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14-3-3ζ inhibits maladaptive repair in renal tubules by
regulating YAP and reduces renal interstitial fibrosis
Tian-tian Wang1, Ling-ling Wu1, Jie Wu1, Li-sheng Zhang2, Wan-jun Shen1, Ying-hua Zhao1, Jiao-na Liu1, Bo Fu1, Xu Wang1,
Qing-gang Li1, Xue-yuan Bai1, Li-qiang Wang3 and Xiang-mei Chen1

Acute kidney injury (AKI) refers to a group of common clinical syndromes characterized by acute renal dysfunction, which may lead
to chronic kidney disease (CKD), and this process is called the AKI-CKD transition. The transcriptional coactivator YAP can promote
the AKI-CKD transition by regulating the expression of profibrotic factors, and 14-3-3 protein zeta (14-3-3ζ), an important regulatory
protein of YAP, may prevent the AKI-CKD transition. We established an AKI-CKD model in mice by unilateral renal ischemia-
reperfusion injury and overexpressed 14-3-3ζ in mice using a fluid dynamics-based gene transfection technique. We also
overexpressed and knocked down 14-3-3ζ in vitro. In AKI-CKD model mice, 14-3-3ζ expression was significantly increased at the AKI
stage. During the development of chronic disease, the expression of 14-3-3ζ tended to decrease, whereas active YAP was
consistently overexpressed. In vitro, we found that 14-3-3ζ can combine with YAP, promote the phosphorylation of YAP, inhibit YAP
nuclear translocation, and reduce the expression of fibrosis-related proteins. In an in vivo intervention experiment, we found that
the overexpression of 14-3-3ζ slowed the process of renal fibrosis in a mouse model of AKI-CKD. These findings suggest that 14-3-3ζ
can affect the expression of fibrosis-related proteins by regulating YAP, inhibit the maladaptive repair of renal tubular epithelial
cells, and prevent the AKI-CKD transition.
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INTRODUCTION
Acute kidney injury (AKI) refers to a group of common clinical
syndromes characterized by acute renal dysfunction and is also a
common complication in critically ill patients that manifests as a
rapid increase in creatinine and/or a decrease in the urine output
[1]. Due to improvements in our understanding and the diagnosis
of AKI, an increase in chronic diseases, and the wide application
of contrast agents and nephrotoxic drugs, the incidence of AKI
has increased significantly, and AKI has become a global public
health problem [2, 3]. Previously, it was generally believed that the
renal function of most patients could return to normal after AKI.
However, in recent years, multiple studies have shown that many
patients experience a continuous decline in renal function to
varying degrees and present symptoms of chronic kidney disease
(CKD), and this process is called the AKI-CKD transition [4, 5].
At present, there are no effective treatments for AKI, and
symptomatic and supportive treatments such as glucocorticoid
therapy, nutrition therapy and dialysis, which are often used in
clinical practice, do not reduce the risk of AKI-CKD transition [6].
The maladaptive repair of renal tubular epithelial cell damage
after AKI plays a central role in the AKI-CKD transition [7, 8].
After AKI, cell cycle arrest occurs, and transforming growth factor-
β1 (TGF-β1) and other fibrogenic factors are synthesized and

secreted in renal tubular epithelial cells. Activated TGF-β1 further
promotes cell cycle arrest at the G2/M phase, forming a vicious
cycle that ultimately leads to the transformation of epithelial
cells to myofibroblasts and promotes the AKI-CKD transition [9].
Therefore, reducing the damage to renal tubular epithelial cells,
promoting their regeneration and repair, and inhibiting their
transition to a fibrotic phenotype are keys to preventing the
progression of AKI to CKD.
Kidney repair after AKI is related to various signaling pathways.

