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Acute kidney injury (AKI) is increasingly identified as a crucial
risk factor for progression to CKD. However, the factors gov-
erning AKI to CKD progression remain largely unknown. By
high-throughput RNA sequencing, we found that Neat1_2, a
transcript variant of Neat1, was upregulated in 40-min
ischemia/reperfusion injury (IRI), which resulted in the devel-
opment of renal fibrotic lesions. The upregulation of Neat1_2
in hypoxia-treated TECs was attributed to p53 transcriptional
regulation. Gain- and loss-of-function studies, both in vitro
and in vivo, demonstrated that Neat1_2 promoted apoptosis
of injured TECs induced by IRI and caused tubulointerstitial
inflammation and fibrosis. Mechanistically, Neat1_2 shares
miRNA response elements with FADD, CASP-8, and CASP-3.
Neat1_2 competitively binds to miR-129-5p and prevents
miR-129-5p from decreasing the levels of FADD, CASP-8, and
CASP-3, and ultimately facilitates TEC apoptosis. Increased
expression of Neat1_2 associated with kidney injury and TEC
apoptosis was recapitulated in human AKI, highlighting its
clinical relevance. These findings suggest that preventing
TEC apoptosis by hindering Neat1_2 expression may be a po-
tential therapeutic strategy for AKI to CKD progression.

INTRODUCTION
Chronic kidney disease (CKD) is progressive and irreversible after
renal function drops below a certain threshold, and there is currently
no decisive therapy.1 Progressive tubulointerstitial fibrosis is a com-
mon characteristic of CKD leading to end-stage renal disease
(ESRD).2 Acute kidney injury (AKI) is a clinical condition character-
ized by a rapid decline in renal function and has long been regarded as
a completely reversible condition. However, recent studies have
shown that patients who survive an episode of AKI may suffer
from persistent subclinical kidney injury, placing them at higher
risk for progression to CKD, ESRD, and death.3–5

The severity and frequency of AKI determine whether the injury leads
to CKD.6 Tubular epithelial cells (TECs), which make up the bulk of
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the renal parenchyma, are the initial targets for ischemia/reperfusion
(I/R)-induced renal injury and are vulnerable to varieties of injuries,
including hypoxia, senescence, proteinuria, toxins, and metabolic dis-
orders.7 Accumulating evidence shows that injured TECs, which can
result in apoptosis, are considered a critical element that initiates pro-
gressive fibrosis.8,9 Activation of the FasL/Fas-related pathway is crit-
ical for I/R-induced cell apoptosis and organ damage.10,11 Activated
Fas receptor recruits and activates caspase-8 by binding to FADD
(Fas-associated protein with death domain), leading to the cleavage
of caspase-3/-7, which initiates the morphological changes of
apoptosis.12 It has been widely recognized that the activation of the
Fas receptor contributes to TEC apoptosis and that knockout of the
Fas receptor protects the kidney against I/R-induced injury.13,14

Therefore, research on TEC apoptosis may provide a promising ther-
apeutic target for preventing AKI to CKD progression.

Long non-coding RNAs (lncRNAs) are a cluster of RNA molecules
(longer than 200 nt) that may regulate gene expression through
diverse functional mechanisms. They can interact with protein targets
15–17 or sequester miRNA activity as competing endogenous RNAs.18

Emerging evidence has shown that lncRNAs play a critical role in the
pathogenesis of AKI.19,20 However, there is limited knowledge about
the role of lncRNAs in the progression of AKI to CKD.

In this study, we investigated the potential role of lncRNAs involved
in the progression of AKI to CKD and their underlying mechanisms.
We found that lncRNA Neat1_2 contributed to the progression of
AKI to CKD by promoting TEC apoptosis. This discovery expands
on our understanding of the regulation of TEC apoptosis and AKI
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progression, providing a potential new therapeutic target for renal
fibrosis.

RESULTS
lncRNA Neat1_2 is upregulated in TECs from mice exposed to

severe ischemic reperfusion injury (IRI)

The kidney has an inherent ability to recover from acute injury; howev-
er, severe injury can result in CKD and fibrosis.21,22 To study the role of
lncRNAs in renal TECs after severe injury, severe or mild ischemic re-
perfusion injury (IRI) was established in mice by 40 or 20 min, respec-
tively, of bilateral renal IRI. As previously described,6,22 severe IRI
caused severe acute tubular injury,whereasmild IRI inducedmild acute
tubular injury, from which subjects recovered 7 days post-injury
(Figures S1A and S1B). Moreover, severe IRI caused the development
of CKD, as shown by progressive tubulointerstitial fibrosis since day
7 post-injury (Figures S1C and S2D), deposition of extracellularmatrix
synthesis (Figures S1E and S1F), and the serum creatinine remained
above normal level for at least 42 days post-injury (Figure S1G).

Screening of the differentially expressed lncRNAs between IRI and
the sham group was performed by high-throughput sequencing
with the isolated tubules from mice. The lncRNA clustering showed
that 8 lncRNAs were upregulated and 46 were downregulated
by >2-fold between severe and mild IRI (Figure 1A; Tables S1 and
S2). We selected the candidate lncRNA Neat1 for the following rea-
sons: (1) Neat1 is highly conservative between mice and humans,
(2) Neat1 has the highest constitutional expression level (fragments
per kilobase of transcript per million mapped reads [FPKM]
70.02 ± 30.90) in mouse renal tubules, and (3) Neat1 is an intergenic
lncRNA that does not overlap with protein-coding genes, avoiding
off-target effects through the manipulation of Neat1. Bioinformatics
analysis reveals that Neat1 (NCBI Gene ID: 66961) is transcribed
into 2 isoforms, 3.2k-nt Neat1_1 (NR_003513) and 20k-nt Neat1_2
(NR_131212) (Figure S1H). To determine the dominating transcript
in IRI-injured kidney, northern blot was performed in mouse injured
renal tissues. The results showed that the expression level of Neat1_2
transcript was more abundant than that of the Neat1_1 transcript in
IRI mouse kidneys (Figure 1B). To further validate the upregulation
of Neat1_2, quantitative real-time polymerase chain reaction
(qPCR) showed that Neat1_2 was upregulated in isolated tubules
from severe IRI mice (Figure 1C) and hypoxia-treated human and
mouse TECs, which is a model to mimic IRI in TECs in vitro
(Figures 1D and 1E). To characterize the localization ofNeat1_2, fluo-
rescence in situ hybridization (FISH) was performed in TECs treated
under different conditions. Compared with normal TECs, hypoxia-
treated cells contained more Neat1_2 in the cytoplasm (Figure 1F),
which were verified by qPCR of the cytoplasmic and nuclear fractions
(Figure 1G). Similarly, FISH in kidney sections from IRImice demon-
strated that Neat1_2 was predominantly upregulated in proximal tu-
bules of severe IRI mice, as revealed by the colocalization of Neat1_2
and the marker of proximal tubules (Lotus tetragonolobus) (Fig-
ure S1I). Neat1_2 was expressed in both the cytoplasm and the nu-
cleus of TECs from 1 to 42 days post-IRI (Figures S1J and S1K).While
in sham and mild IRI mice, Neat1_2 was dominantly expressed in the
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nucleus (Figures 1H and 1I). These observations suggest thatNeat1_2
is released from the nucleus to the cytoplasm during severe TEC
injury.

Neat1_2 is a transcription target of p53 in TECs from mice

exposed to severe IRI

Burgeoning evidence shows that transcription factors (TFs) can
play indispensable roles in the upregulation of lncRNAs.16,23,24

We therefore conducted bioinformatics analysis by using the
ChIPBase database25 to screen for TFs responsible for Neat1_2
upregulation (Data S1). To narrow down the candidate TFs,
DNA pull-down followed by mass spectrometry was performed
(Figure S1L). We took the intersetion of the predicted TFs and
the TFs identified by mass spectrometry (Figure 1J; Data S2).
The results demonstrated that p53 and RelA bound to the pro-
moter sequence of Neat1_2. To further confirm the role of p53
and RelA in dominating the upregulation of Neat1_2 in TECs
treated with hypoxia, p53 and RelA were knocked down separately
(Figures S1M–S1P). The results showed that knockdown of p53,
but not RelA, decreased Neat1_2 expression in TECs, in the pres-
ence or absence of hypoxia treatment (Figures S1Q and S1R).

