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SUMMARY
tRNA-derived fragments (tRFs) play critical roles in cellular process, and we have previously reported that
tRFs are involved in ischemia reperfusion injury induced acute kidney injury (IRI-AKI). However, the precise
involvement of tRFs in IRI-AKI remains obscure. This study aims to elucidate the impact of tRF-Val-TAC-004
(tRF-Val) on IRI-AKI and uncover the underlying mechanisms. Our observations reveal a significant downre-
gulation of tRF-Val in IRI-AKI mice and its overexpression mitigated renal dysfunction, morphological dam-
age, and apoptosis in IRI-AKI mice, while its inhibition exacerbated these effects. Similar outcomes were
replicated in CoCl2-treated BUMPT cells upon transfection with tRF-Val mimic or inhibitor. Mechanistically,
dual-luciferase reporter assay and AGO-RIP qPCR analyses demonstrated that tRF-Val suppresses Apaf1
expression by targeting the 30-UTR of Apaf1 mRNA. Furthermore, the protective efficacy of tRF-Val was
notably weakened byApaf1-overexpressing plasmids. In summary, these novel findings unveil the protective
role of tRF-Val against IRI-AKI through inhibition of Apaf1-mediated apoptosis.
INTRODUCTION

Acute kidney injury (AKI) represents a prevalent critical condition

affecting approximately 10–15% of hospitalized patients and

exceeding 30% in intensive care units.1 Ischemia-reperfusion

injury stands out as a primary instigator of AKI, inciting oxidative

stress, inflammatory responses, and cell death.2 Within this

context, the apoptosis of tubular epithelial cells (TECs) emerges

as a crucial factor propelling AKI advancement, with anti-

apoptotic strategies holding promise for impeding the transition

from AKI to chronic kidney disease (CKD).3,4 Central to the

apoptotic cascade is apoptotic protease activating factor 1

(Apaf1), a pivotal component orchestrating apoptosis by acti-

vating procaspase-9 post cytochrome c release frommitochon-

dria.5 Nevertheless, the precise role of Apaf1 in IRI-AKI remains

enigmatic.

In recent years, tRNA-derivedsmall non-codingRNAs (tsRNAs)

have garnered substantial attention in disease investigations.6

Within this category, tRNA halves (tiRNAs) and tRFs have been

identified. Noteworthy functions of tRFs encompass transcrip-

tional regulation7 and translational repression.8,9 Our prior inves-

tigations utilizing Illumina NextSeq 500 sequencing in kidney tis-

sues exhibiting moderate to severe ischemic injury unveiled

dysregulated tRFs, notably tRF-Val-TAC-004 (tRF-Val), within

renal tissue of IRI-AKI mice.10 This observation hinted at a poten-
iScience 28, 111954, Ma
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tial involvement of tRFs in IRI-AKI; however, the specific role of

tRF-Val in this context, particularly its impact on apoptosis, re-

mains obscure.

Herein, through an in vivo IRI-AKI mouse model and an in vitro

CoCl2-treated TECs model, we identified a marked reduction of

tRF-Val in renal IRI tissues, correlating with the severity of kidney

injury in IRI-AKI. Mechanistically, our investigations unveil tRF-

Val as a potential safeguard against TECs apoptosis in IRI-AKI,

partially achieved through the inhibition of Apaf1 expression.

These findings furnish novel insights into the molecular under-

pinnings and prospective therapeutic targets implicated in the

onset and progression of IRI-AKI.

RESULTS

tRF-Val is significantly downregulated in renal tissue of
IRI-AKI mice and CoCl2-treated BUMPT cells
Previously, we have performed tRFs & tiRNAs sequencing

assay on renal tissues and reported the involvement of tRFs

and tiRNAs in IRI-AKI.10 Herein, we subsequently analyzed the

differential expressed tRFs with heatmap and volcano plot

(Figures 1A and 1B). Among those dysregulated tRFs, we found

that tRF-Val were aberrantly downregulated in IRI-AKI mice kid-

ney (Figure 1C and Table 1). In addition, for a more intuitive un-

derstanding, we constructed the two-dimensional structure and
rch 21, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Figure 1. tRF-Val is significantly downregulated in renal IRI model

both in vivo and in vitro

(A) Heatmap revealed the differential expression of tRFs in renal IRI tissues.

(B) Volcano map displayed the differential expression of tRFs in renal IRI tis-

sues and tRF-Val was marked with red arrow.

(C) Expression of tRF-Val in tRFs sequencing.

(D) Structure and sequence diagram of tRNA-Val and tRF-Val.

(E) RT-qPCR verified the expression of tRF-Val in renal IRI tissue.

(F) RT-qPCR verified the expression of tRF-Val in CoCl2-treated BUMPT cells.

Data are represented as mean ± SEM.**, p < 0.01 versus respective vehicle.

n R 3.

Table 1. The primer sequences used in this study

Primers Sequence (50 to 30)

tRF-Val Forward TGCTGCCGCAATGAACACT

tRF-Val Reverse TATGGTTGTTCACGACTCCTTCAC

U6 Forward GCTTCGGCAGCACATATACTAAAAT

U6 Reverse CGCTTCACGAATTTGCGTGTCAT
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sequence of tRF-Val and its parental tRNA-Val based on tRF

database11 (Figure 1D).Thereafter, we validated the expression

of tRF-Val in IRI-AKI mouse models and CoCl2-treated Boston

university mouse proximal tubular (BUMPT) cells. Consistent

with the previous tRF sequencing data, the RT-qPCR results

showed that tRF-Val was robustly downregulated in IRI-AKI

(ischemia for 30 min and reperfusion for 48 h) kidneys of

C57BL/6J mice and CoCl2-treated (48 h) BUMPT cells

compared with the corresponding controls (Figures 1E and

1F). These data demonstrated that tRF-Val was downregulated

in renal tubular cells in IRI-AKI model.

tRF-Val alleviates renal IRI and inhibits apoptosis
In order to clarify the effect of tRF-Val on renal TECs during IRI,

we subsequently performed overexpressing assay by transfec-

tion of tRF-Val mimic in IRI-AKI mice, and the animal experiment

design was depicted in the schematic diagram (Figure 2A).