Abnormalities in these pathways, including the Hippo axis, may
have causal influences on the AKI-CKD transition. YAP is the most
important transcriptional coactivator in the Hippo pathway and is
involved in many physiological and pathological processes,
including the regulation of organ volume, cell proliferation,
differentiation, apoptosis, epithelial-mesenchymal transition, cell
contact inhibition and maladaptive regeneration [10–12]. YAP is
closely related to kidney fibrosis and is known as a profibrotic
marker in studies of renal fibrosis [13]. YAP can promote the
phenotypic transition of renal tubular epithelial cells to fibroblasts
by regulating the transcription of key proteins in the signaling
pathways related to fiber formation and participates in the process
of renal fibrosis in mice with unilateral ureteral obstruction (UUO)
[14]. Studies using multiple transgenic models in which YAP is
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either deleted or hyperactivated have demonstrated the critical
importance of YAP in driving progressive scarring in the kidney
[15, 16]. Many scholars hold the view that inhibiting the activation
of YAP is of great significance in the study of new strategies for
the treatment of renal fibrosis [15, 17]. YAP may be involved in the
maladaptive repair process of renal tubular epithelial cells and is
expected to become a new target for inhibiting the AKI-CKD
transition. YAP activity depends on its location in the cell. When
YAP is phosphorylated, it cannot be translocated into the nucleus
and remains in the cytoplasm, which inhibits its transcriptional
regulatory activity. Phosphorylation at Ser127 is the main
mechanism for the retention of YAP in the cytoplasm. 14-3-3
protein zeta (14-3-3ζ) encoded by gene tyrosine and tryptophan
hydroxylase activator zeta (YWHAZ) promotes the phosphorylation
of YAP and retains it protein in the cytoplasm by binding to YAP
phosphorylated at the Ser127 site, which results in the inhibition
of collagen deposition during skin remodeling in rats with deep
burns and the promotion of dermal regeneration [18]. These
results suggest that 14-3-3ζ can promote tissue regeneration and
repair by regulating YAP.
This study focused on the ability of 14-3-3ζ to regulate the

transcriptional coactivator YAP. The experimental studies con-
sisted of the establishment of AKI-CKD in wild-type and 14-3-3ζ
overexpressing mice and, of renal tubular epithelial cells with
knockdown and overexpression of 14-3-3ζ. The aims of the study
were to explore the effect and mechanism of 14-3-3ζ on the
maladaptive repair of renal tubular epithelial cells after AKI and to
transform these results into clinical applications.

MATERIALS AND METHODS
Establishment of animal models and specimen retention
SPF-grade C57BL/6 mice (male, aged 8 weeks, weighing 22 ± 2 g)
were purchased from SPF Biotechnology Co. (Beijing China).
Ischemia-reperfusion-induced AKI was established as previously
described [19, 20]. Briefly, the animals were subjected to unilateral
renal ischemia-reperfusion injury (UIRI) with renal pedicle clamping
(FST, Foster City, CA, USA) for 40min. Twenty days after UIRI, the
contralateral intact kidney was uninephrectomized. The kidneys of
the mice belonging to the sham operation group were exposed for
40min without clamping of the blood vessels, and the remaining
procedure was the same as that used for the model group.
Serum and renal tissue were collected during sampling. All of
the animal care and experimental procedures were approved by the
Chinese PLA General Hospital Animal Care and Use Committee
(2019-X15-65) and followed the guidelines for the Care and Use of
Laboratory Animals published by the United States National
Institutes of Health (NIH publication, 2011 Revision).

14-3-3ζ overexpression in vivo
14-3-3ζwas overexpressed in vivo using a plasmid-mediated method
[21, 22]. The mice were divided into three groups: NC group, mice
overexpressing the negative control plasmid and subjected to UIRI
(UIRI+OE-NC); OE-14-3-3ζ group, mice overexpressing the 14-3-3ζ
plasmid and subjected to UIRI (UIRI+OE-14-3-3ζ); and sham
operation group. Three days after UIRI, a fluid dynamics-based gene
transfection technique was used; that is, plasmids were injected into
the mice through the tail vein. Subsequently, the mice belonging to
the NC group and OE-14-3-3ζ groups were administered plasmid
injections every 7 days. The animals were sacrificed 21 days later, and
samples were collected.