To validate the findings, we cloned the promoter region of Neat1_2
between �1 and �2,000 bp into a pGL3 vector. Luciferase reporter
assays demonstrated that knocking down p53 inhibited Neat1_2 pro-
moter activity (Figure 1K), and these results suggested that the tran-
scription of Neat1_2 was p53 dependent. According to the JASPAR
CORE 2020 database,26 there is one predicted potential p53 binding
site in the promoter region of Neat1_2 (�1,459 to �1,475 bp up-
stream in human genome build hg38). We further performed chro-
matin immunoprecipitation (ChIP) analysis with an anti-p53 anti-
body to demonstrate whether p53 could occupy the Neat1_2
promoter in TECs. The ChIP assay demonstrated the interaction be-
tween p53 and the promoter region of Neat1_2, indicating that
Neat1_2 is a direct target of p53 (Figure 1L). A series of pGL3 reporter
plasmids containing truncated mutations between�2,000 and�1 bp
of theNeat1_2 promoter were constructed (Figure 1M). Luciferase re-
porter assays showed that the mutants without the predicted p53
binding site (�1,459 to �1,475 bp) lost transcriptional activity
when cells were treated with hypoxia. Further validation of the bind-
ing site is indispensable for Neat1_2 transcription upon hypoxia
treatment. Point mutations of the p53 binding site were established,
and the results showed that mutations of this binding site (�1,459
to�1,475 bp) reduced luciferase activity (Figure 1N). These data sug-
gest that p53 upregulates the expression of Neat1_2 by directly bind-
ing to the promoter of Neat1_2.

To explore whether p53 contributes to the upregulation of Neat1_2
in vivo, we first verified that p53 was activated in injured TECs
in vitro (Figures S1M and S1N) and in isolated tubules from
severe IRI mice (Figures S1S and S1T). Then, one group of IRI
mice was given intraperitoneally (i.p.) with pifithrin-a (PIF-a), a
p53 inhibitor,27 12 h before IRI induction. PIF-a treatment decreased
the expression of Neat1_2 at days 1, 3, and 7 post-IRI (Figure S1U).



Figure 1. LncRNA Neat1_2 is upregulated by p53 transcription in TECs from mice exposed to severe IRI

(A) Clustered heatmap of the differentially expressed lncRNAs in isolated tubules from sham and IRI mice (n = 3). (B) Northern blots for the 2 transcript variants of Neat1 in

isolated tubules from 20- or 40-min IRI mice (n = 3). (C) Expression ofNeat1_2 in isolated tubules from sham and IRI mice, assayed by qPCR. (D and E) Expression ofNeat1_2

in mouse tubular epithelial cells (mTECs) (D) and HK2 cells (E) treated with hypoxia (1% oxygen) for 24 h. (F) The subcellular location ofNeat1_2 in normoxia or hypoxia-treated

HK2 cells was analyzed by RNA-FISH. Scale bar, 25 mm. (G) Normoxia- or hypoxia-treated HK2 cells were analyzed for cytoplasmic and nuclear percentage of Neat1_2.

(H and I) Representative images of in situ hybridization ofNeat1_2 expression in kidneys from sham or IRI mice (H) and the percentage of cytoplasmicNeat1_2 staining TECs

(I), Scale bars, 100 mm in the upper images and 30 mm in the lower images. (J) A Venn diagram showing potential transcription factors associated withNeat1_2. Transcription

factors (p53 and Rela) were selected by using DNA pull down followed by liquid chromatography-tandem mass spectrometry as well as ChIPBase. (K) Knockdown of p53

decreased the Neat1_2 transcription activity in luciferase reporter assays. (L) ChIP assays showing p53 occupied at the Neat1_2 promoter in HK2 cells. (M) Luciferase re-

porter assays for HK2 cells that were transfected with reporter plasmids containing truncated Neat1_2 promoters and then treated with hypoxia for 24 h. (N) Mutation of p53

binding site rescuedNeat1_2 transcription in luciferase reporter assays. The data are presented asmeans ± SDs. A Student’s t test was used for the comparison of 2 groups.

ANOVA was used for comparison among multiple groups. **p < 0.01, ***p < 0.001.
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Upregulation of Neat1_2 activates TEC apoptosis

The common pathological characteristics of AKI are apoptosis of
resident renal cells and excessive inflammation, which will lead to
progressive fibrosis.8 By conducting mRNA sequencing (mRNA-
seq) and Gene Ontology (GO) analysis in tubules isolated from
mild or severe IRI, a series of apoptosis-associated genes were found
to be markedly upregulated in TECs from severe IRI mice
(Figures S2A and S2B). Indeed, apoptotic TECs were dramatically
increased in severe IRI mice, as assayed by TUNEL staining
(Figures S2C and S2D).
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Given that Neat1_2 was significantly upregulated in TECs from se-
vere IRI mice, we hypothesized that Neat1_2 promoted the apoptosis
of TECs during renal IRI. To study the role of Neat1_2 in TEC
apoptosis in vitro, TECs were overexpressed withNeat1_2 in the pres-
ence or absence of hypoxia treatment. qPCR showed the overexpres-
sion efficacy of Neat1_2 in TECs (Figures S2E and S2F). Ectopic
expression of Neat1_2 promoted the expression of pro-apoptotic
members at both mRNA (Figures S2G–S2J) and protein levels in
the presence or absence of hypoxia treatment (Figures 2A–2C).
Consistently, overexpression of Neat1_2 promoted TEC apoptosis
under normal or hypoxic conditions (Figures 2D and 2E).

Knockdown of Neat1_2 was performed by locked nucleic acids
(LNAs) to induce RNase-H-mediated degradation. qPCR showed
that Neat1_2 was knocked down efficiently in both the nuclear and
cytoplasmic portions of TECs in the presence or absence of hypoxia
treatment (Figures S2K and S2L). The expression of apoptosis-associ-
ated members was inhibited at both the mRNA and protein levels
when Neat1_2 was knocked down under hypoxic conditions
(Figures 2F–2H and S2M–S2P). However, Neat1_2 knockdown did
not have an effect under normoxia conditions. The inhibition of hyp-
oxia-induced TEC apoptosis by Neat1 knockdown was further veri-
fied by annexin V labeling flow cytometry assays (Figures 2I and 2J).

Neat1_2 activates the apoptotic cascade via inhibition of miR-

129-5p

It has been widely reported that lncRNA may act as a microRNA
(miRNA) sponge to promote the expression or translation of down-
stream targets.28 Given that Neat1_2 is released from the nucleus to
the cytoplasm during hypoxia treatment and that Neat1_2 overex-
pression promotes the mRNA expression of a series of pro-apoptotic
members (Figures S2G–S2J), we explored whether Neat1_2 might
also function as the competing endogenous (ceRNA) mechanism to
promote TEC apoptosis. To validate this hypothesis, miRNAs that
may bind toNeat1_2were predicted by the usage of five bioinformatic
website tools (AnnoLnc2, ENCORI, RNA22, DIANA, and Star-
base).29,30 Among the candidate miRNAs, 4 miRNAs (miR-22-3p,
miR-129-5p,miR-194-5p, andmiR-204-5p) were predicted by all 5 da-
tabases (Figure 3A). To verify the regulatory capability of the miRNAs
to Neat1_2, we constructed the Neat1_2 luciferase reporter system.
Each predicted miRNA mimics was co-transfected with the
Neat1_2 luciferase reporter into HEK-293T cells. We found that all
four miRNAs were able to reduce luciferase activity, and miR-129-
5p reduced the most, by at least 85% (Figure 3B). Furthermore,
miR-129-5p expression was markedly reduced in hypoxia-treated
Figure 2. Upregulation of Neat1_2 activates TEC apoptosis

(A–C) Representative western blot analyses and quantification data showed cellular expr

or absence of hypoxia treatment for 24 h. (D and E) The effect ofNeat1_2 overexpression

of annexin V and propidium iodide followed by flow cytometric analysis. (F–H) Representa

apoptotic factors inNeat1_2-knocked down HK2 cells in the presence or absence of hyp

the quantification data.

The data are presented as means ± SDs. A Student’s t test was used for the compariso

**p < 0.01, ***p < 0.001.
TECs, while the expression levels of the other three miRNAs re-
mained constant or upregulated (Figure 3C). Knockdown of
Neat1_2 promoted the expression of miR-129-5p in HK2 cells in
the presence or absence of hypoxia treatment (Figure 3D). Therefore,
miR-129-5p was chosen for further study. Ago2 RNA immunoprecip-
itation (RIP) analysis showed that Neat1_2 and miR-129-5p were
significantly enriched in Ago2-containing micro-ribonucleoprotein
complexes (Figure 3E), further verifying that Neat1_2 directly bound
tomiR-129-5p in TECs. RNA FISH showed colocalization of Neat1_2
with miR-129-5p in the cytoplasm of hypoxia-treated HK2 cells (Fig-
ure 3F). A pull-down assay with biotinylated miR-129-5p was
performed to confirm the specific binding between Neat1_2 and
miR-129-5p (Figure 3G). To further confirm the association of
Neat1_2 with miR-129-5p, we constructed luciferase reporters con-
taining the 5,000- to 6,000-nt sequence of Neat1_2, which contained
wild-type (WT) or mutated miR-129-5p targeting sites (Figure 3H).
These reporters were co-transfected with miR-129-5p mimics into
HEK-293T cells. We found that miR-129-5p mimics reduced the re-
porter activity of the construct with WT Neat1_2 (Figure 3I). Consis-
tently, hypoxia treatment-induced TEC apoptosis was alleviated by
miR-129-5p mimics, while cotransfection of miR-129-5p mimics
with Neat1_2 plasmids inhibited the antiapoptotic function of miR-
129-5p mimics (Figures 3J and 3K).