Comparedwith the negative control (NC) group, themice treated

with tRF-Val showed significantly lower serum creatinine (sCr)

and blood urea nitrogen (BUN) levels after IRI challenge at

both 24hand48 h (Figure 2B). Simultaneously,we alsoobserved

mitochondrial morphology in renal TECs at 24 h after reperfusion

using transmission electron microscopy and the results demon-

strated that the injection of tRF-Val mimic exerted nearly no ef-

fect onmitochondrial structure and integrity in the control group;

however, disappearance of mitochondrial ridges and morpho-

logical disorderwere observed in the IRI group,whichwas signif-

icantly ameliorated to certain extent after tRF-Val injection, sug-

gesting a protective role of tRF-Val against mitochondrial

damage (Figure 2C). Subsequently, we carried out RT-qPCR

assay and the results indicated successful overexpression of

tRF-Val (Figure 2D). Thereafter, we examined renal tissue dam-

age via hematoxylin-eosin (HE) staining and periodic acid-Schiff

(PAS) staining. Since the pathological injury and apoptosis were

not prominent in the IRI24h model group (Figures S1A–S1D),

then we further observed at 48 h after reperfusion. As shown

in Figures 2E and 2F, kidneys from the Sham group showed

normal renal structure. Notably, the tubular injuries including

tubular necrosis and cast formation were observed after 48 h

of reperfusion, which was mitigated in the tRF-Val-treated

group. Furthermore, the TdT-mediated dUTP nick-end labeling

(TUNEL) results showed an increase in green fluorescence

compared to the Sham group in IRI48h model group, and a

notable decrease after injecting tRF-Val (Figures 2G and 2H).

In addition, our western blot results showed that pro-apoptotic

protein cleaved caspase-3 was increased in IRI48h group, and

its elevation was significantly repressed by tRF-Val. While the

decreased expression of Bcl2were significantly restored at least

in part (Figures 2I and 2J).



Figure 2. tRF-Val suppresses apoptosis during renal IRI

(A) Schematic diagram of the experimental procedure. NC or tRF-Val was injected via the caudal vein 24 h before bilateral ischemia for 30 min. Blood and kidney

tissues were collected on day 1 or 2 after reperfusion for further analysis.

(B) sCr and BUN levels of indicated mice.

(C) Mitochondrial alteration was observed by transmission electron microscope (TEM) after IRI24h with or without tRF-Val injection. Scale Bar, 2 mm.

(D) tRF-Val expression by RT-qPCR in the renal cortex of mice after IRI48h with or without tRF-Val injection.

(E) Representative graphs of kidney sections with HE and PAS staining. Scale Bar, 50 mm.

(F) Quantitative analysis of tubular injury score.

(G) Representative images of kidney sections with TUNEL staining. Blue fluorescence indicates nuclear staining; Green fluorescence indicates cell death. Scale

Bar, 50 mm.

(H) Quantification analysis of TUNEL-positive cells.

(I) Western blot analysis of Bcl2 and cleaved caspase-3 with b-actin as a loading control.

(J) Quantitative analysis of Bcl2 and cleaved caspase-3. Data are represented as mean ± SEM. *, p < 0.05 versus respective Sham-operated group; **, p < 0.01

versus respective Sham-operated group; #, p < 0.05 versus NC-treated IRI group; ##, p < 0.01 versus NC-treated IRI group. n = 3–5.
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The previous results preliminarily showed that tRF-Val was

protective against tubular injury in IRI-AKI. To further confirm

the protection of tRF-Val, we continued to investigate whether

the inhibitor of tRF-Val could aggravate tubular injury, as pre-

sented in Figure 3A. tRF-Val inhibitor further elevated sCr and

BUN compared to IRI alone group, as shown in Figure 3B.

The mitochondria were slightly swollen and vacuolated in the

group of tRF inhibitor injection alone. In the IRI24h group, ob-

servations unveiled obvious swollen, vacuolated mitochondria

reduced in number, disorganized in arrangement, and in

some cases lacking mitochondrial ridges. Notably, in the

IRI24h group treated with tRF-Val inhibitor injection, mitochon-

drial impairment was more severe, with a slightly widened peri-

nuclear space, prevalent lysosomal granules within the mito-

chondrial matrix, as evidenced in Figure 3C. RT-qPCR data

indicated successful inhibition of tRF-Val (Figure 3D). Following

this, the HE and PAS staining revealed exacerbated tubular

damage after tRF-Val inhibitor administration, characterized

by the enhanced disappearance of brush border and formation

of casts (Figures 3E and 3F). Concurrently, the TUNEL assay

results exhibited a significant increase in green fluorescence af-

ter tRF-Val inhibitor administration (Figures 3G and 3H). West-

ern blot analysis further revealed an elevation in the expression

of cleaved caspase-3 in the IRI48h group, with a more pro-

nounced increase post tRF-Val inhibitor injection, While the

decreased expression of Bcl2 in IRI48h group were even lower

with tRF-Val inhibitor treatment, aligning with the TUNEL out-

comes (Figures 3I and 3J). This suggests that the inhibition of

tRF-Val could exacerbate apoptosis of renal TECs during IRI-

induced AKI. Collectively, these data demonstrate that tRF-

Val plays a protective role in IRI-AKI.

tRF-Val attenuates cell apoptosis in BUMPT cells under
CoCl2 induction
The preceding results indicate that tRF-Val may exhibit anti-

apoptotic properties in IRI-AKI mice in vivo. Consequently, we

devised a hypoxia model using BUMPT cells to explore the

impact of tRF-Val on hypoxic injury in vitro. As illustrated in

the experimental schematic, we transfected tRF-Val or a NC

into BUMPT cells 24 h prior to exposure to CoCl2 (Figure 4A).

