAGAATGT
TAGAGGGCTTG-3'.

Cell culture

The human proximal tubule epithelial cell line (HK2) and MTECs
were obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). HK2 cells were routinely cultured in DMEM-
F12 supplemented with 5% FBS. Cells were starved for 12 h with
0.5% FBS and were then treated with cisplatin (20 uM) for 24 h.
Hypoxia (0.1% O,) was induced in 0.5% low-glucose medium for
12 h prior to reoxygenation in normal medium for 6 h for Western
blot analysis or reoxygenation for 3 h for real-time PCR analysis.
Cells were harvested and analyzed by real-time PCR and Western
blotting for indications of tubular injury, inflammation, and
necroptosis.

Human samples

All human kidney samples were obtained from the First Affiliated
Hospital of Anhui Medical University (Hefei, China). Normal kidney
tissue was sampled from paracancerous tissue of three patients
(without injury) with renal cancer. AKI renal tissues were obtained
from puncture tissue of three patients with AKI. The clinical
features of the patients with AKI are listed in Table S1. The study
protocols concerning human subjects were consistent with the
principles of the Declaration of Helsinki and were approved by the
Biomedical Ethics Committee of Anhui Medical University.

Renal RNA extraction and real-time PCR

Total RNA was obtained from fresh kidney homogenate or cultured
HK2 cells with RNA-iso reagent (Qiagen, Valencia, CA). A NanoDrop
2000 spectrophotometer (Thermo Scientific, USA) was used to
quantify the RNA concentration. Total RNA was reverse transcribed
into cDNA according to the manufacturer’s instructions using a
Bio-Rad kit. The real-time PCR mixture contained 0.3 pL each of the
forward and reverse primers for each gene, 5pL of Bio-Rad iQ
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Table 1. Primer sequences used in real-time PCR.

Genes Forward primer (5'-3’) Reverse primer (5'-3)

(A) Mouse
TNF-a CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACCC
IL-6 GAGGATACCACTCCCAACAGACC AAGTGCATCATCGTTGTTCATACA
IL-18 CTTTGAAGTTGACGGACCC TGAGTGATACTGCCTGCCTG
Kim-1 CAGGGAAGCCGCAGAAAA GAGACACGGAAGGCAACCAC
SFN GGAGAGAGCCAGTCTGATCC GCTGCCATGTCTTCATACCG
p-actin CATTGCTGACAGGATGCAGAA ATGGTGCTAGGAGCCAGAGC

(B) Human
TNF-a CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACCC
IL-6 CGGGAACGAAAGAGAAGCTCTA GAGCAGCCCCAGGGAGAA
IL-18 CAACCAACAAGTGATATTCTCCATG GATCCACACTCTCCAGCTGCA
Mcp-1 GCTGAGACTAACCCAGAAACATC GAATGAAGGTGGCTGCTATGA
Kim-1 CTGCAGGGAGCAATAAGGAG TCCAAAGGCCATCTGAAGAC
SFN CCTTGTGGCTGAGAACTGG AGACATGCTTTCCCTCAATCT
p-actin CGCCGCCAGCTCACCATG CACGATGGAGGGGAAGAC

SYBR-Green Supermix with Opticon 2 (Bio-Rad, USA), 2.4 uL of
enzyme-free water, and 2 pL of cDNA solution. The levels of SFN,
Kim-1, IL-1B, IL-6, TNF-a, Mcp-1, and B-actin were determined by
real-time PCR with SYBR-Green | in a CFX96 real-time PCR detection
system (Bio-Rad, USA). The ratio for the mRNA of interest was
normalized to that of B-actin and presented as the mean + SEM
value. The real-time PCR thermal cycling conditions were as
follows: denaturation at 95 °C for 20s, annealing at 58 °C for 20,
elongation at 72 °C for 20 s, and amplification for 40 cycles for each
primer pair. 3-Actin was used for normalization of the relative
mMRNA ratios of the other genes [26]. The primer sequences are
listed in Table 1 [13].

Western blot analysis

Proteins from the renal cortex and cultured cells were extracted
with RIPA buffer (Beyotime, Jiangsu, China) containing PMSF. A
BCA kit (Beyotime, Jiangsu, China) was used to measure protein
concentrations. Western blotting was performed as described
previously [29, 30]. Membranes were incubated with 5% milk in
PBS for 1.5h to block nonspecific binding and were then
incubated with appropriate antibodies, i.e. rabbit anti-Kim-1,
rabbit anti-RIPK3, mouse anti-SFN, and mouse anti-B-actin over-
night at 4°C. Membranes were incubated with an IRDye 800-
conjugated secondary antibody for 1.5h at room temperature
(Rockland Immunochemicals, USA). Images were acquired with a
LiCor/Odyssey infrared imaging system (LI-COR Biosciences,
Lincoln, NE, USA). Densitometric analysis was performed by
measuring the intensities of the bands using Imagel) software
(NIH, Bethesda, MD, USA).