Neat1_2 upregulates the expression of FADD, CASP8, and

CASP3 via inhibition of miR-129-5p

Next, themechanism by whichNeat1_2 promoted TEC apoptosis was
elucidated. Among the predicted targets of miR-129-5p by the
ENCORI database, FADD, Casp8, and Casp3 stood out as attractive
candidates because they promoted cell apoptosis and were upregu-
lated in TECs overexpressing Neat1_2 (Figures 2A–2C). The putative
miR-129-5p-binding sites in the 30 UTR of FADD, Casp8, and Casp3
are presented in Figure 4A. To verify whether these genes were direct
targets of miR-129-5p, a dual-luciferase reporter system was used.
A firefly luciferase reporter construct containing the WT or mutant
30 UTR of the target gene was co-transfected with miR-129-5p
mimics. Luciferase reporter assays showed that the luciferase activities
of FADD, Casp8, and Casp3 WT reporter were significantly reduced
when transfected with miR-129-5p mimics compared with mutated
reporter (Figures 4B–4D). Furthermore, the overexpression of miR-
129-5p inhibited the hypoxia-induced increase in pro-apoptotic genes
at both mRNA and protein levels (Figures 4E–4G). In the rescue ex-
periments, the overexpression of miR-129-5p partly counteracted the
corresponding increase in pro-apoptotic genes induced by Neat1_2
overexpression in TECs (Figures 4H–4J). Furthermore, the luciferase
ession of pro-apoptotic factors inNeat1_2-overexpressed HK2 cells in the presence

on apoptosis and the quantification data. Cell apoptosis was assayed by co-staining

tive western blot analyses and quantification data showed cellular expression of pro-

oxia treatment for 24 h. (I and J) The effect ofNeat1_2 knockdown on apoptosis and

n of 2 groups. ANOVA was used for comparison among multiple groups. *p < 0.05,
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Figure 3. Neat1_2 activates the apoptotic cascade via inhibition of miR-129-5p

(A) Venn diagram of predicted miRNAs interacted with Neat1_2 in 5 databases. Four miRNAs were the intersection of these databases. (B) Luciferase activity of Neat1_2 in

HEK-293T cells transfected with mimics of miRNAs that putatively bind to theNeat1_2 sequence. (C) Expression levels of the 4 putativeNeat1_2-interacting miRNAs in HK2

cells treated with hypoxia for 24 h, assayed by qPCR. (D) Expression of the 4 putative Neat1_2-interacting miRNAs in HK2 cells transfected with locked nucleic acid

(LNA) targeting Neat1_2 in the presence or absence of hypoxia treatment, assayed by qPCR. (E) RIP assay were performed using AGO2 antibody in HK2 cells transfected

with miR-129-5p mimics or mimics negative control (mimic NC), then the enrichment of Neat1_2 was detected. (F) FISH was performed to observe the cellular location of

Neat1_2 (green) andmiR-129-5p (red) in HK2 cells treated with hypoxia for 24 h. Scale bar, 25 mm. (G) Neat1_2 was pulled down and enriched with 30 end biotinylatedmiR-

129-5p in the lysates of HK2 cells transfected with Neat1_2 overexpression plasmids or empty vector. (H) Schematic illustration of Neat1_2-WT and Neat1_2-Mut luciferase

reporter vectors. (I) Luciferase assays in HEK-293T cells co-transfected with Neat1_2-WT or Neat1_2-Mut luciferase reporter vectors together with different doses of miR-

129-5pmimics. (J and K) The effect ofmiR-129-5pmimics on apoptosis in HK2 cells treated with hypoxia for 24 h, in the presence or absence of Neat1_2 overexpression,

and the quantification data. The data are presented as means ± SDs. A Student’s t test was used for the comparison of 2 groups. ANOVA was used for comparison among

multiple groups. *p < 0.05, **p < 0.01, ***p < 0.001.
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activity levels of FADD, Casp8, and Casp3WT reporter were upregu-
lated by Neat1_2, while mutations of miR-129-5p binding sites in
these reporters abrogated the effect of Neat1_2 (Figure 4K). Consis-
tently, transfection of miR-129-5p mimic reduced the TEC apoptosis
induced by Neat1_2 overexpression (Figures 4L and 4M). To exclude
that miR-129-5p directly inhibits Casp-7 and Bax expression, firefly
luciferase reporter containing 30 UTR of Casp-7 and Bax was sepa-
rately co-transfected with miR-129-5p mimics. The results showed
that miR-129-5p mimics had no effect on the luciferase activity of
Casp-7 and Bax (Figures 4N and 4O). To explore the underlying
mechanism for the inhibition effect of miR-129-5p on caspase-7
and Bax, we found that the knockdown of FADD was able to coun-
teract the upregulation of caspase-7 and Bax triggered by miR-129-
5p inhibition (Figures 4P and 4Q). These data suggested that
Neat1_2 promoted FADD, Casp8, and Casp3 expression and subse-
quent apoptosis by sequestering miR-129-5p.
6 Molecular Therapy Vol. 30 No 10 October 2022
Knockdown of endogenous Neat1_2 protects against AKI after

IRI by inhibiting TEC apoptosis

To explore the role of Neat1_2 in promoting AKI-to-CKD transition,
we verified the expression of apoptosis-related parameters, profibrotic
genes, Neat1_2, and miR-129-5p in the course of the AKI-to-CKD
transition. The results showed that the expression of Neat1_2
increased 1 day post-I/R injury and lasted until 28 days after injury,
accompanied by an increase in the expression of p53, FADD,
caspase-3, caspase-8, and collagen I. Moreover, we observed a
decreased expression inmiR-129-5p 1 day post-injury and lasted until
28 days after injury (Figures S3A–S3D).

To investigate the function of Neat1_2 in this model, we knocked
down renal Neat1_2 expression in vivo by adeno-associated virus
serotype 9 (AAV9) harboring small interfering RNA (siRNA)
sequence targeting Neat1_2 (termed AAV9-siNeat1_2). Twenty-one
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days after injection, mice were subjected to 40 min of IRI and were
sacrificed at 24 h after surgery (Figure 5A). The infection rate of
AAV is >70% of the tubular cells in the renal cortex (Figures S3E
and S3F). ISH and qPCR in renal tissue showed the efficacy of
Neat1_2 knockdown (Figures 5B–5D). We further found a noticeable
increase in the expression of miR-129p in the renal cortex from IRI
mice delivered with AAV9-siNeat1_2, as compared to IRI mice
delivered with negative control (Figure 5E). To examine the
outcome of Neat1_2 depletion in AKI, we further examined renal
histological injury and quantified the acute tubular injury score after
periodic acid-Schiff (PAS) staining, and the results showed that
tubular injury was ameliorated by Neat1_2 knockdown (Figures 5F
and 5G). As shown in Figure 5H, serum creatinine levels revealed
that Neat1_2 depletion improved renal function in IRI-treated
mice. To quantitatively evaluate TEC apoptosis, apoptotic cells ac-
cessed by TUNEL staining were evaluated. The results showed that
the knockdown of Neat1_2 decreased tubular cell apoptosis in IRI-
treated mice (Figures 5I and 5J). Consistently, depletion of Neat1_2
decreased the mRNA and protein levels of pro-apoptotic factors
(Figures 5K–5O).

SinceNeat1_2 is highly conservative within the mammalian lineage,31

suggesting critical function for this lncRNA. To explore whether
Neat1_2 may function in another AKI model, the effect of Neat1_2
was studied in cisplatin-induced AKI. The results showed that
Neat1_2 was effectively knocked down while the downregulation of
miR-129-5p was partly prevented (Figures S3G and S3H). The
cisplatin-induced AKI was ameliorated, as shown by the decrease of
AKI score and serum creatinine (Figures S3I–S3K). Moreover, deple-
tion of Neat1_2 inhibited TEC apoptosis in cisplatin-treated mice
(Figures S3L–S3O).

Expression of exogenous Neat1_2 aggravates AKI after IRI

To further verify the effect of Neat1_2 on AKI, AAV9 harboring
empty vector (called AAV9-Vector) or Neat1_2 full length (called
AAV9-Neat1_2) was injected into the renal vein, respectively, 3 weeks
before IRI treatment. Mice were sacrificed 1 day after surgery (Fig-
ure 6A). The renal expression of Neat1_2 in mice delivered with
AAV9-Neat1_2 was increased at 24 h after IRI treatment, accompa-
nied by the further decrease in miR-129-5p, as compared to their
littermate control treated with AAV9-Vector (Figures 6B–6E). The
overexpression of exogenous Neat1_2 further elevated serum creati-
Figure 4. miR-129-5p inhibits Neat1_2-mediated TEC apoptosis in vitro throug

(A) Schematic illustration of FADD-WT, CASP-8-WT, CASP-3-WT, FADD-Mut, CASP-8

293T cells co-transfected with WT or mutated luciferase reporter vectors of FADD (B),

(E) qPCR showing the expression of pro-apoptotic factors in HK2 cells transfected with

showing the expression of pro-apoptotic factors in HK2 cells transfected withmimic NC o

pro-apoptotic factors inNeat1_2-overexpressed HK2 cells transfected with mimic NC o

in Neat1_2-overexpressed HK2 cells transfected with mimic NC or miR-129-5p. (K) Lu

vectors of FADD, CASP-8, and CASP-3, together with Neat1_2 depletion or overexpres

byNeat1_2 overexpression, and the quantification data. (N and O) Luciferase assays in H

with Neat1_2 overexpression. (P and Q) Western blot showing the expression of FADD

FADD or scramble siRNAs transfection. The data are presented as means ± SDs. A Stu

parison among multiple groups. *p < 0.05, **p < 0.01, ***p < 0.001.
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nine levels (Figure 6F), exacerbated tubule injury (Figures 6G and
6H), and promoted TEC apoptosis 1 day post-IRI (Figures 6I and
6J). Furthermore, ectopic expression of Neat1_2 increased the
mRNA and protein levels of pro-apoptotic factors (Figures 6K–6O).