Cell culture and treatment
In this experiment, human renal proximal tubular epithelial
cells (HK-2 and HRPTEpiC) were cultured in medium containing
10% FBS at 37 °C in an incubator with 5% CO2. HK-2 cells
were purchased from ATCC (CRL-2190, Washington, DC, USA),
and HRPTEpiC purchased from ScienCell Research Laboratories

(Catalog #4100, Carlsbad, CA, USA) was isolated from human
kidneys. To simulate ischemia-reperfusion injury, HK-2 cells were
subjected to hypoxia-reoxygenation based on a previous study
[23]. We administered TGF-β1 (10 ng/mL, PeproTech, Cranbury, NJ,
USA) to human renal tubular epithelial cells (HK-2 and HRPTEpiC)
to promote cell fibrosis in vitro.

Establishment of cell lines with 14-3-3ζ knockdown and
overexpression
Cells were inoculated one day before transfection and transfected
with siRNA or plasmid once the confluence of the cells in each well
was approximately 60%. The siRNA transfection reagent was
Lipofectamine RNAiMAX (Thermo Fisher Scientific, Waltham, MA,
USA), and the plasmid transfection reagent was EndoFectin Max
(GeneCopoeia, Guangzhou, China). Cells were collected for analysis
of the mRNA level after 24 h and for protein analysis after 48 h. TGF-
β1 treatment or hypoxia-reoxygenation was administered after 24 h
in the intervention experiments.

The histopathological analysis, immunofluorescence staining and
immunohistochemical staining
After the kidney tissues were fixed in 4% formaldehyde fixative for
approximately 24 h, the tissues were dehydrated, waxed, and
embedded to generate 4 μm-thick paraffin sections, which were
stained with periodic acid-Schiff (PAS), Masson, and Sirius Red.
Histological changes due to tubular necrosis were quantitated

by determining the percent of tubules that displayed cell necrosis,
loss of brush border, cast formation, and tubule dilatation
as follows: 0 = none, 1= <10%, 2= 11%–25%, 3= 26%–45%,
4= 46%–75%, and 5= >76%. At least 5–10 fields (×200) from
each slide were reviewed [24].
Immunofluorescence staining and immunohistochemical stain-

ing were performed using paraffin sectioning and microwave
methods for antigen repair.

Biochemical tests
A BioAssay Systems creatinine test kit (DICT-500, Hayward, CA, USA)
and urea test kit (DIUR-500) were used to detect serum creatinine
and urea nitrogen levels in mice according to the product manuals.

Western blotting
The primary antibody diluent was prepared with 1:50 blocking
solution (casein solution) according to the instructions provided
with the purchased antibody: mouse anti-GAPDH (1:10000,
Proteintech, Rosemont, IL, USA), rabbit anti-14-3-3ζ (1:1000, Novus
Biologicals, Littleton, CO, USA), rabbit anti-p-YAP (Ser127) (1:1000,
Cell Signaling Technology, Danvers, MA, USA), rabbit anti-active
YAP (1:1000, Abcam, Cambridge, UK), rabbit anti-CTGF (1:1000,
Abcam), rabbit anti-α-SMA (1:500, Abcam), rabbit anti-vimentin
(1:1000, Abcam), and goat anti-E-cadherin (1:400, R&D, Minnea-
polis, MN, USA). The detailed information of antibodies is
presented in Supplementary Table S1. The transferred nitrocellu-
lose filter membranes (NC membrane) were blocked with 1:20
casein solution for 2 h at room temperature and incubated
with the primary antibody overnight at 4 °C. After washing with
Tris-buffered saline Tween-20 (TBST), the NC membranes were
incubated with the following secondary antibodies with 1:50
blocking solution: goat anti-mouse (1:1000, Beyotime, Shanghai,
China), goat anti-rabbit (1:1000, Beyotime), and donkey anti-goat
(1:1000, Beyotime). The NC membranes were detected after
another wash with TBST.

Coimmunoprecipitation
Cell protein was extracted, and a small amount of supernatant was
denatured and used in the input experiment. IgG (1.0 μg) and 20 μL
of protein A/G beads were added to the supernatant of the negative
control (IgG) proteins. Twenty microliters of protein A/G beads were
added to the experimental groups. The cells were shaken at 4 °C
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and incubated for 1 h, and the supernatant was collected after
centrifugation. The antibodies were added and incubated overnight
at 4 °C. After the addition of 80 μL of protein A/G beads, the mixture
was incubated at 4 °C for 2 h; subsequently, the supernatant after
centrifugation was carefully absorbed to collect immunoprecipita-
tion complexes. The immunoprecipitation complexes were then
washed four times with 1mL of precooled IP lysate, and after
discarding the supernatant, 80 μL of 1× Sample Loading Buffer was
added. The mixture was then boiled for 10min in boiling water and
the centrifuged, and the supernatant was collected for IB detection.
The primary antibodies were rabbit anti-YAP (1:1000, Cell Signaling
Technology) and mouse anti-14-3-3ζ (1:1000, Abcepta, San Diego,
CA, USA).