PAS staining and immunohistochemical analysis

Segmented mouse kidneys were fixed with 4% formalin, embedded
in paraffin, and subsequently cut into 4-um slices. PAS staining was
carried out using a PAS kit (Jiancheng, Nanjing, China) according to
the manufacturer’s instructions. The proximal renal impairment score
shows the extent of tubular necroptosis and tubular dilatation as
follows: 0=normal, 1=10%, 2= 10%-25%, 3 =26%-50%, 4=
51%-75%, 5 = 76%-95%, and 6 = more than 96% [14]. Images were
acquired with an Olympus BX51 microscope (Olympus, Center Valley,
PA, USA). Quantification was performed by three investigators
blinded to the experimental conditions.

For immunohistochemistry, kidney sections were treated with
0.01-M sodium citrate buffer (pH 6.0) by a microwave-based
antigen retrieval technique for 20 min at 95°C and were then
incubated for 10min with 3% H,0, to block endogenous
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peroxidase activity. Samples were then incubated with rabbit
anti-TNF-q, anti-F4/80, anti-Kim-1, and mouse anti-SFN antibodies
for 24 h at 4 °C and with secondary antibodies for 30 min at 37 °C.
After staining with DAB, slides were visualized under a microscope
(Leica, Bensheim, Germany) [31, 32]. Quantification was performed
by three investigators blinded to the experimental conditions.

Immunofluorescence

HK2 cells were cultured in eight-chamber glass slides, fixed with
acetone, and incubated overnight with antibodies specific for
Kim-1, p-MLKL, RIPK3, and SFN. Cells were washed with PBS and
incubated with goat anti-rabbit and goat anti-mouse IgG-
rhodamine (BiossBiotechnology, Beijing, China) for 2h at room
temperature. Cells were counterstained with DAPI and visualized
using fluorescence microscopy (Leica, Bensheim, Germany), and
semiquantitative analysis of IF images was conducted using IPWIN
software as previously described [33].

Renal function detection

Blood was collected from mice after anesthesia. Serum was separated
by centrifugation at 3000 r/min for 15min at 4°C and used to
measure Cr and BUN using assay kits as previously described [34].

Coimmunoprecipitation

HK2 cells were washed three times with precooled PBS solution
and lysed in NP-40 buffer. Samples were precipitated with the
indicated antibodies (1 pg) and protein A/G-agarose beads (Santa
Cruz, CA, USA) by incubation at 4°C overnight. Beads were
washed three times with 1mL of NP-40 buffer, and bound
proteins were then removed by boiling in SDS buffer and resolved
on 4%-20% SDS-polyacrylamide gels for Western blot analysis.

Statistical analysis

The data acquired from this study are presented as the mean + SEM
of 3-4 independent in vitro experiments or 6-8 mice for in vivo
studies. Statistical analyses were performed using a two-tailed
unpaired t test or one-way ANOVA followed by the Newman—Keuls
post hoc test (Prism 5.0; GraphPad Software, San Diego, CA).
Differences were considered statistically significant at P < 0.05.

RESULTS

Upregulated SFN expression in AKI

To study changes in protein expression in AKI, proteomic analysis
was performed by the iTRAQ method. As shown in Fig. 1a, SFN
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Fig. 1 Expression of SNF protein in AKI. a Quantitative protein analysis by the iTRAQ method in HK2 cells. SFN was highly expressed in I/R
mice. b, ¢ Immunohistochemical assay of SFN in AKI patients and mice. SFN was highly expressed in AKI patients and mice. Scale bars =
100 pm. d Western blot analysis of SFN in HK2 cells. Treatment with cisplatin- or H/R-induced upregulation of SFN. e Western blot analysis of
SFN in mice with cisplatin- or I/R-induced AKI. Treatment with cisplatin- or I/R-induced upregulation of SFN. In vivo data are presented as the
mean + SEM of six mice, and in vitro data are presented as the mean + SEM of 3-4 independent experiments (these numbers also apply to
human samples). *P < 0.05, ***P < 0.001 versus the normal group.
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Fig.2 SFN knockdown attenuated cisplatin-induced injury in HK2 cells. a Knockdown of SFN in HK2 cells by SFN siRNA. b—-d Western blot,
immunofluorescence, and real-time PCR analyses of Kim-1 in HK2 cells. Knockdown of SFN significantly decreased the protein and mRNA
levels of Kim-1. Scale bars =100 um. e Real-time PCR analysis of inflammatory indexes. Knockdown of SFN reduced the mRNA levels of
inflammatory cytokines, including IL-6, Mcp-1, and TNF-q, in HK2 cells treated with cisplatin. The data are presented as the mean + SEM of 3-4
independent experiments in vitro. *P < 0.05, **P < 0.01, ***P <0.001 versus the normal group; *P <0.05, #P <0.01, ##P <0.001 versus the