Inhibition of Neat1_2 preserves tubular integrity and improves

tubulointerstitial fibrosis by elevating miR-129-5p expression

To validate the role of Neat1_2-induced TEC apoptosis in mediating
AKI-CKD progression, mice were treated with AAV9-siNeat1_2 or
AAV9-Neat1_2 to knockdown or overexpress Neat1_2, respectively.
Mice were sacrificed at 11 days after surgery (Figure 7A). The assess-
ment of Neat1_2 and miR-129-5p expression was carried out in renal
tissue and the results showed that Neat1_2 was effectively knocked
down in mice treated with AAV9-siNeat1_2, with an increase
in miR-129-5p expression (Figures S4A and S4B). Consistent with
these results, miR-129-5p expression was further reduced in
Neat1_2-overexpressed mice (Figures S4C and S4D). Depletion of
Neat1_2 ameliorated IRI-induced renal fibrosis (Figures 7B and
7C), reduced renal inflammation (Figures 7D–7F), decreased TEC
apoptosis (Figures 7G–7J), preserved tubular integrity (Figures 7K
and 7L), and decreased the expression of the extracellular matrix
(Figures 7M–7P). In contrast, ectopic expression of Neat1_2 further
increased renal inflammation (Figures S4E–S4G), exacerbated
renal fibrosis (Figures S4H and S4I), promoted TEC apoptosis
(Figures S4J–S4M), and enhanced the expression of the extracellular
matrix (Figures S4N–S4Q).

To exclude that the ameliorative effect of Neat1_2 knockdown on the
chronic progression of AKI may be due to its protective efficacy on
the acute injury, the IRI mice were treated with Neat1_2 knockdown
4 days after IRI treatment. Then, mice were sacrificed 28 days after IRI
treatment. The depletion of Neat1_2 was also found to inhibit severe
renal fibrosis that developed in mice at day 28 after IRI, which was
proved by the reduced tubulointerstitial fibrosis (TIF) index
(Figures 7Q and 7R) and decreased expression of extracellular matrix
(Figures 7S and 7T).

To test the involvement of miR-129-5p in renal fibrosis, we explored
the effect of anti-miR-129-5p in vivo by injecting anti-miR-129-5p
LNA or scrambled sequence LNA in AAV9-siNeat1_2-treated IRI
mice. The results showed that miR-129-5p expression was substan-
tially inhibited by anti-miR-129-5p LNA (Figure S5A) and that
h targeting the 30 UTR of FADD, CASP-3, and CASP-8

-Mut, and CASP-3-Mut luciferase reporter vectors. (B-D) Luciferase assays in HEK-

CASP-8 (C), and CASP-3 (D), together with different doses of miR-129-5p mimics.

mimic NC ormiR-129-5p under hypoxia treatment for 24 h. (F and G) Western blot

rmiR-129-5p under hypoxia treatment for 24 h. (H) qPCR showing the expression of

rmiR-129-5p. (I and J) Western blot showing the expression of pro-apoptotic factors

ciferase assays in HK2 cells co-transfected with WT or mutated luciferase reporter

sion. (L and M) The effects ofmiR-129-5pmimics on apoptosis in HK2 cells induced

K2 cells co-transfected with luciferase reporter vectors ofBax andCASP-7 together

, Bax, and caspase-7 in miR-129-5p inhibitor-transfected HK2 cells, together with

dent’s t test was used for the comparison of 2 groups. ANOVA was used for com-



Figure 5. Knockdown of endogenous Neat1_2 protects against AKI after IRI by inhibiting TECs apoptosis

(A) Mice were treated by renal vein injection of either AAV9-siNeat1_2 or AAV9-siNC 21 days before establishing IRI. (B and C). Representative images of ISH of Neat1_2

expression in kidneys from IRI mice injected with AAV9-siNeat1_2 (B) and the percentage of cytoplasmic Neat1_2 positive TECs (C). (D and E) qPCR showing the expression

(legend continued on next page)

www.moleculartherapy.org

Molecular Therapy Vol. 30 No 10 October 2022 9

Please cite this article in press as: Ma et al., Neat1 promotes acute kidney injury to chronic kidney disease by facilitating tubular epithelial cells apoptosis via
sequestering miR-129-5p, Molecular Therapy (2022), https://doi.org/10.1016/j.ymthe.2022.05.019

http://www.moleculartherapy.org


Molecular Therapy

Please cite this article in press as: Ma et al., Neat1 promotes acute kidney injury to chronic kidney disease by facilitating tubular epithelial cells apoptosis via
sequestering miR-129-5p, Molecular Therapy (2022), https://doi.org/10.1016/j.ymthe.2022.05.019
miR-129-5p inhibition was able to counteract the decrease in TIF
score (Figures S5B and S5C), triggered by Neat1_2 silencing,
increasing the expression of profibrotic proteins, as compared with
AAV9-siNeat1_2 treated IRI mice injected with scrambled sequence
LNA (Figures S5D and S5E).
Neat1_2 upregulation associates with epithelial cell apoptosis in

human AKI

To evaluate the role ofNeat1_2 in the pathogenesis of human AKI, we
conducted a cross-sectional analysis for the association of Neat1_2
expression and the apoptosis-related parameters in a cohort of 15 pa-
tients with biopsy-proven AKI. The characteristics of patients at the
time of biopsy are shown in Table S4. ISH showed that Neat1_2
was expressed mainly in the nucleus of TECs of normal kidneys (Fig-
ure 8A). The expression level of Neat1_2 was remarkably elevated,
and cytoplasmic translocation of Neat1_2 was observed in renal bi-
opsy samples from patients with AKI, accompanied by enhanced
TEC apoptosis, which was reflected by the increase in TUNEL+

TECs and pro-apoptotic protein expression (Figures 8A–8G). Corre-
lation analysis showed positive correlations between intrarenal
expression of Neat1_2 and acute tubular injury score or TUNEL+

TECs accumulation (Figures 8H and 8I).
DISCUSSION
After AKI, the kidney sometimes completely recovers its function and
structure by an adaptive repair with the regeneration of TECs or un-
dergoes maladaptive responses under other conditions, leading to the
progression of fibrotic CKD.32 Whether lncRNAs govern such
distinct outcomes of AKI remains largely unclear. In this study, we
screened for differentially expressed lncRNAs in isolated tubules
from mild and severe IRI mouse kidneys. We demonstrated the mo-
lecular mechanisms of Neat1_2 underlying the divergent fates of the
kidneys after AKI. Our results show thatNeat1_2 upregulation plays a
crucial role in driving CKD progression after severe IRI. This conclu-
sion is supported by several lines of evidence, which include (1) aber-
rant upregulation and cytoplasmic translocation ofNeat1_2 observed
1 through 42 days post-severe IRI, but not mild IRI, are associated
with developing CKD after severe AKI; (2) TEC apoptosis is dramat-
ically increased in mice with severe renal IRI, and overexpression of
Neat1_2 leads to TEC apoptosis in vitro; (3) ectopic expression of
Neat1_2 accelerates CKD progression in vivo by promoting kidney
injury and TEC apoptosis; and (4) depletion of Neat1_2 with
AAV9 carrying siRNAs in mouse kidney reduces renal injury and
inflammation, prevents AKI-CKD progression, and ameliorates renal
ofNeat1_2 (D) andmiR-129-5p (E) in renal cortex from IRI mice treated with AAV9-siNea

1 day after IRI injury (F), and the quantification data of acute tubular injury score (G). (H) S

1 day post IRI. (I and J) Representative images of TUNEL staining showing a reduced

Neat1_2 (I), and the quantification data (J). (K) qPCR showed that depletion of Neat1_2

enates from mice subjected to IRI. (L and M) Representative immunohistochemistry i

with either AAV9-siNeat1_2 or AAV9-siNC 1 day post IRI (L), and the quantification data

expression of pro-apoptotic factors in renal cortex homogenates frommice subjected to

A Student’s t test was used for the comparison of 2 groups. ANOVA was used for com
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fibrosis. Collectively, these findings establish a critical role for aber-
rant Neat1_2 expression in driving AKI to CKD progression.