qRT-PCR
Cellular mRNA was collected using the TRIzol method. A First Strand
cDNA Synthesis Kit (NEB, Ipswich, MA, USA) was used for reverse
transcription. The qRT-PCR system was established following the
instructions provided with the SYBR Select Master Mix (Thermo
Fisher Scientific). The primer sequences are presented in Table 1.

Statistical analysis
The data from more than 3 independent experiments are shown
as scatter plots with bars and were analyzed by an unpaired t test
or one-way ANOVA using SPSS Statistics 23 software. Differences
with P < 0.05 were considered significant.

RESULTS
The expression of 14-3-3ζ was higher at the AKI stage and
returned to normal at the CKD stage
We established an AKI-CKD model using the UIRI method. The
changes in serum biochemical indicators, pathological PAS
staining, Masson staining, Sirius Red staining and pathological
scoring results revealed the successful establishment of the AKI-
CKD model in mice (Supplementary Fig. S1). qRT-PCR results
showed that the expression of 14-3-3ζ at the mRNA level
increased gradually to the AKI stage and had returned to the
normal levels at the CKD stage (Fig. 1a). Western blotting results
revealed that the expression of 14-3-3ζ exhibited a time-
dependent increase similar to the results found for the gene
levels at the AKI stage, although its expression at each time point
in the CKD stage was lower than that at the AKI stage. Anti-active
YAP antibody (Abcam, ab205270) is specific to the active
(nonphosphorylated) form of YAP, which showed a significant
increase during the AKI-CKD transition; the expression levels of the
fibrotic markers α-SMA and vimentin at 24 h, 48 h and 72 h were
not significantly different from those of the sham group, and their
expression levels were significantly higher at two time points in
the CKD stage (Fig. 1b and c). The immunofluorescence staining
results showed that the expression of 14-3-3ζ was increased at the
AKI stage, peaked at 72 h, and then decreased to normal levels at
the CKD stage. To determine the localization of 14-3-3ζ, we
performed costaining with proliferating cell nuclear antigen

(PCNA), which is an important marker protein of cell proliferation
and is mainly expressed in renal tubular epithelial cells that
proliferate or repair after injury. The costaining results showed that
a few proliferating cells were observed after 24 h in the AKI stage,
and many PCNA-positive cells appeared in the renal tubules at
72 h. The trend found for 14-3-3ζ expression was consistent with
that found for PCNA. Both 14-3-3ζ and PCNA were expressed in
renal tubular epithelial cells (Fig. 1d). In summary, the expression
of 14-3-3ζ was higher at the AKI stage and tended to return to
normal levels at the CKD stage. Therefore, we hypothesized that
14-3-3ζ can inhibit fibrillogenesis and slow the AKI-CKD transition.

The knockdown or overexpression of 14-3-3ζ caused changes in
phosphorylated YAP (p-YAP) and active YAP
14-3-3ζ (Homo) siRNA was constructed by GenePharma (Suzhou,
China), and the 14-3-3ζ (Homo) overexpression plasmid was
constructed by GeneCopoeia (Fig. 2a and Table S2). HK-2 cells
were transfected with 14-3-3ζ siRNA (si-14-3-3ζ group), 14-3-3ζ
overexpression plasmid (OE-14-3-3ζ group) or their respective
negative controls (NC group). qRT-PCR results showed that 14-3-3ζ
mRNA expression was significantly reduced in the si-14-3-3ζ group
and increased in the OE-14-3-3ζ group compared to with the
levels in the NC group (Fig. 2b and c). Western blotting results
showed that 14-3-3ζ knockdown decreased the intracellular p-YAP
levels and increased the active YAP levels (Fig. 2d and e).
In contrast, the overexpression of 14-3-3ζ led to an increase in
p-YAP expression and a decrease in active YAP expression at the
protein level (Fig. 2f and g). Co-IP experiments were performed to
verify the interaction between YAP and 14-3-3ζ. The results
showed that YAP could combine with 14-3-3ζ in renal tubular
epithelial cells (Fig. 2h).