cisplatin-treated group.

was expressed at a significantly higher level in I/R mice than were
the other differentially expressed proteins. The same results were
obtained in AKI patients and verified by immunohistochemistry in
mice with cisplatin- or I/R-induced AKI (Fig. 1b, c). Western blot
analysis further confirmed that SFN expression was upregulated in
HK2 cells treated with cisplatin or subjected to H/R (Fig. 1d). In
addition, the same conclusion was obtained in mice with cisplatin-
or I/R-induced AKI through Western blot analysis (Fig. 1e).

SFN knockdown attenuated cisplatin- or H/R-induced injury in HK2
cells

SFN is highly expressed in multiple types of AKI, but its function is
not fully understood. To assess the role of SFN, it was knocked
down by transfection of HK2 cells with SFN siRNA (Fig. 2a). The
real-time PCR, Western blot, and immunofluorescence results
indicated that silencing SFN significantly reduced the mRNA and
protein levels of the kidney injury marker Kim-1 in cisplatin-
treated HK2 cells compared with empty vector control cells
(Fig. 2b, ¢, d). Furthermore, silencing SFN suppressed the cisplatin-
induced inflammatory response (IL-6, Mcp-1, and TNF-a levels) in
cisplatin-treated HK2 cells (Fig. 2e).

We also established a model of H/R-induced damage in HK2
cells. SFN in HK2 cells was silenced by SFN siRNA (Fig. 3a).
Consistent with the above results, the results of Western blotting
and quantitative analysis showed that H/R induced the expression
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of Kim-1, but SFN knockdown reduced Kim-1 expression nearly to
baseline levels (Fig. 3b). The suppressive effect of SFN knockdown
on Kim-1 was further confirmed by immunofluorescence and real-
time PCR in H/R-treated HK2 cells (Fig. 3¢, d). We also measured
the effect of SFN knockdown on the H/R-induced inflammatory
response in HK2 cells, and the real-time PCR results showed that
SFN knockdown significantly suppressed the inflammatory
response in H/R-induced HK2 cells (Fig. 3e).

SFN knockdown significantly alleviated necroptosis in cisplatin- or
H/R-treated HK2 cells

To elucidate the mechanism by which SFN promotes cell injury,
we investigated whether necroptosis is involved. We then
determined the effect of SFN knockdown on necroptosis by
using Western blot and immunofluorescence analyses. The key
signaling modulators in necroptosis, RIPK1, RIPK3, and p-MLKL
were evaluated [33, 34]. Cisplatin increased the levels of all
three proteins, whereas SFN knockdown notably inhibited the
activation of the RIPK1/RIPK3/p-MLKL axis (Fig. 4a, b). To
further confirm the inhibitory effect of SFN knockdown, we
established another in vitro cell damage model of H/R-
mediated necroptosis. Consistent with the above results, the
results in this model also indicated that SFN knockdown
significantly suppressed H/R-induced activation of the RIPK1/
RIPK3/p-MLKL axis (Fig. 4c, d).
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group; *P < 0.05, *#*P < 0.01, **P < 0.001 versus the H/R-treated group.

SFN knockdown protected against cisplatin-induced kidney injury
in the AKI mouse model

To validate SFN as a potential therapeutic target in the AKI mouse
model, we injected mice with lentivirus-mediated SFN knockdown
with cisplatin. Knockdown of SFN in vivo was demonstrated by
Western blot analysis (Fig. 5a). The results of Western blot analysis
and the quantitative data showed that SFN knockdown significantly
suppressed cisplatin-induced SFN expression (Fig. 5b). Moreover,
SFN knockdown improved renal function, as supported by assays of
the serological indicators serum Cr and BUN (Fig. 5¢, d).