RT-qPCR analysis confirmed successful transfection of tRF-

Val into BUMPT cells (Figure 4B). Subsequent investigations

involved a TUNEL assay to assess the influence of tRF-Val on

BUMPT cell apoptosis in vitro, revealing an association between

tRF-Val presence in BUMPT cells and a reduced rate of

apoptosis (Figures 4C and 4D). To further validate the impact

of tRF-Val on cell apoptosis, we employed flow cytometry tech-

niques to observe the effect of transfecting tRF-Val on CoCl2-

induced cell apoptosis. Through labeling with PI and Annexin

V- FITC, flow cytometry experiments revealed that tRF signifi-

cantly reduced the level of apoptosis in renal TECs induced

by CoCl2 (Figures 4E and 4F).

Additionally, thewesternblot analysis indicated theoccurrence

of cell apoptosis under CoCl2-induced hypoxia and illustrated

that tRF-Val could partially ameliorate BUMPT cells apoptosis

featured by decreased expression of cleaved caspase-3 and

restored expression of Bcl2, aligning with the findings from the

TUNEL staining and flow cytometry assay (Figures 4G and 4H).
4 iScience 28, 111954, March 21, 2025
e also introduced NC inhibitor and tRF-Val inhibitor 24 h prior

to CoCl2 treatment to observe the impact of the tRF-Val inhibitor

on apoptosis in BUMPT cells (Figure 5A). Subsequently, we as-

sessed the transfection efficacy of the tRF-Val inhibitor using RT-

qPCR, validating the successful suppression of tRF-Val (Fig-

ure 5B). As expected, TUNEL staining revealed a slight increase

in green fluorescence, though not statistically significant, in the

group transfected solely with tRF-Val inhibitor. In contrast, a sig-

nificant rise in green fluorescence was observed in the group

treated with CoCl2 following tRF-Val inhibitor transfection

(Figures 5C and 5D). A similar result was obtained with the flow

cytometry experiments (Figures 5E and 5F). Furthermore, west-

ern blot analyses further demonstrated a notable increase in the

expression of cleaved caspase-3 and decreased Bcl2 in the

group treated with CoCl2 post tRF-Val inhibitor transfection

compared to the group treated with CoCl2 alone, aligning with

the findings from the TUNEL assay (Figures 5G and 5H).

Collectively, these findings indicate that tRF-Val suppresses

cells apoptosis in BUMPT cells under hypoxic stress conditions.

tRF-Val suppresses Apaf1 expression in IRI-AKI mice
and CoCl2-treated BUMPT cells
To clarify the downstream target genes of tRF-Val, we initiated

mRNA sequencing by overexpression of tRF-Val in BUMPT cells

(Figure 6A). Through bioinformatics analysis and KEGG enrich-

ment assessment of the top 20 pathways, we identified the

apoptotic pathway as a significant target influenced by tRF-

Val. This discovery led to the generation of a heatmap displaying

13 differentially expressed genes associated with apoptosis

(Figure 6B). Apaf1, recognized for its pivotal role in apoptosis

and consistent expression patterns, was singled out as a poten-

tial target gene. Validation of Apaf1 expression via RT-qPCR re-

vealed a consistent and downregulation after tRF-Val transfec-

tion, aligning with the sequencing data (Figure 6C and Table 2).

Notably, both in vivo and in vitro models exhibited an upregula-

tion of Apaf1 expression (Figures 6D and 6E).

We also conducted immunohistochemistry on renal tissues.

The results validated a noticeable increase in Apaf1 expres-

sion in the kidneys of IRI48h mice, which was attenuated un-

der tRF-Val administration (Figures 7A and 7B). Subsequently,

western blot analysis of kidney tissue demonstrated a partial

reduction observed upon tRF-Val intervention on IRI condi-

tion, consistent with the IHC results (Figures 7C and 7E). In

BUMPT cells, tRF-Val and NC were transfected 24 h prior to

CoCl2 induction. Western blot results illustrated an increase

in Apaf1 protein levels following treatment with CoCl2 alone,

which was markedly suppressed by tRF-Val (Figures 7D

and 7F).

We also checked whether tRF-Val inhibitor functioned

oppositely on the expression of Apaf1. As detected by immuno-

histochemistry, the expression of Apaf1 was increased upon

IRI48h with tRF-Val inhibitor injection than IRI48h group alone

(Figures 8Aand8B). Subsequently, western blot analysis showed

that Apaf1 was indeed further increased following tRF-Val inhib-

itor injection compared with IRI48h group (Figures 8C and 8E). In

addition, in BUMPT cell models transfected with tRF-Val inhibi-

tor, and the result was consistent with the in vivo experiments

(Figures 8D and 8F).



Figure 3. tRF-Val inhibitor exacerbates apoptosis during renal IRI

(A) Schematic diagram of the experimental procedure. NC inhibitor or tRF-Val inhibitor was injected via the caudal vein 24 h before bilateral ischemia for 30 min.

Blood and kidney tissues were collected on day 1 or 2 after reperfusion for further analysis.

(B) sCr and BUN levels of indicated mice.

(C) Mitochondrial alteration was observed by TEM after IRI24h with or without tRF-Val inhibitor injection. Scale Bar, 2 mm.

(D) tRF-Val expression by RT-qPCR in the renal cortex of mice after IRI48h with or without tRF-Val inhibitor injection.

(E) Representative graphs of kidney sections with HE and PAS staining. Scale Bar, 50 mm.