14-3-3ζ maintained the homeostasis of renal tubular epithelial
cells and promoted their proliferation and repair after hypoxia-
reoxygenation
We used Click-iT Plus EdU Imaging Kits (Thermo Fisher Scientific)
to detect the proliferation of HK-2 cells, and the EdU-positive rate
reflected the proliferation rate of the different groups. Compared
with the NC group, the proliferation of the si-14-3-3ζ group was
significantly lower, whereas that of the OE-14-3-3ζ group was
unchanged (Fig. 3a and b). To test the ability of 14-3-3ζ to
promote the proliferation of renal tubular epithelial cells and
inhibit their maladaptive repair, we subjected each group of cells
to hypoxia-reoxygenation. The OE-14-3-3ζ group exhibited more
obvious proliferation and repair ability after injury, but the same
finding was not found for the si-14-3-3ζ group (Fig. 3c and d).

14-3-3ζ alleviated the expression of fibrosis-related proteins
induced by TGF-β1
TGF-β1 is a recognized means for promoting cell fibrosis in vitro
[25]. In this study, we administered TGF-β1 to human renal tubular
epithelial cells (HK-2 and HRPTEpiC) with 14-3-3ζ knockdown or
overexpression. The concentration of TGF-β1 added to the
complete medium was 10 ng/mL. Cells were collected 48 h after
the stimulus was applied. Western blotting revealed that the
active YAP levels in the cells of the si-14-3-3ζ group was
significantly higher, the expression of the fibrotic marker proteins
α-SMA and vimentin was further increased, and the expression of
the epithelial cell marker protein E-cadherin was further down-
regulated (Fig. 4a and b). Immunofluorescence staining showed
that E-cadherin was mainly expressed on the membrane and
cytoplasm of HRPTEpiC cells, and α-SMA was mainly located in the
intercellular space. The quantitative changes in the expression of
E-cadherin and α-SMA were consistent with the Western blotting
results (Fig. 4c and d). The OE-14-3-3ζ group yielded the opposite
Western blotting and immunofluorescence results (Fig. 5). The
overexpression of 14-3-3ζ inhibited the phenotypic transition of
renal tubular epithelial cells to myofibroblasts.

Table 1. Primer sequences for qRT-PCR

Gene Forward (5′-3′) Reverse (5′-3′)

18S GTAACCCGTTGAACCCCATT CCATCCAACGGTAGTAGCG

YWHAZ CCTGCATGAAGTCTGTAACTGAG GACCTACGGGCTCCTACAACA

Ywhaz TGAGCTGTCGAATGAGGAGAG CCTCCACGATGACCTACGG

Yap ACCCTCGTTTTGCCATGAAC TTGTTTCAACCGCAGTCTCTC

Ccn GGCCTCTTCTGCGATTTCG GCAGCTTGACCCTTCTCGG

Acta2 CCCAGACATCAGGGAGTAATGG TCTATCGGATACTTCAGCGTCA

Col1a1 AGCAGACGGGAGTTTCTCCT AGCTGACTTCAGGGATGTCTTC
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14-3-3ζ was overexpressed in a mouse model of AKI-CKD by
plasmid transfection
For further in vivo experiments aiming to observe the effect of
14-3-3ζ overexpression in AKI-CKD model mice, we constructed
14-3-3ζ (Mus) overexpression plasmids (Fig. 6b and Table S2)
and transfected them into a mouse model of AKI-CKD using
hydrodynamic-based transfection technology. The detailed experi-
mental procedure is as follows: Three days after UIRI and every
7 days, 14-3-3ζ plasmids were transfected into the OE-14-3-3ζ

group via tail vein injection, and NC plasmids were injected into
the NC group. The samples were collected 21 days after
establishment of the models (Fig. 6a). Using the immunofluores-
cence method, 10 fields of view were randomly selected
from each sample under a 400-fold field of view, and the
transfection efficiency was calculated based on the proportion of
14-3-3ζ-positive areas. The average transfection efficiency
was 26.57% (Fig. 6c). qRT-PCR results showed changes in Yap
and its downstream factors. Interestingly, Yap did not change