The morphological characteristics of kidney tubular epithelial
cells were investigated by PAS staining. Light microscopy revealed
that the severe features of acute renal tubular epithelial cell
necroptosis in AKI mice, including cell swelling and sloughing and
dilation of renal tubules, were significantly alleviated by SFN
knockdown (Fig. 5e). Consistent with these results, the immuno-
histochemical and real-time PCR results also showed that SFN
knockdown suppressed the cisplatin-induced increases in Kim-1
protein and mRNA levels (Fig. 5f, g).
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SFN knockdown attenuated renal injury in vivo by targeting
necroptosis

We previously observed that SFN promoted cisplatin-induced
renal injury associated with the activation of necroptosis in HK2
cells. Furthermore, we confirmed this finding in a mouse model of
cisplatin-induced AKI. As a result, we found that knockdown of
SFN in vivo reduced the levels of RIPK1 and RIPK3, which could
result in decreased necroptosis and thus attenuate AKI (Fig. 6a). In
addition, the results of immunofluorescence and quantitative
analyses showed that cisplatin significantly activated p-MLKL,
which was inhibited by SFN knockdown (Fig. 6e). In addition,
evaluation of the expression of inflammatory factors such as TNF-
q, IL-1B, and IL-6 showed that knockdown of SFN could have an
anti-inflammatory effect, which was verified by real-time PCR
analysis (Fig. 6b). We also performed immunohistochemical
analysis of TNF-a and F4/80. Through analysis of these data, it
was found that knockdown of SFN reduced macrophage
infiltration and the inflammatory response, showing the same
result indicated by real-time PCR (Fig. 6¢, d).
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immunofluorescence analyses of programmed cell death-related molecules in HK2 cells treated with cisplatin. Knockdown of SFN significantly
decreased the levels of necroptosis-related markers, including RIPK1, RIPK3, and p-MLKL. ¢, d Western blot and immunofluorescence analyses
of programmed cell death-related molecules in HK2 cells treated with H/R. Knockdown of SFN significantly decreased RIPK1, RIPK3, and p-

MLKL levels. Scale bars = 100 pm. The data are presented as the mean +

SEM of 3-4 independent experiments in vitro. *P < 0.05, ***P < 0.001

versus the normal group; *P < 0.05, ##P < 0.001 versus the cisplatin- or H/R-treated group.

SFN promoted cisplatin-induced cell injury by interacting with
RIPK3

To determine the mechanism by which SFN mediates necroptosis,
lysates of cisplatin- or H/R-treated HK2 cells were extracted for Co-IP
of SFN and key necroptotic signaling modulators. The Co-IP results
confirmed that SFN bound directly to RIPK3 but not RIPK1 (Fig. 7a).
In addition, to further validate the relationship between SNF and
RIPK3, colocalization of SFN and RIPK3 was assessed by immuno-
fluorescence. The results of immunofluorescence and quantitative
analyses also showed colocalization of RIPK3 and SFN (Fig. 7b, c).

SPRINGERNATURE

Knockout of RIPK3 prevented SFN-mediated cisplatin-induced cell
injury

To further explore the interaction of SFN and RIPK3, MTECs with
RIPK3 knockout were established (Fig. 8a). Moreover, MTECs with
SFN OE were established to further verify the interaction of SFN
with RIPK3. Western blot and quantitative analyses showed that
OE of SFN enhanced the Kim-1 protein level in MTECs with
cisplatin-induced injury and that this increase was suppressed by
RIPK3 knockout (Fig. 8a), and the immunofluorescence results
were consistent with the above conclusion (Fig. 8b). These results
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normal group; ##P <0.001 versus the cisplatin group.

suggested that SFN promoted cisplatin-induced cell injury by
interacting with RIPK3.

DISCUSSION

In the current study, we found that SFN promoted cisplatin- and
H/R-induced renal injury both in vivo and in vitro. Our findings
showed that SFN accelerated AKI by interacting with RIPK3, which
was possibly correlated with its regulatory role in renal
programmed cell death and inflammation.

It was verified that the protein expression of SFN was
upregulated after kidney injury [16]; however, the function of
SFN in AKI remains to be determined. We found that cisplatin and
H/R significantly upregulated SFN in tubular epithelial cells and

Acta Pharmacologica Sinica (2022) 43:330 - 341

injured kidneys. To further explore its functional role, we knocked
down SFN in cisplatin- and H/R-treated tubular epithelial cells of
mouse and human origin and discovered that the expression of
Kim-1, a key index of kidney injury, was significantly reduced. This
finding was consistent with the results of our in vivo study
showing that lentivirus-mediated knockdown of SFN attenuated
the deterioration of renal function and tubular damage.