(F) Quantitative analysis of tubular injury score.

(G) Representative images of kidney sections with TUNEL staining. Blue fluorescence indicates nuclear staining; Green fluorescence indicates cells death. Scale

Bar, 50 mm.

(H) Quantification analysis of TUNEL-positive cells.

(I) Western blot analysis of Bcl2 and cleaved caspase-3 with b-actin as a loading control.

(J) Quantitative analysis of Bcl2 and cleaved caspase-3. Data are represented as mean ± SEM. *, p < 0.05 versus respective Sham-operated group; **, p < 0.01

versus respective Sham-operated group; #, p < 0.05 versus NC inhibitor-treated IRI group; ##, p < 0.01 versus NC inhibitor-treated IRI group. n = 3–5.
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Figure 4. tRF-Val alleviates cellular death of BUMPT cells under CoCl2 stress
(A) Schematic diagram of cells model. BUMPT cells were transfected with tRF-Val and NC, then were treated with CoCl2 or vehicle for 48 h.

(B) Quantitative PCR analysis of tRF-Val expression.

(C) Representative images of TUNEL assay of BUMPT cells. Scale Bar = 50mm.

(D) Quantitative analysis of TUNEL-positive cells.

(E) Annexin V-FITC and PI flow cytometry analysis.

(F) Apoptosis rate analysis of flow cytometry.

(G) Western blot analysis of Bcl2 and cleaved caspase-3 with b-actin as a loading control.

(H) Quantitative analysis of Bcl2 and cleaved caspase-3. Data are represented as mean ± SEM. **, p < 0.01 versus respective vehicle; ##, p < 0.01 versus NC +

CoCl2 group. n R 3.
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Figure 5. tRF-Val inhibitor aggravates cellular death of BUMPT cells under CoCl2 stress

(A) Schematic diagram of cells model. BUMPT cells were transfected with tRF-Val inhibitor and NC inhibitor, then the cells were treated with CoCl2 or vehicle for

48 h.

(B) Quantitative PCR analysis of tRF-Val expression.

(C) Representative images of TUNEL assay of BUMPT cells. Scale Bar, 50 mm.

(D) Quantitative analysis of TUNEL-positive cells.

(E) Annexin V - FITC and PI flow cytometry analysis.

(F) Apoptosis rate analysis of flow cytometry.

(G) Western blot analysis of Bcl2 and cleaved caspase-3 with b-actin as a loading control.

(H) Quantitative analysis of Bcl2 and cleaved caspase-3. Data are represented as mean ± SEM.**, p < 0.01 versus respective vehicle; ##, p < 0.01 versus NC

inhibitor + CoCl2 group. n R 3.
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Figure 6. Apaf1 may be a target of tRF-Val in BUMPT cells

(A) Schematic diagram of mRNA sequencing.

(B) KEGG enrichment analysis of TOP 20 signaling pathways and heatmaps of 13 apoptosis-related genes. The key gene Apaf1 weremarkedwith red rectangular

box.

(C) RT-qPCR results of BUMPT cells transfection with NC or tRF-Val.

(D) RT-qPCR results of Apaf1 gene in tissue models.

(E) RT-qPCR results of Apaf1 gene in cell models. Data are represented as mean ± SEM.**p < 0.01 versus respective vehicle. n R 3.
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Overall, the previous data indicated that Apaf1 might be a

target of tRF-Val.

tRF-Val interacts with 30-UTR of Apaf1 mRNA
To elucidate the potential regulatory interactions between tRF-Val

and Apaf1, we employed an online bioinformatic analysis tool to

predict the binding site of tRF-Val within Apaf1. The analysis re-

vealed a six-base complementary sequencewithin the 30 untrans-
lated region (UTR) of the Apaf1 that paired with tRF-Val. Mutant

sequences designed based on this finding were illustrated in Fig-

ure 9A. Subsequently, a dual luciferase reporter assay was con-

ducted to validate the targeting of Apaf1 mRNA by tRF-Val. Re-

sults indicated a significant decrease in luciferase activity in the

WT-Apaf1 group following co-transfectionwith tRF-Val compared

to the NC control, whereas the luciferase activity of the MUT-

Apaf1 group remained largely unchanged (Figure 9B).

In addition, to investigate whether tRF-Val could bind with AGO

protein, anArgonauteRNA immunoprecipitation (AGO-RIP) qPCR

assay was conducted. Results demonstrated the binding of tRF-

Val with AGO (Figure 9C). Collectively, our findings suggest that

tRF-Val inhibited Apaf1 expression via targeting with the Apaf1

mRNA 30-UTR through binding with AGO.
8 iScience 28, 111954, March 21, 2025
Apaf1 overexpression weakens the effect of the tRF-Val
on apoptosis in BUMPT cells
Here, we co-transfected tRF-Val andApaf1 overexpression plas-

mids in BUMPT cells. The Apaf1 plasmids design was shown in

Figure 10A and it contained 9150 base pairs (bp). Meantime,

we also tested the transfection efficacy of Apaf1 plasmids, indi-

cating that it was successfully transfected into BUMPT cells (Fig-

ure 10B). Subsequently, the TUNEL assay results showed that

the green fluorescence increased in the group of Apaf1 plasmids

alone. As expected, the green fluorescence in co-transfection

tRF-Val with Apaf1 plasmids group was higher than that of

CoCl2-treated group after tRF-Val transfection (Figures 10C

and 10D). Furthermore, we also detected Apaf1 protein expres-

sion by western blot and results demonstrated that Apaf1 in

both plasmids group andCoCl2-treated groupwere substantially

elevated compared with NC group. (Figures 10E and 10F).

Thereby,wealso observed that the cleaved caspase-3were sup-

pressed and Bcl2 were increased in CoCl2-treated after tRF-Val

transfection group compared with CoCl2-treated alone group.