Fig. 1 The expression of 14-3-3ζ was increased at the AKI stage and returned to normal levels at the CKD stage in the AKI-CKD model.
a qRT-PCR results showed that the expression of Ywhaz at the mRNA level increased gradually to the AKI stage but returned to normal levels
at the CKD stage. **P < 0.01 and ***P < 0.001 versus the sham group, n= 3. b, c The expression of 14-3-3ζ and related proteins was
quantitatively detected by Western blotting. 14-3-3ζ expression was increased at the AKI stage and then decreased at the CKD stage. This
trend was similar to that found for its mRNA expression level. Active YAP was always maintained at high expression levels. The levels of the
fibrotic markers α-SMA and vimentin was not significantly changed at the AKI stage but was significantly increased at the CKD stage.
****P < 0.0001 versus the sham group, n= 4. d The expression of PCNA and 14-3-3ζ increased in tubular epithelial cells repaired after injury at
the AKI stage and then declined at the CKD stage. The magnification of the original and enlarged images is ×200 and ×400, respectively.
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Fig. 2 14-3-3ζ was efficiently knocked down or overexpressed in HK-2 cells. a The construction of the 14-3-3ζ (Homo) plasmid was
performed by GeneCopoeia. b, c YWHAZ was knocked down and overexpressed at the mRNA level in HK-2 cells. *P < 0.05 and ***P < 0.001
versus the sham group, n= 3. d–g After 14-3-3ζ knockdown, the expression of p-YAP was decreased, and the expression of active YAP was
increased. However, the in vitro overexpression of 14-3-3ζ yielded the opposite effect. *P < 0.05, **P < 0.01, and ***P < 0.001 versus the NC
group, n= 3. h Co-IP results showed that YAP can combine with 14-3-3ζ in renal tubular epithelial cells.
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significantly, whereas its downstream factors, such as Ccn, Col1a1
and Acta, exhibited marked changes at the mRNA level
(Fig. 6d). Western blotting revealed that after UIRI stimulation,
the expression of active YAP and the fibrotic marker CTGF, α-SMA
and vimentin in the OE-14-3-3ζ group was lower than that
in the NC group at the protein level. The expression of the
epithelial cell marker protein E-cadherin exhibited the opposite
result (Fig. 6e and f).

AKI-CKD model mice belonging to the OE-14-3-3ζ group showed
decreased renal fibrosis
With the aggravation of renal fibrosis in AKI-CKD model mice,
the kidney tissue volume decreases [26]. We used the method of
measuring the longest diameter of the whole kidney to reflect
the volume of the kidney. After UIRI, the kidney volume was
decreased in both the OE-14-3-3ζ group and the NC group, and

the decrease in the NC group was more significant than that in
the OE-14-3-3ζ group (Fig. 7a and b). Biochemical tests showed
that the serum creatinine level of the AKI-CKD model mice
belonging to the NC group was higher than that of the sham
group and the OE-14-3-3ζ group. The concentration of serum
urea nitrogen in the NC group was also significantly higher than
that in the other two groups (Fig. 7c and d). The results from
pathological PAS staining, Masson staining and Sirius Red
staining showed that the area of fibrosis was lower in the OE-
14-3-3ζ group than in the NC group (Fig. 7e–g). The results from
immunohistochemical staining showed that active YAP was
mainly expressed in damaged renal tubular epithelial cells and
that α-SMA was deposited in the intercellular substance of the
cortex-medullary junction area, and these findings showed the
same quantitative trend as that found by Western blotting
analysis (Fig. 7h–j). In summary, the overexpression of 14-3-3ζ

Fig. 3 The proliferation of HK-2 cells changed after 14-3-3ζ knockdown or overexpression. a, b Compared with that of the NC group, the
EdU-positive rate of HK-2 cells was lower after 14-3-3ζ knockdown, and the overexpression of 14-3-3ζ did not have a significant effect.
*P < 0.05 and **P < 0.01 versus the NC group, n= 3. c, d Three groups of HK-2 cells were treated with H/R. HK-2 cells overexpressing 14-3-3ζ
exhibited more obvious proliferation and repair ability after injury, whereas HK-2 cells with 14-3-3ζ knockdown did not exhibit this ability.
**P < 0.01 versus the NC group, n= 3.
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alleviates nephron fibrogenesis caused by renal ischemia-
reperfusion, partially improves kidney function, and protects
the kidneys to a certain extent.