The mechanisms by which SFN knockdown prevented cisplatin-
and H/R-induced cell injury were then evaluated. SFN regulates
cell death in immune and tumor cells [19, 21]. Our previous study
showed that cisplatin and H/R activated necroptosis in tubular
epithelial cells [13, 35-37]. Programmed necroptosis is mediated
by RIPK1/RIPK3/MLKL activation under pathologic conditions [38].
When injury signals are transduced to RIPK1, a key molecule in
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control mice.

necroptosis initiation, RIPK1 recruits and binds with RIPK3 and
then promotes translocation of p-MLKL to the plasma membrane,
leading to disruption of this membrane [39]. Pharmacological
inhibition of RIPK1 and knockdown of the RIPK3 and MLKL
proteins prevents kidney injury caused by cisplatin [14, 23, 36].
These findings indicate a critical role for RIPK-mediated necrop-
tosis in cisplatin-induced AKI. Necroptosis is a regulated process
involving cell lysis leading to cell death and is controlled by
specific kinases. It is characterized by swelling of cells and
organelles, which is followed by permeability of the cell

SPRINGERNATURE

membrane. This is a typical pattern of cell death due to
accidental injury, and it is also a form of programmed cell death
[40, 41]. RIPK3 can trigger the necroptosis pathway independent
of RIPK1, and MLKL is considered to be the main and possibly
the only target involved in RIPK3-mediated cell death. RIPK1
and/or RIPK3 regulate the production of proinflammatory
cytokines and promote renal inflammation [42]. Our previous
study verified that inhibition of necroptosis can reduce
inflammation and protect against kidney injury [26]. Our Co-IP
and immunofluorescence data provided evidence of the
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potential interaction of SFN with RIPK3, and we found that loss
of SFN prevented but OE of SFN promoted cisplatin-activated
necroptotic signaling. This result indicates that SFN may play an
important role in mediating cell necroptosis and consequent
necroinflammation. More importantly, we overexpressed SFN in
RIPK3-KO cell lines to further confirm the mechanisms by which
SFN promotes cell injury; our results showed that when RIPK3
was lost, SFN failed to enhance renal injury, and these data
collectively indicated that SFN promoted cell injury possibly by
interacting with RIPK3.

Acta Pharmacologica Sinica (2022) 43:330 - 341

Emerging evidence shows that necroptosis triggers a severe
inflammatory response by destroying cell membranes, facilitating
the release of endogenous proinflammatory molecules [43]. It has
been confirmed that 14-3-3 proteins affect inflammation at the
genetic, molecular, and cellular levels in diverse inflammatory
diseases [44, 45]; in addition, the anti-necroptotic effects of SFN
knockdown may contribute to attenuation of renal inflammation.
In the current study, we found that SFN knockdown attenuated
cisplatin- and H/R-induced inflammatory responses, which
was verified by the decreased production of proinflammatory
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Fig. 8 SFN promoted cisplatin-induced HK2 cell injury via interaction with RIPK3. a Western blot analysis of RIPK3 and Kim-1.
b Immunofluorescence analysis of the Kim-1 protein. Overexpression of SFN promoted the protein and mRNA expression of Kim-1 in cisplatin-
treated MTECs, which was inhibited by RIPK3 knockout. Scale bars = 100 um. The data are presented as the mean + SEM of 3-4 independent
experiments in vitro. **P < 0.01, versus the cisplatin group; **P < 0.01, #*#P <0.001, versus the cisplatin-treated SFN OE group.

cytokines, including IL-6, Mcp-1, and TNF-a. In addition, the
regulatory role of SFN knockdown on macrophage infiltration may
also be responsible for the anti-inflammatory effect of SFN on AKI.
These findings suggest that SFN knockdown suppresses RIPK-
mediated necroptosis, which alleviates cisplatin- and H/R-induced
kidney injury and inflammation.

Finally, by lentivirus-mediated shRNA knockdown of SFN via
tail vein injection, we tested whether SFN is a potential
therapeutic target in a mouse model of cisplatin-induced
nephropathy. Our results showed that SFN inhibition prevented
deterioration of renal function while relieving kidney damage
and inflammation. Consistent with this result, loss of SFN in
the kidney reduced cisplatin-induced cell necroptosis and
inflammation.

In conclusion, we showed that cisplatin- and H/R-induced
kidney injury, programmed cell death, and inflammation are
mediated via SFN-related mechanisms. In vivo, SFN knockdown
effectively attenuated cisplatin-induced kidney damage, pro-
grammed cell death, and inflammation, indicating that SFN might
be a therapeutic target in AKI.
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