However, this effect of tRF-Val in cleaved caspase-3 and Bcl2

were largely weakened after co-transfection Apaf1 plasmids

with tRF-Val (Figures 10G and 10H).



Table 2. The primer sequences used in this study

Primers Sequence (50 to 30)

b-actin Forward CAGAAGGAGATTACTGCTCTGGCT

b-actin Reverse TACTCCTGCTTGCTGATCCACATC

Apaf1 Forward AGTGGCAAGGACACAGATGG

Apaf1 Reverse GGCTTCCGCAGCTAACACA
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These data altogether confirm that tRF-Val represses cell

apoptosis by inhibiting expression of Apaf1, at least partly.

DISCUSSION

This study unveils, for the first time, the downregulation of tRF-

Val, a tRNA-derived small RNA fragment, in IRI-AKI mice and
Figure 7. tRF-Val restrains Apaf1 expression in both renal IRI and CoC

(A) Representative images of Apaf1 IHC results in IRI48h renal tissue with NC or

(B) Semi-quantitative analysis of Apaf1 IHC results.

(C) Western blot analysis of Apaf1 with b-actin as a loading control in IRI48h ren

(D) Western blot analysis of Apaf1 with b-actin as a loading control in BUMPT ce

(E) Quantitative analysis of Apaf1 in renal tissue.

(F) Quantitative analysis of Apaf1 in BUMPT cells. Data are represented as mean

group or NC + IRI48h group. n R 3.
CoCl2-induced BUMPT cells. Subsequent comprehensive in-

vestigations affirmed the protective role of tRF-Val against

renal TECs apoptosis in the IRI-AKI model, both in vivo and

in vitro.

A spectrum of experiments has initially illuminated the poten-

tial of tRFs as prognostic biomarkers for kidney diseases. Mis-

hima et al. introduced novel insights into the constitutive alter-

ations in tRNAs and their fragments, suggesting that tRFs

could serve as early indicators of acute cellular injury.12 Further-

more, previous research indicated that urinary exosomal tRFs

could be novel diagnostic biomarkers for chronic kidney disease

(CKD).13 Notably, the elevation of tsRNAs in plasma preceded

the rise of kidney injury molecule 1 (KIM-1) and creatinine in

urine, hinting the potential of tsRNAs for early detection of renal

injury.14 Zhang Z et al. also highlighted the dysregulation of tRF-

1:24-Glu-CTC-1 in podocyte injury induced by high glucose,
l2-treated BUMPT cells

tRF-Val injection. Scale Bar, 50 mm or 20 mm.

al tissue with NC or tRF-Val injection.

lls with NC or tRF-Val transfection.

± SEM. **p < 0.01 versus respective vehicle; ##, p < 0.01 versus NC + CoCl2

iScience 28, 111954, March 21, 2025 9



Figure 8. tRF-Val inhibitor preserves Apaf1 expression in both renal IRI and CoCl2-treated BUMPT cells

(A) Representative images of Apaf1 IHC results in IRI48h renal tissue with NC inhibitor or tRF-Val inhibitor injection. Scale Bar, 50 mm or 20 mm.

(B) Semi-quantitative analysis of Apaf1 IHC results.

(C) Western blot analysis of Apaf1 with b-actin as a loading control in IRI48h renal tissue with NC inhibitor or tRF-Val inhibitor injection.

(D) Western blot analysis of Apaf1 with b-actin as a loading control in BUMPT cells with NC inhibitor or tRF-Val inhibitor transfection.

(E) Quantitative analysis of Apaf1 in renal tissue.

(F) Quantitative analysis of Apaf1 in BUMPT cells. Data are represented as mean ± SEM. *p < 0.05 versus respective vehicle; **p < 0.01 versus respective

vehicle; #, p < 0.05 versus NC inhibitor + IRI48h group; ##, p < 0.01 versus NC inhibitor + CoCl2 group or NC inhibitor + IRI48h group. n R 3.
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proposing a potential biomarker for podocyte injury in diabetic

kidney disease (DKD).15

This study pioneers the revelation that tRF-Val, a tRF-3, is

significantly downregulated in both IRI-AKI and CoCl2-treated

BUMPT cells. This reduction correlates with renal functional

decline and histological injury, suggesting that decreased

expression may signify a hallmark of renal injury. However,

the consistent downregulation of tRF-Val in other models of

AKI (such as nephrotoxic drugs and sepsis-induced AKI) war-

rants further investigation.

In another way, we have recently reported that ischemia injury

can induce tiRNA-Lys production which was mediated by HIF-1

activation,16 thus promoting the transcription of angiogenin, one

of the key endoribonucleases during tRFs generation. However,

despite the downregulation of tRF-Val in IRI-AKI, the precise fac-

tor leading to this reduction remains unclear. It is plausible that

the decrease in tRF-Val could stem from the inhibition of tRNA-
10 iScience 28, 111954, March 21, 2025
Val transcription or the downregulation of a specific endonu-

clease distinct from angiogenin. The internal mechanisms driving

this process were not explored in this study.

Previous studies have elucidated that tRFs can exert their

biological functions by impeding cell death. For instance, a study

in gastric cancer by Cui H et al. revealed that a novel tRF-60:76-

Val-CAC-2 promoted proliferation and suppressed apoptosis by

targeting EEF1A1.17 Furthermore, our research group recently

demonstrated that tiRNA-Lys could cf. renoprotection in

cisplatin-induced AKI by inhibiting ferroptosis through its inter-

action with the GRSF1 protein.16 Despite these insights, limited

research has investigated the mechanisms through which tRFs

offer protection against AKI. In our current study, we observed

that tRF-Val could suppress apoptosis in renal TECs and miti-

gate IRI-AKI in both in vivo and in vitro models.