It is generally recognized that the ultimate outcomes of patients who
survive an episode of AKI are divergent. Although some patients
with AKI may have a better prognosis with complete restorations of
renal function and structure, others unfortunately will progress to
CKD with declining renal function and will develop renal fibrosis.
Although many host factors, such as preexisting conditions and hered-
itary information, have roles in this process, the severity of AKI seems
to be the most critical predictor of poorer outcomes.33,34 The mouse
model of bilateral IRI, which we applied in this study, is a well-estab-
lished model of AKI.35 Consistent with the clinical findings, the results
of the IRI mouse model showed that in mice with identical age, gender,
and genetic background, the severity of renal ischemia per se is the sin-
gle most important element for determining the ultimate outcome of
AKI. We found that a 40-min IRI resulted in severe AKI followed by
progression to CKD, whereas a 20-min IRI triggered transient AKI fol-
lowed by renal recovery (Figures S1A–S1G). Therefore, by merely
altering the duration of ischemia, one can establish both models of se-
vere AKI destined for progressive CKD and mild AKI with complete
recovery in the same setting. Such IRI models with divergent renal out-
comes provide an incomparable tool for screening lncRNAs that regu-
late AKI to CKD progression after severe AKI. Intriguingly, the
Neat1_2 RNA transcript is evolutionarily conserved at the nucleotide
level in humans and mice. Hence, findings in mice may be translated
into improvements in diagnosis and therapy of patients. Patients at
high risk of renal I/R injury may greatly benefit from Neat1_2 inhibi-
tion before a procedure.

Our studies also provide evidence that TEC apoptosis of varying de-
grees of severity controls the different long-term outcomes of AKI.
AKI is characterized by tubular cell apoptosis and renal inflamma-
tion, followed by the proliferation of the remaining tubular cells,
leading to recovery or progression to CKD.21,36 By unbiased
mRNA-seq followed by bioinformatics analysis between the isolated
tubules from mild and severe IRI kidney, the mRNAs regulating the
apoptotic process were found to be significantly altered in severe IRI
kidneys (Figures S2A and S2B). These results showed that the
increased apoptotic TECs may greatly contribute to AKI-CKD pro-
gression. Indeed, we found that Neat1_2 promoted the progression
of AKI to CKD by simultaneously upregulating the expression levels
of the pro-apoptotic factors FADD, caspase-3, and caspase-8 via
sequestering miR-129-5p (Figure 8J). According to our results,
miR-129-5p decreased both the total and cleaved form of caspase-3
t1_2. (F and G) Representative micrographs showing kidney injury in different groups

erum creatinine level in IRI mice injected with either AAV9-siNeat1_2 or AAV9-siNC

percentage of TECs apoptosis in the kidneys from IRI mice injected with AAV9-si-

decreased the mRNA expression of pro-apoptotic factors in renal cortex homog-

mages showing the expression levels of pro-apoptotic factors in IRI mice injected

(M). (N and O) Western blot showed that depletion of Neat1_2 decreased the protein

IRI. Scale bars in (B), (F), (I), (L) are 200 mm. The data are presented as means ± SDs.

parison among multiple groups (n = 6 for each group). ***p < 0.001.



Figure 6. Expression of exogenous Neat1_2 aggravates AKI after IRI

(A) Mice were treated by renal vein injection of either AAV9-Vector or AAV9-Neat1_2 21 days before performing IRI. (B and C) Representative images of ISH of Neat1_2

expression in kidneys from IRI mice injected with AAV9-Neat1_2 (B) and the percentage of cytoplasmic Neat1_2 positive TECs (C). (D and E) qPCR showing the expression

of Neat1_2 (D) andmiR-129-5p (E) in renal cortex from IRI mice treated with AAV9-Neat1_2. (F) Serum creatinine level in IRI mice injected with either AAV9-Vector or AAV9-

Neat1_2 1 day post IRI. (G and H) Representative images showing kidney injury in different groups 1 day after IRI injury (G), and the quantification data of acute kidney injury

score (H). (I and J) Representative images of TUNEL staining showing an increased TECs apoptosis in the kidneys from IRI mice injected with AAV9-Neat1_2 (I), and the

(legend continued on next page)
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and caspase-8, suggesting that miRNA may decrease both the total
and cleaved forms of these caspase members. This is not an excep-
tion—for example, miR-221 could decrease both the total and
cleaved forms of caspase-3 in hepatocellular carcinoma cells.37

Interestingly, Neat1 was originally characterized as a lncRNA with
abundant nuclear expression.38 In this study, by several techniques,
we found that Neat1_2 transcript was dramatically increased in the
cytoplasm of TECs in severe IRI mice and renal biopsy samples
from AKI patients, indicating that Neat1_2may function in the cyto-
plasm during TEC injury. These results further supported our find-
ings that Neat1_2 sponged miR-129-5p to upregulate the expression
of pro-apoptotic genes.

Previous studies have shown thatNeat1 is a critical lncRNA involved in
AKI development. Neat1 promoted lipopolysaccharide (LPS)-induced
TECs injury and inflammation by elevating the expression of
TRAF6.39KnockdownofNeat1promotedmacrophageM2polarization
under LPS treatment in vitro, ameliorating the inflammatory responses
bymiR-125-5p/TRAF6/TAK1 axis.40 Moreover,Neat1was also proved
to aggravate renal fibrosis in a mouse unilateral ureteral obstruction
model and a mouse diabetic nephropathy model. Neat1 was proved
to aggravate renal fibrosis by promoting the expression of collagen I
by sequestering miR-12941 or activating ERK1/2 and Akt/mTOR
signaling42,43 separately. In our study, Neat1_2 was upregulated in
TECs frommicewith severeAKI, suggesting thatNeat1_2may regulate
the AKI to CKD progression. Indeed, by gain- and loss-of-function
studies in vivo, we found that Neat1_2 promoted renal fibrosis post-
IRI-induced AKI via a miR-129-5p/FADD/caspase-8/caspase-3 axis.

It has been demonstrated that p53 promoted the apoptosis of TECs
during AKI.44 In this study, we screened for the transcriptional factor
governing Neat1_2 upregulation in injured TECs and found that p53
controlled Neat1_2 expression by directly binding to the promoter of
Neat1_2 under hypoxia treatment, thereby upregulating the expres-
sion of Neat1_2 in TECs.

In conclusion, for the first time, our study identified a highly
conserved and pro-apoptotic lncRNA that promoted AKI-CKD pro-
gression. These findings provide novel information for understanding
themechanism underlying TEC apoptosis in severe ischemia-induced
AKI. Our work hints at the possibility of a new therapeutic target to
halt AKI-CKD progression.

MATERIALS AND METHODS
Cell culture and hypoxia treatment

Human TEC HK2 (American Type Culture Collection [ATCC],
Manassas, VA, USA) were commercially available. The immortalized
quantification data (J). (K) qPCR showed that ectopic expression of Neat1_2 further inc

mice subjected to IRI. (L and M) Western blot showed that overexpression of Neat1_2 in

enates from mice subjected to IRI. (N and O) Representative images of immunohistoc

expression of pro-apoptotic factors. Scale bars in (B), (G), (I), (N) are 200 mm. The dat

of 2 groups. ANOVA was used for comparison among multiple groups (n = 6 for each
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mTECs were a gift from H.-Y. Lan (The Chinese University of Hong
Kong). Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM)/Ham’s F12 medium (Invitrogen, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum (Invitrogen). Human em-
bryonic kidney 293T (HEK293T) cells (ATCC) were cultured in
DMEM (Invitrogen) supplemented with 10% fetal bovine serum.
These cells were maintained at 37�C in an atmosphere containing
5% CO2. To establish the hypoxia model, human and mouse TECs
were deprived of serum overnight when they reached approximately
70% confluence. Then, the cells were incubated in DMEM/Ham’s F12
medium at 37�C for the indicated time points in a hypoxia chamber
(1% O2, 5% CO2, 94% N2). These cells were further cultured in
normal culture medium with constant oxygen for 6 h.

Cell transfection

Overexpression of Neat1_2

The full-length sequence of Neat1_2 was cloned into pcDNA3.1
(Invitrogen). The cells were transfected with empty vector or the
Neat1_2-overexpression plasmids for the indicated time points, and
then the cells were collected to study the function of Neat1_2.

RNA interference for p53 and Rela

For transient transfection, 50%–80% confluent cells were transfected
with the siRNAs using Lipofectamine 2000 (Invitrogen) according to
themanufacturer’s instructions. The sequences of siRNAs are listed in
Table S3.

LNA-induced Neat1_2 knockdown

For Neat1_2 knockdown experiments, cells were transiently trans-
fected with LNAs antisense oligonucleotides (Exiqon, Vedbaek,
Denmark) using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol. The LNA sequences are listed in Table S3.

miRNA mimics and miRNA inhibitor

The mimics of miR-129-5p, miR-22-3p, miR-194-5p, and miR-204-5p
were synthesized by Genepharma (Shanghai, China). ThemiR-129-5p
inhibitor used in vitro was synthesized by Genepharma. Cells were
transfected with miRNA mimics or miRNA inhibitor using Lipofect-
amine 2000 (Invitrogen).