Apaf1, a central component of the mitochondrial apoptotic

pathway, predominantly participates in the intrinsic pathway



Figure 9. tRF-Val could bind 30-UTR of Apaf1 mRNA by loading with

AGO

(A) The binding site between tRF-Val and Apaf1 predicted by the bioinformatics

website and Apaf1-WT and Apaf1-MUT 30-UTR were designed accordingly.

(B) The targeting relationship between tRF-Val and Apaf1 authenticated by

dual-luciferase reporter gene assay.

(C) The binding relationship between AGO and tRF-Val verified by AGO-RIP

qPCR. Data are represented as mean ± SEM. **, p < 0.01 versus Apaf1-

WT + NC control; ****p < 0.0001 versus control. n = 3.
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of apoptosis.18 Its role involves binding with cytochrome c

released from mitochondria, leading to caspase 9 activation,

which subsequently triggers the activation of the key apoptotic

enzyme, caspase-3.5 Yang, H et al. have also demonstrated that

the expression of Apaf1 is significantly upregulated in the rat

ovaries IRI model and unilateral ureteral obstruction model.19

Previous studies have demonstrated through in vivo and

in vitro experiments that Apaf1 inhibitors hold promise for pro-

tecting against AKI.20 In our investigation, we noted a significant

upregulation of Apaf1 in IRI, which subsequently decreased

following the administration or transfection of tRF-Val. These

findings suggest that Apaf1 is likely the target of tRF-Val for in-

hibiting apoptosis.

Studies have reported that tRF-3s, ranging from 18 to 22 nu-

cleotides in length, are independently generated by the Dicer

enzyme and have the capability to enter the Argonaute-

GW182-containing RNA-induced silencing complex (RISC),

where they post-transcriptionally regulate mRNAs through

sequence complementarity.21 Kumar, P et al. conducted a

meta-analysis of tRFs in human HEK-293T cells, revealing that

tRFs share striking similarities with miRNAs, suggesting a signif-

icant role for tRFs in RNA silencing.22 Notably, the tRF3008A,

derived from tRNA-Val, has been documented to inhibit the

metastasis and progression of colorectal cancer by disrupting

the Wnt/b-catenin pathway in an AGO-dependent manner.23

Meantime, tRF-03357 was significantly upregulated in high-

grade serous ovarian cancer and could target the 30-UTR of

HMBOX1 mRNA then promoting cell proliferation, migration

and invasion.24 Building upon these findings, we conducted a
dual luciferase gene reporter assay and AGO-RIP qPCR experi-

ment to validate the interaction between tRF-Val and Apaf1, con-

firming that tRF-Val effectively targets the 30-UTR of Apaf1

mRNA through sequence complementarity, aligning with previ-

ous reports.

In conclusion, our current study has elucidated the pivotal

role of tRF-Val and its mechanism in IRI-AKI for the first time.

Supporting our findings, we observed a decrease in tRF-Val

levels during IRI-AKI, and overexpression of tRF-Val could miti-

gate IRI-AKI by suppressing apoptosis. This protective effect

was mediated through the inhibition of Apaf1 by targeting

30-UTR of its mRNA via sequence complementarity in an

AGO-dependent manner. Our research offers new insights

into the molecular mechanisms of tRFs in IRI-AKI, suggesting

that tRF-Val could serve as a potential therapeutic target

against IRI-AKI.

Limitations of the study
While our study has made significant strides, several potential

limitations warrant acknowledgment. Firstly, beyond Apaf1

and apoptosis, our mRNA profiling indicated dysregulation

of multiple target genes and pathways following tRF-Val over-

expression, necessitating further exploration of other potential

targets of tRF-Val and the interplay between tRF-Val and other

forms of regulated cell death in future investigations. Sec-

ondly, the regulatory mechanism underlying the downregula-

tion of tRF-Val remains unresolved. Lastly, we aim to incorpo-

rate clinical samples in our future research endeavors if

feasible.
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Figure 10. Apaf1 overexpression partly weakens the effect of the tRF-Val on apoptosis in cultured BUMPT cells

(A) Design of the Apaf1 overexpression plasmids, containing 9150 bp.

(B) RT-qPCR result of Apaf1 in group of NC and Apaf1 plasmids.

(C) Quantitative analysis of TUNEL-positive cells.

(D) Representative images of TUNEL assay of BUMPT cells. Scale Bar, 50 mm.

(E) Western blot analysis of Apaf1 with b-actin as a loading control in BUMPT cells.

(F) Quantitative analysis of Apaf1 in BUMPT cells.

(G) Western blot analysis of Bcl2 and cleaved caspase-3 with b-actin as a loading control in BUMPT cells.

(H) Quantitative analysis of Bcl2 and cleaved caspase-3 in BUMPT cells. Data are represented as mean ± SEM. **, p < 0.01 versus respective vehicle; ##, p < 0.01

versus NC + CoCl2 group; ,̂ p < 0.05 versus tRF-Val + CoCl2 group. n R 3.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-Apaf1 Cell Signaling Technology Cat#8723; RRID: AB_3676010

Rabbit monoclonal anti-Apaf1 Beyotime Cat#AF1462; RRID: AB_3676027

Rabbit polyclonal anti-Apaf1 Affinity Cat#AF0117; RRID: AB_2833267

Rabbit monoclonal anti-Bcl2 Abcam Cat#ab182858; RRID: AB_2715467

Rabbit monoclonal anti-Cleaved-Caspase3 Abcam Cat#ab214430; RRID: AB_2938798

Mouse monoclonal anti-b-actin Proteintech Cat#66009-1-Ig; RRID: AB_2687938

goat anti-rabbit IgG-HRP secondary antibody Abiowell Cat#AWS0002; RRID: AB_3676031

goat anti-mouse IgG-HRP secondary antibody Abiowell Cat#AWS0001; RRID: AB_3676030

Chemicals, peptides, and recombinant proteins

Dulbecco’s Modified Eagle’s Medium Gibco Cat#C11995500BT

Fetal bovine serum Procell LifeScience & Technology Cat#164210-50-1

Streptomycin-penicillin Wuhanhuiyucheng Biotechnology Cat#HYG2222

Lipofectamine 3000 ThermoFisher Scientific Cat#L3000015

Cobalt chloride hexahydrate Rhawn Reagent Cat#7791-13-1

Critical commercial assays

TUNEL cell death detection kit Beyotime Cat#C1088

Annexin V-FITC and PI apoptosis assay kit Beyotime Cat#C1062

HiScript II qRT SuperMix(+gDNA Wiper) Vazyme Cat#R223

ChamQ Universal SYBR qPCR Master Mix Kit Vazyme Cat#Q711

miRNA 1st-strand cDNA Synthesis Kit Vazyme Cat#MR101

miRNA Universal SYBR qPCR Master Mix Vazyme Cat#MQ101

Deposited data

tsRNAs raw and analyzed data Li et al.10 N/A

mRNA sequencing analyzed data This study GSE282997

Experimental models: Cell lines

BUMPT-306 cells Department of Nephrology, The Third

Xiangya Hospital, Central South University

RRID: CVCL_D3WF

HEK-293T cells Department of Nephrology, The Third

Xiangya Hospital, Central South University

RRID: CVCL_0063

Experimental models: Organisms/strains

C57BL/6J Mouse Slyke Jingda Biotechnology Company RRID: IMSR_JAX:000664

Oligonucleotides

tRF-Val sequence:

5’- CAAUGAACACUCUGACCA -3’

This paper N/A

tRF-Val inhibitor sequence:

5’- UGGUCAGAGUGUUCAUUG-3’

This paper N/A

Primers for tRF-Val, see Table 1 This paper N/A

Primers for U6, see Table 1 Li et al.16 N/A

Primers for Apaf1, see Table 2 This paper N/A

Primers for b-actin, see Table 2 Li et al.16 N/A

Recombinant DNA

Apaf1 pcDNA3.1 plasmid This paper N/A

Apaf1 3’-UTR psiCHECKTM-2 plasmid (wild type) This paper N/A

Apaf1 3’-UTR psiCHECKTM-2 plasmid (mutant type) This paper N/A

(Continued on next page)
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Software and algorithms

ImageJ This paper RRID:SCR_003070

GraphPad Prism This paper RRID:SCR_002798

Flowjo This paper RRID:SCR_008520

ZEISS ZEN Microscopy Software This paper RRID:SCR_013672
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal experiment
C57BL/6J male mice (20-25 g, 8 weeks old) were purchased from Slyke Jingda Biotechnology Company (Certificate SYXK2019-

0004; Hunan, China). The mice were randomly allocated into the Sham group and bilateral IRI model group (n = 5 per group). A bilat-

eral IRI model was established according to a previous study.25 The mice model of renal bilateral IRI was established using two

microvascular clamps for 30 min followed by reperfusion without contralateral nephrectomy. Sham mice underwent the same sur-

gical procedure without clamping. 24 hours prior to surgery, caudal vein injections of either scrambled or in vivo-optimized tRF-Val or

tRF-Val inhibitor (10 mg/kg) were administered. Mice were sacrificed 24 or 48 hours post-bilateral IRI, and both kidney tissues and

serum were collected for various analysis. This study was reviewed and carried out in Department of Laboratory Animals of Central

South University. All experiments using animals were conducted in strict accordance with the approved guidelines by the Laboratory

Animal Ethics Committee of Central South University (CSU-2023-0259).

Cell culture
BUMPT cells line was provided by the Institute of Nephrology, Central South University. BUMPT cells were cultured in DMEM sup-

plemented with 10% FBS, 1% streptomycin-penicillin at 37�C with 5% CO2. And there was no mycoplasma contamination under

microscopic observation.

METHOD DETAILS

Bioinformatic analysis
Heatmap and volcano plot analyses were conducted utilizing R language and bioinformatics.com.cn to identify differentially ex-

pressed tsRNAs between IRI and Sham samples. Building upon preliminary work by our research team, this study utilized previously

published tRFs & tiRNAs sequencing data for bioinformatic analysis.10

Cell transfection and treatment
BUMPT cells with 50%confluence was transfected using Lipofectamine 3000 according to themanufacturer’s protocol. Briefly, cells

(43 105 cells) were seeded onto 6-well plates. Then, the cells were cultured in Opti-Minimum Essential Media (OPTI-MEM) reduced

serummedium containing tRF-Val mimic or inhibitor. After incubation for 24 h, BUMPT cells were treated with 400 mMCoCl2 for 48 h

to induce hypoxia and incubated in fresh complete medium.

tRF-Val, 5’- CAAUGAACACUCUGACCA -3’, tRF-Val inhibitor, 5’- UGGUCAGAGUGUUCAUUG-3’.

Detection of tRFs
Total RNAwasextracted frommouse kidney tissues andBUMPTcells using theTransZol UPRNAExtractionKit. tRFswerepretreated

by rtStarTM tRF & tiRNA Pretreatment Kit (Arraystar, AS-FS-005, USA) according to the manufacturer’s instruction. The miRNA 1st-

strand cDNA Synthesis Kit (Vazyme, MR101, Nanjing, China) was used to perform polyadenylation reactions and cDNA synthesis.

Later, miRNA Universal SYBR qPCR Master Mix (Vazyme, MQ101, Nanjing, China) was used to measure the expression of tRFs.

We determined the level of expression of tRF-Val using standard curve method and cycle threshold (CT) values, and U6 sncRNA

expressionwasused to normalize the expression of tRF-Val. Relative quantification of tRF-Valwas analyzed using the 2�DDCTmethod.