RNA extraction and qPCR

TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA) was
used to isolate total RNA from tissues or cells following the manufac-
turer’s instructions. The purity and integrity of the total RNAs were
measured by Nanodrop (Thermo Fisher Scientific).

To determine the expression levels of mRNA and lncRNA, first-
strand cDNA was prepared using the HiScript III 1st Strand cDNA
reased the mRNA expression of pro-apoptotic factors in kidney homogenates from

IRI mice further promoted the expression of pro-apoptotic factors in kidney homog-

hemistry showed that overexpression of Neat1_2 in IRI mice further promoted the

a are presented as means ± SDs. A Student’s t test was used for the comparison

group). ***p < 0.001.



Figure 7. Inhibition of Neat1_2 preserves tubular integrity and improves tubulointerstitial fibrosis

(A) Mice were treated by renal vein injection of AAV9 to manipulate the expression of Neat1_2 in mouse kidney 21 days before performing IRI. Mice were sacrificed 11 days

post-injury. (B and C) Representative images of Masson’s trichrome staining in mice treated with either AAV9-siNeat1_2 or AAV9-siNC (B), and the quantification data (C).

(legend continued on next page)
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Figure 8. Neat1_2 upregulation correlates with epithelial cell apoptosis in human AKI

(A–G) Representative images of ISH for Neat1_2 and TUNEL staining and immunohistochemistry for pro-apoptotic factors in human kidney sections from patients with AKI

(A) and quantification data (n = 10 for control, n = 15 for patients with AKI) (B–G). Scale bar in (A) is 200 mm. (H and I) Correlation between Neat1_2 expression and acute

tubular injury score (H), or percentage of TUNEL staining positive TECs (I). (J) Graphical abstract of this study. The data are presented as means ± SDs. In (A)–(G), p values

were calculated by Student’s t test. In (H) and (I), p values were calculated by Pearson correlation analysis.
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Synthesis Kit (Vazyme, Nanjing, China). The qPCR was performed
using the Taq Pro Universal SYBR qPCR Master Mix (Vazyme) on
a 7500 Fast Real-Time PCR System (Applied Biosystems, Waltham,
MA, USA). All of the reactions were performed in triplicate. The se-
quences of the primer pairs are listed in Table S3.

To determine the expression levels of miRNA, a Mir-X miRNA First-
Strand Synthesis Kit (Takara Bio, Kusatsu, Japan) was used according
(D) qPCR showed that depletion ofNeat1_2 decreased themRNA expression of pro-infla

sentative images of immunohistochemical staining of F4/80 in kidney tissue from mice

Representative images and quantification data of TUNEL staining showed that depletio

ofNeat1_2 in IRI mice alleviated the expression of pro-apoptotic factors in kidney homog

that depletion of Neat1_2 in IRI mice preserved tubular integrity, as reflected by the inc

showed that inhibition of Neat1_2 expression decreased the expression of profibrotic fac

in kidney tissue from mice treated with either AAV9-siNeat1_2 or AAV9-siNC 11 days

trichrome staining in IRI mice injected with either AAV9-siNC or AAV9-siNeat1_2 28 days

sion decreased the expression of profibrotic factors 28 days post-IRI. Scale bars in (B), (E

SDs. A Student’s t test was used for the comparison of 2 groups. ANOVA was used fo
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to the manufacturer’s instructions. U6 was used as the internal con-
trol. For relative miRNA expression, miRNA expression was calcu-
lated as 2�DCT (DCT = CTmiR � CTU6).

To determine the cellular location of Neat1_2, the nuclear
and cytoplasmic fractions of HK2 cells were isolated with
PARIS Kit according to the manufacturer’s instructions (Thermo
Fisher Scientific, Waltham, MA, USA). Total RNA extraction
mmatory factors in kidney homogenates frommice subjected to IRI. (E and F) Repre-

treated with either AAV9-siNeat1_2 or AAV9-siNC 11 days post-injury. (G and H)

n of Neat1_2 inhibited TEC apoptosis. (I and J) Western blot showed that depletion

enates frommice subjected to IRI 11 days post-injury. (K and L)Western blot showed

rease in E-cadherin and decrease in vimentin and FSP-1. (M and N) Western blot

tors 11 days post-IRI. (O and P) Immunohistochemical staining of profibrotic factors

post-injury. (Q and R) Representative images and quantification data of Masson’s

post-IRI treatment. (S and T) Western blot showed that inhibition ofNeat1_2 expres-

), (G), (Q) are 200 mm. Scale bar in (O) is 100 mm. The data are presented asmeans ±

r comparison among multiple groups (n = 6 for each group). ***p < 0.001.
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and qPCR were conducted in nuclear and cytoplasmic fractions
separately.
Animals and AKI models

All of the animal experiments were approved by the Animal
Research Committee of Southern Medical University and per-
formed in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals. The mice were pro-
vided by Guangdong Medical Animal Center and housed in cages
with free access to water and food in a temperature-controlled
room (22�C ± 2�C). Six- to 8-week-old C57BL/6 mice with body
weights of 20–24 g were used for the I/R model and cisplatin-
induced AKI model. Bilateral renal I/R injury was performed as
previously described.45 Briefly, under general anesthesia by sodium
pentobarbital, the bilateral renal pedicles were clipped for 20 or
40 min using microaneurysm clamps (Fine Science Tools, North
Vancouver, Canada). After removal of the clamps, reperfusion of
the kidneys was visually confirmed. A temperature-controlled
heating device was used to maintain the body temperature of the
mice between 37�C and 38�C. Sham-operated mice were used as
controls.

For cisplatin-induced AKI, mice were subjected to a single i.p. injec-
tion of cisplatin (Sigma, St. Louis, MO, USA) at a dose of 40 mg/kg.
Mice were sacrificed at day 3 after cisplatin administration.

To explore the regulative effect of p53 on Neat1_2 expression, mice
were subjected to the p53 inhibitor PIF-a27 by i.p. injection of
2.2 mg/kg PIF-a (Selleckchem, Houston, TX, USA) 12 h before
AKI induction, whereas mice in the control group were injected
with equivalent PBS.
Renal tubules isolation

To isolate tubules from sham mice and IRI mice, animals were anes-
thetized at the indicated time points post-surgery. Kidneys were
peeled off and the renal cortex was dissected gently and digested in
1 mg/mL collagenase type IV (Thermo Fisher Scientific) for 30 min
at 37�C, and then they were resuspended and washed twice with
cold PBS. The tubules were isolated using 31% Percoll gradients
(General Electric, Boston, MA, USA), then resuspended, and washed
with cold PBS. Total RNAs of the collected tubules were extracted
with TRIZOL reagent (Invitrogen).
IRI induced AKI-to-CKD model

According to the previous studies, clamping of the renal pedicle for an
ischemic duration R30 min will cause progressive CKD.6,22 We es-
tablished the IRI induced AKI-to-CKD model by performing
40-min bilateral renal IRI. Briefly, under general anesthesia, the bilat-
eral renal pedicles were clipped 40 min using microaneurysm clamps
(Fine Science Tools). After removal of the clamps, reperfusion of the
kidneys was visually confirmed. The body temperature of the mice
was maintained between 37�C and 38�C. Mice were sacrificed at
the indicated days post-IRI.
PAS staining and acute tubular injury score

PAS staining was performed with a PAS staining kit (Solarbio,
Beijing, China) to evaluate the AKI. Acute tubular injury was assessed
by determining the degree of renal tubular injury at the corticomedul-
lary junction in mouse kidney sections or at the renal cortex in human
kidney sections. Tubular injury was defined as tubular dilation,
tubular atrophy, tubular cast formation, sloughing of TECs, or loss
of the brush border and thickening of the tubular basement mem-
brane. The acute tubular injury score was evaluated using the
following scoring system: Score 0: no tubular injury; score 1: <25%
of tubules injured; score 2: 25%–50% of tubules injured; score 3:
50%–75% of tubules injured; score 4: >75% of tubules injured. The
score of each kidney sample was reported as the mean of 10 random
high-power (400�) fields. All of the assessments were made by two
investigators blinded to experimental conditions.

Determination of serum creatinine

Serum creatinine was determined by an automatic chemistry analyzer
(AU480 Chemistry Analyzer, Beckman Coulter, Atlanta, GA, USA).
The levels of serum creatinine were expressed as milligrams per
deciliter.

Human kidney biopsy samples

To evaluate the relevance of our findings, we used diagnostic renal bi-
opsy samples from 15 patients with AKI (Table S4). Among these pa-
tients, 10 had AKI due to severe edema induced by nephrotic syn-
drome and 5 patients had AKI due to vomiting or diarrhea. Renal
biopsies were performed at the First Affiliated Hospital of Guangzhou
medical University. Normal kidney tissues adjacent to tumors from
the patients who had renal cell carcinoma and underwent nephrec-
tomy were used as normal control. All of the studies involving human
kidney sections were approved by the institutional ethics committee
at the First Affiliated Hospital of Guangzhou medical University.
All of the study participants were provided written informed consent.

Masson’s trichrome staining and tubular interstitial fibrosis

index

Paraffin-embedded mouse sections were prepared by routine
procedure. Renal sections were subjected to Masson’s trichrome
staining for evaluating collagen deposition and fibrotic lesions, as
described previously.16 To analyze the level of tubulointerstitial
fibrosis, Masson’s trichrome-stained sections from each kidney
were graded according to the following scale: 0, no evidence of tubu-
lointerstitial fibrosis; 1, <25% involvement; 2, 25%�50% involve-
ment; and 3, >50% involvement. The score of each kidney sample
was reported as the mean of 10 random high-power (400�) fields.

Next-generation sequencing of lncRNA

Total RNAs were isolated from isolated tubules of mice with the TRI-
zol reagent (Thermo Fisher Scientific). Whole transcriptome deep
sequencing (RNA-seq) was performed and analyzed by KangChen
Bio-tech (Shanghai, China) with the Illumina HiSeq 4000 sequencing
system. Briefly, library preparation was performed with the KAPA
Stranded RNA-Seq Library Prep Kit (Illumina, San Diego, CA,
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USA). The quality control of the RNA-seq library was performed with
the Agilent 2100 Bioanalyzer. The processed sequencing reads were
mapped to reference genomes (GRCm38/mm10). The FPKM calcu-
lation of gene and transcript level was performed using R software
(R Foundation for Statistical Computing, Vienna, Austria), and the
expression differences of gene and transcript level were calculated
respectively to screen out differentially expressed genes between
groups. The sequencing data were deposited in the National Center
for Biotechnology Information (NCBI) Gene Expression Omnibus
database (GSE179506).
mRNA-seq and functional enrichment analysis

To perform the functional enrichment analysis of the differentially
expressed mRNAs between the isolated tubules from severe and
mild IRI mice, total RNAs were extracted and measured for the qual-
ity before the sequencing libraries were constructed with the KAPA
stranded RNA-Seq Library Prep Kit (Roche, Basel, Switzerland).
The RNA-seq libraries were sequenced with an Illumina X-ten/
NovaSeq (Aksomics, Shanghai, China). Sequencing reads were
filtered using software FastQC. Clean reads were aligned to the mouse
reference genome GRCm38/mm10 (NCBI) using HISAT2 (Hierar-
chical Indexing for Spliced Alignment of Transcripts), and the gene
expression level was calculated using the RSEM software package.
To identify differentially expressed mRNAs across samples, the edgeR
package was used. We chose mRNAs with a fold change R2 and
p < 0.05 in a comparison between the isolated tubules from severe
and mild IRI kidney as significant differentially expressed mRNAs.
The differentially expressed mRNAs were analyzed with Database
for Annotation Visualization and Integrated Discovery (DAVID)
for GO enrichment analysis. The enriched biological process (BP)
that had p < 0.05 was considered significantly enriched. According
to the Kyoto Encyclopedia of Genes and Genomes (KEGG) annota-
tion results, the differentially expressed genes were classified by the
official classification.
TUNEL assay in kidney sections

Apoptotic cell death was assessed by using TUNEL staining with the
DeadEnd Fluorometric Apoptosis Detection System (Promega,
Madison, WI, USA) following the manufacturer’s instructions. To
quantitatively analyze the TUNEL staining-positive TECs in kidney
sections, each sample was calculated for the percentage of TUNEL+

TECs in total number of TECs based on 10 random fields under a
40� objective.
Northern blot

Northern blots were performed as previously described.15 Briefly,
total RNA was separated on an agarose-formaldehyde gel. Following
separation, the RNAs were transferred from the gel onto a nylon
membrane (Solarbio Life Science, Beijing, China), then the mem-
brane was cross-linked and incubated with 50 digoxin-labeled LNA-
modified probes at 52�C overnight. The signaling was visualized
with the DIGNorthern Starter Kit (Roche) according to the manufac-
turer’s instructions. The probes were synthesized by Exiqon (Vedbæk,
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Denmark) according to the sequences of the target genes listed in
Table S3.

ISH

To determine the expression of Neat1_2 and miR-129-5p in cultured
HK2 cells, the FAM-labeled specific probe to Neat1_2 and the Cy3-
labeled specific probe to miR-129-5p were designed and synthesized
by RiboBio (Guangzhou, China). The signals were detected by the
FISH kit (RiboBio) according to the manufacturer’s instructions.
Briefly, the control or hypoxia-treated cells were fixed in 4% formal-
dehyde and permeabilized in PBS containing 0.5% Triton X-100.
Hybridization was performed in hybridization buffer with specific
probes at 37�C overnight in a moist chamber. Cells were then washed
with 4� SSC, 2� SSC, and 1� SSC at 42�C. The cells were counter-
stained with 4,6-diamidino-2-phenylindole (DAPI) (C1006, Beyo-
time, Shanghai, China). Images were taken by confocal microscopy
(Leica TCS SP2 AOBS, Leica Microsystems, Buffalo Grove, IL, USA).

Expression levels of Neat1_2 in mouse kidneys and human renal bi-
opsy samples were examined with ISH. FISH assay in mouse kidney
cryosections was performed to demonstrate whether Neat1_2 ex-
presses mainly in TECs. Briefly, sections of paraffin-embedded kidney
tissue were digested with trypsin (ZSGB-BIO, Beijing, China) and
fixed in 4% paraformaldehyde, then hybridized with the 50 digoxin-
labeled LNA-modifiedNeat1_2 probe (Exiqon) at 52�C for 16 h. After
washing, samples were incubated overnight at 4�C with anti-digoxin
monoclonal antibody (ab419, Abcam) followed by incubation of alka-
line phosphatase streptavidin (ZB2422, ZSGB-BIO) and then were
stained with nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl-
phosphate (Beyotime). The proportion of the positive cytoplasmic
staining TECs was calculated in sections from each kidney in 10
random fields under a 20� objective.

For FISH assays, after hybridization, the cryosections were incubated
overnight with anti-digoxigenin-rhodamine (11207750910, Roche)
followed by stained with anti-Lotus tetragonolobus lectin (LTL)
(FL-1321, Vector Laboratories, Newark, CA, USA). After washing
with Tris-buffered saline with 0.1% Tween 20 detergent (TBS-T),
slides were incubated with DAPI (C1006, Beyotime). Images were
taken by confocal microscopy (Leica).

Western blot analysis

The proteins from cultured cells or tissues were extracted using RI-
PAlysis buffer (Beyotime) with protease inhibitor (Sigma) and quan-
tified with the bicinchoninic acid BCA protein quantitation kit
(Thermo Fisher Scientific). Western blot analyses were conducted
as described previously.16 The primary antibodies used were as fol-
lows: anti-FADD (2782S, Cell Signaling Technology, Danvers, MA,
USA; AV30294, Sigma), anti-caspase-8 (4790S, Cell Signaling Tech-
nology), anti-cleaved caspase-8 (8592S and 9748S, Cell Signaling
Technology), anti-caspase-3 (9662S, Cell Signaling Technology),
anti-cleaved caspase-3 (9661S, Cell Signaling Technology), anti-cas-
pase-7 (9492S, Cell Signaling Technology), anti-cleaved caspase-7
(8438S, Cell Signaling Technology), anti-Bax (5023S and 14796S,
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Cell Signaling Technology), anti-Bcl2 (3498S, Cell Signaling Technol-
ogy), anti-b-actin (4970S, Cell Signaling Technology), anti-p53
(2524S, Cell Signaling Technology), anti-phospho-p53 (Ser15)
(9284S, Cell Signaling Technology), anti-fibronectin (F3648, Sigma),
anti-collagen I (72026S, Cell Signaling Technology), anti-aSMA
(alpha smooth muscle actin; 19245S, Cell Signaling Technology),
anti-Rela (SAB5701125, Sigma), anti-E-cadherin (14472S, Cell
Signaling Technology), anti-vimentin (5741S, Cell Signaling Technol-
ogy), and anti-FSP-1 (13018S, Cell Signaling Technology). Western
blot images were quantitatively analyzed using the ImageJ program
(NIH, Bethesda, MD, USA).

RNA immunoprecipitation

The MagnaRIP RNA-Binding Protein Immunoprecipitation Kit
(Merck Millipore, Burlington, MA, USA) was applied according to
the manufacturer’s instructions. The whole-cell lysates were incu-
bated with beads coated with antibody against Argonaute-2
(AGO2) (2897S, Cell Signaling Technology) and control immuno-
globulin G (IgG) (3900S, Cell Signaling Technology) in a rotator
(MiuLab, Hangzhou, China) at 4�C overnight. Next, the co-immuno-
precipitated RNA was isolated for the detection of Neat1_2 and miR-
129-5p by qPCR.