The sequence of the primer used for PCR was listed as follows in Table 1.

Measurement of blood urea nitrogen (BUN) and serum creatinine (sCr)
Collectedmouse blood samples were centrifuged, and the serumwas obtained for biochemical assays. The urea nitrogen test kit and

creatinine test kit were purchased from Hunan Haiyuan Medical. The concentrations of blood urea nitrogen and serum creatinine

were measured following the manufacturer’s instructions and using autoanalyzer of the Third Xiangya Hospital.
e2 iScience 28, 111954, March 21, 2025
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Histology, TUNEL assay, IHC staining
According to routine protocols, the histological sections of the kidney (4mm) were dyed with HE and PAS staining to observemorpho-

logical changes. The degree of renal interstitial injury inmice was assessed as previously reported including TECsmorphology, brush

border integrity, the number of renal epithelial casts, and lumen necrotic cells.26 Apoptosis of renal TECs was examined by TUNEL

assay kit according to the manufacturer’s instructions and DAPI was used to stain the nuclei. IHC staining was used to detect the

expression of Apaf1 in renal tissue. After blocking with 5% bovine serum albumin (BSA), the renal tissue sections were incubated

overnight at 4�C with Anti-Apaf1 rabbit polyclonal antibody (1:100 dilution). Semiquantitative analysis was performed independently

by two blinded pathologists.

Mitochondria morphology observation by electron microscope
1mm3 of fresh kidney cortex was quickly placed in electron microscope fixative (Glutaraldehyde, 4%) at 4�C. Then the tissue was

embedded and cut into ultrathin sections of 60-80 nm, followed by uranium-lead double staining. The morphology of mitochondria

in proximal renal TECs was observed by TEM and images of different multiples were collected.

Flow cytometry assay
Annexin V-FITC and PI staining was conducted to assess apoptosis according to the manufacturers’ instruction (Beyotime, C1062,

China) then immediately detected by flow cytometer. And the results were analyzed by Flowjo v10.8.6 software.

mRNA-sequencing
mRNA-sequencingwas carried out to identify the downstream target genes regulated by tRF-Val. BUMPT cells were transfectedwith

tRF-Val or NC for 48 hours. Thereafter, RNA was isolated from the treated BUMPT cells using the TRIzol reagents (Invitrogen,

Shanghai, China). RNA-seq libraries and sequencing were performed on an Illumina HiSeq 4000 by Aksomics (Shanghai, China)

and sequencing reads were trimmed using StringTie andmapped to mouse genome database (GRCh37) by the Hisat2 software. Dif-

ferential expression and normalized read counts (FPKM, Fragments per kilobase of gene/transcript model per million mapped frag-

ments) were calculated using theBallgown software. ThemRNAsequencing data have been deposited toGEOdataset (GSE282997).

Quantitative RT-PCR (RT-qPCR)
First cDNA was synthesized by HiScript II qRT SuperMix(+gDNA Wiper) (Vazyme, R223, Nanjing, China) for qPCR. Real-time fluo-

rescent quantitative PCR was performed based on instructions of the ChamQ Universal SYBR qPCR Master Mix Kit (Vazyme,

Q711, Nanjing, China) The preparation of the reaction system and procedure were conducted according to the instructions. Gene

expression relative to internal controls was quantified using the 2�DDCT method. The PCR primers are shown in Table 2.

Western Blot
The extracted proteins were separated from total proteins by SDS/ PAGE and electro-transferred to PVDF membranes (Millipore,

IPVH00010, USA). Membranes were blocked with 0.1% BSA solution on shaker for 1h, then incubated with corresponding primary

antibody overnight at 4�C, finally incubatedwith chemical secondary antibodies for 1h at room temperature the next day.Membranes

were visualized by Image Studio software and band intensities were quantitatively analyzed by Image J analysis software. All data

represent at least three independent experiments.

Dual luciferase reporter assay
The full-length 3’-UTR of Apaf1 carrying mutant or wild-type sequences was cloned into psiCHECKTM-2 vectors (Promega, MWI,

USA), respectively, and co-transfected with tRF-Val overexpression vector or mock vector into HEK-293T cells, using Lipofectamine

3000. After 48h of transfection, the activities of firefly and Renilla luciferase were measured using the dual-luciferase reporter gene

assay system (Promega, MWI, USA) in accordance with the manufacturer’s protocols.

AGO-RIP assay
The RIP experiment was conducted by Aksomics (Shanghai, China) using the EZ-Magnetic RIP kit (Millipore, MA, USA) according to

the manufacturer’s instructions. Briefly, cells at 80% confluency were lysed in complete RIP lysis buffer, following by immunoprecip-

itation with RIP buffer including magnetic beads coupled with anti-AGO antibody (Abcam) at 4�C for 3 h with rotation. Anti-IgG was

used as a negative control. Those unbound substances were washed off after the fixed magnetic beads combined complexes with

magnet. The samples were co-incubated with proteinase K to purify RNA then the immunoprecipitated RNA was isolated, and the

precipitate was analyzed for tRF-Val level by RT-qPCR.
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Continuity variables were presented as mean ± Standard Error of the Mean (SEM) and analyzed by GraphPad Prism 9 software (San

Diego, CA, USA). Student t-test was used to establish statistical significance between two groups (in Figures 1, 6, and 9), and one-

way ANOVA followed by Dunnett’s post-hoc test was applied among groups of more than two (in Figures 2, 3, 4, 5, 7, 8, 10, and S1).

nR 3 indicates number of animals (Figures 2B, 2F, 2H, 2J, 3B, 3F, 3H, 3J, 7B, and 8B) or biological replicates (except above

mentioned). Error bars on all graphs indicate SEM. P < 0.05 was considered statistically significant.
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