Biotin-coupled miRNA capture

The 30 end biotinylated miR-129-5p mimics or control RNA (Ribio,
Beijing, China) was transfected into 1 � 106 HK2 cells at a final con-
centration of 50 nM for 48 h before harvest. Then, 0.5 mL lysis buffer
(5 mM MgCl2, 100 mM KCl, 20 mM Tris [pH 7.5], 0.3% NP-40 and
50 U of RNase OUT (Invitrogen) was added into the cell lysates and
incubated on ice for 10min. The biotin-coupled RNA complexes were
pulled down by incubating the cell lysates with streptavidin-coated
magnetic beads (Thermo Fisher Scientific). The abundance of
Neat1_2 in the complex was evaluated by qPCR assays.

DNA pull down and liquid chromatography-tandem mass

spectrometry

HK2 cells were grown to 80% confluency and cultured in low-glucose
DMEM/Ham’s F12 medium (Invitrogen) at 37�C for 24 h in a hyp-
oxia chamber (1% O2, 5% CO2, 94% N2). Then, cells were washed
with cold PBS, trypsinized, and collected by centrifugation. The nu-
clear lysates of the collected cells were extracted with PARIS kit
(Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions. Dynabeads C1 streptavidin magnetic beads (Thermo Fisher
Scientific) were washed 3 times with cold B&W buffer (5 mM Tris
pH 7.5, 1 M NaCl, 0.5 mM EDTA). Beads (0.5 mL) were incubated
with a 100-mg biotinylated promoter sequence of Neat1
(�1��2,000 bp) for 1 h at room temperature. DNA pull down was
performed by co-incubation of nuclear extracts with magnetic
beads-DNA complexes overnight at 4�C. The negative control assay
was performed by incubating magnetic beads with equal amounts
of nuclear extracts. Beads were washed 5 times with cold B&W buffer
and resuspended with 100 mL elution buffer, followed by reaction
with 20 U benzonase nucleases at 37�C for 1 h and separated by
SDS-PAGE. Silver staining was performed with the Pierce Silver Stain
kit (Thermo Fisher Scientific). A protein band (40–55 kDa) that was
specifically enriched in the complexes pulled down by beads-Neat1
promoter was analyzed by mass spectrometry and protein identifica-
tion (Bioprofile Biotechnology, Shanghai, China). The gel-containing
beads-pull down complexes, at the corresponding size and position,
were used as negative control. The mass spectra were submitted to
Proteome Discoverer (version 2.4.1.15) for peptide identification
and searched against the Homo sapiens Uniprot FASTA database.
The specific proteins pulled down by beads-Neat1 promoter were
the proteins that were not included in the negative control group
(Data S2).
ChIP

ChIP was performed with the Magna ChIP HiSens Chromatin IP Kit
(Merck Millipore) according to the manufacturer’s instructions as
previously described.16 In brief, control or hypoxia-treated HK2 cells
were cross-linked with 1% formaldehyde (Thermo Fisher Scientific)
for 30 min at 37�C, quenched with glycine, and then sonicated with
an Ultrasonic Cell Disruptor (Diagenode, Liege, Belgium) to
generate 300–600 bp DNA fragments. Immunoprecipitation was
performed with an antibody against p53 (2524S, Cell Signaling
Technology). The binding of the Neat1_2 promoter to p53 or IgG
was quantified by qPCR. The specific primers are listed in Table S3.
Cell apoptosis assays

To perform the apoptosis assay, cells subjected to different treatments
were stained with annexin V and propidium iodide (PI) for 30 min
with the FITCAnnexin VApoptosis Detection Kit II (BD Biosciences,
Franklin Lakes, NJ, USA) according to the manufacturer’s instruc-
tions. Data were analyzed using FlowJo software.
Gene gain-of-function and loss-of-function analysis in vivo

Gain-of-function for Neat1_2

The full length of Neat1_2 was broken into continuous fragments
and cloned into GV411 vector separately. After sequencing ensured
accuracy of the vector, AAV9 was produced and titrated by
Genechem Biotechnology (Shanghai, China). AAV9 (1 � 1011

copies) harboring either the sequences of Neat1_2 or the empty
vector was injected through the bilateral renal veins of mice to
deliver Neat1_2 in the kidney. Briefly, under general anesthesia,
the bilateral kidneys of the mouse were exposed. The renal veins
were clamped by microaneurysm clamp, and AAV particles diluted
in 100 mL saline were injected into the veins through a 31-G
needle. The clamp was removed 15 min after injection followed
by suture of the incision.

Loss-of-function for Neat1_2

The siRNA targeting Neat1_2 was inserted into a GV480 vector,
which was co-expressed with mCherry, and AAV9 was packaged,
purified, and titrated by Genechem Biotechnology. AAV9 (1 � 1011

copies) harboring either the siRNA or the scramble sequence was in-
jected through the bilateral renal veins of mice to knock down
Neat1_2 in the kidney.
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Loss-of-function for miR-129-5p

To inhibitmiR-129-5p in vivo, C57BL/6 mice transfected with AAV9-
siNeat1_2 were injected with anti-mmu-miR-129-5p LNA (Exiqon)
through intravenous injection 2 days before renal IRI at a dose of
20 mg/kg. Scrambled sequence LNA was used as the control.

Luciferase reporter assays

To verify whether Neat1_2 is transcribed by p53, we cloned the full-
length or the truncated sequences between �1 and �2,000 bp into
pGL3-enhancer vector (Merck Millipore). To verify the binding site
of p53 on the promoter region of Neat1_2, we cloned the promoter
sequence of Neat1_2 from �1 to �2,000 bp and generated the muta-
tion site in the region between �1,459 and �1,475 bp, and then in-
serted them separately into the pGL3-enhancer vector (Figure 1N).
The sequences of all of the constructs were confirmed by DNA
sequencing. HK2 cells were transiently transfected with pRL-TK-re-
nilla-luciferase plasmid and pGL3-enhancer vector carrying WT or
mutated promoter constructs. After treatment with hypoxia or
normoxia for 24 h, cells were collected and luciferase activity was
measured with the Dual-Luciferase Reporter Assay System (Promega)
according to the manufacturer’s instructions. Firefly luciferase activ-
ity was divided by renilla luciferase activity in the same sample to
calculate the transfection efficiency, which was then used to
normalize the data.

To validate the miR-129-5p binding ability to Neat1_2, FADD,
CASP-3, and CASP-8. The sequences of Neat1_2, FADD-30UTR,
CASP-3-30UTR, CASP-8-30UTR, and their miR-129-5p binding sites
mutants were synthesized and cloned to luciferase reporter vector psi-
CHECK2 (Hanbio Biotechnology, Wuhan, China), called Neat1_2-
WT, Neat1_2-Mut, FADD-WT, FADD-Mut, CASP-3-WT, CASP-3-
Mut, CASP-8-WT, and CASP-8-Mut, respectively. To exclude that
miR-129-5p directly regulated the expression of Bax and CASP-7.
The sequences of the 30 UTR of Bax and CASP-7 were synthesized
and cloned to luciferase reporter vector psiCHECK2, respectively.
The experimental protocol follows the manufacturer’s instructions
of the Promega Dual-Luciferase Reporter Assay System.

Immunofluorescence staining

To demonstrate the efficacy of AAV9 in vivo, kidney cryosections
from mice injected with AAV9-siNeat1_2 were fixed in 4% formalde-
hyde, permeabilized with 0.5% Triton X-100, and stained with anti-
LTL (FL-1321, Vector Laboratories). After washing with TBS-T,
slides were incubated with DAPI (C1006, Beyotime). Images were
taken by confocal microscopy (Leica TCS SP2 AOBS, Leica
Microsystems).

Immunohistochemical staining

Immunohistochemistry was performed as previously described.15

Briefly, after dewaxing and rehydration, antigen retrieval was per-
formed by the microwave method. The sections were then incubated
overnight at 4�C with primary antibodies against FADD (ab216506,
Abcam, Cambridge, UK), caspase-3 (ab184787, Abcam), cleaved
caspase-3 (AB3623, Sigma), fibronectin (F3648, Sigma), collagen I
18 Molecular Therapy Vol. 30 No 10 October 2022
(BA0325, Boster, Wuhan, China), aSMA (ab5694, Abcam), and F4/
80 (70076S, Cell Signaling Technology). After thorough washing
with PBS buffer, the sections were treated with goat anti-mouse/rabbit
horseradish peroxidase (HRP)-conjugated antibodies and visualized
by DAB staining (Boster). The staining scores of protein expression
were evaluated according to the percentage of the area that stained
positive in 10 random fields under a 40� objective. The percentage
of positively stained areas in sections from each kidney were scored
as follows: 0, no positive stained area; 1, <10%; 2, 10%–25%; 3,
25%–50%; and 4, >50% area staining positive. The staining score in
each kidney was the sum of scores of the 10 random fields.
Statistical analysis

Continuous variables were expressed as means ± SD. Data were tested
for normality using the Kolmogorov-Smirnov test and variance ho-
mogeneity using Levene’s test. For comparing normally distributed
continuous variables, we used the two-tailed Student’s t test or one-
way ANOVA with a Tukey’s post hoc test. For comparing variables
that were not normally distributed, we used the Mann-Whitney
U test. Pearson correlation analyzed the associations between
Neat1_2 expression and acute tubular injury score or percentage of
TUNEL staining-positive cells. p < 0.05 was considered statistically
significant.
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