DISCUSSION
AKI is a group of clinical syndromes characterized by acute renal
dysfunction, and its pathological mechanism involves necrosis of
proximal tubular epithelial cells due to ischemia or toxic injury,
which results in a sudden decrease in the glomerular filtration
rate (GFR) [27]. Injured renal tubules exhibit two outcomes after
repair: physiological repair and maladaptive repair. Physiological
repair can restore the functions of renal tubules, whereas
maladaptive repair leads to fibrosis, causing renal insufficiency

and triggering CKD. Renal ischemia-reperfusion can cause acute
necrosis of renal tubules, which is a common cause of AKI [28].
Therefore, in this study, the ischemia-reperfusion model was
selected as the experimental research model, and the AKI-
CKD mouse model was established by unilateral renal vascular
clipping and contralateral nephrectomy. The following results
were obtained with the overexpression or knockdown of 14-3-3ζ
in vitro and in vivo. The overexpression of 14-3-3ζ promoted the
phosphorylation of YAP, which resulted in inhibition of the
translocation of YAP to the nucleus and reduction of its activation,
and a decrease in YAP activation reduced the occurrence and
development of renal fibrosis induced by ischemia-reperfusion
(Fig. 8). These results are important for identifying key regulatory
factors and their regulatory mechanisms in the AKI-CKD transition.

Fig. 4 Fibrosis was aggravated in 14-3-3ζ-knockdown cells treated with TGF-β1 (10 ng/mL). a, b The knockdown of 14-3-3ζ significantly
increased the expression of active YAP, decreased the expression of the epithelial marker E-cadherin, and increased the expression of fibrotic
markers compared with the results found for the NC+ TGF-β1 group. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 versus the NC
group, n= 3. c, d The immunofluorescence results are consistent with the Western blot results. 14-3-3ζ knockdown decreased the expression
of E-cadherin and increased the expression of α-SMA, ×400.

14-3-3ζ Inhibits maladaptive repair in renal tubules
TT Wang et al.

387

Acta Pharmacologica Sinica (2023) 44:381 – 392



The mammalian 14-3-3 protein family has seven members: β, ε,
γ, η, σ, τ and ζ. The ζ subtype, also known as 14-3-3ζ, is the most
abundant in this protein family [29]. The 14-3-3 protein family
shows specific binding of phosphopeptides and can act as ligands
that easily bind to phosphorylated serine and threonine [30].
As shown in the crystal structure, the 14-3-3 protein family dimer
contains two adjacent phosphopeptide binding sites; thus, it can
simultaneously bind to two ligands and act as an adaptor to
promote the interaction between the target protein and the
protein kinase LATS [31, 32]. During transcriptional regulation,
transcription factors, as target proteins, can bind to the 14-3-3ζ
protein after being phosphorylated [33], and binding to the 14-3-

3ζ protein accelerates the phosphorylation of transcription factors
[34]. An increasing number of studies have confirmed that 14-3-3ζ
plays an important role in the signaling pathway that regulates
cell survival. When cells are under unfavorable conditions, such as
a hypoxic environment, 14-3-3ζ can promote the activation of
survival-related signaling pathways in cells, such as the regulation
of cell autophagy, promotion of DNA damage repair, inhibition of
cell apoptosis, and protection of cells from stress-induced damage
[8, 35–38]. Therefore, we speculate that 14-3-3ζ may inhibit the
maladaptive repair of renal tubular epithelial cells.
Previous studies have shown that the expression and activation

of the transcriptional coactivator YAP in the renal tubular epithelial

Fig. 5 Fibrosis was relieved in 14-3-3ζ-overexpressing cells treated with TGF-β1 (10 ng/mL). a, b Compared with that of the NC+ TGF-β1
group, the overexpression of 14-3-3ζ significantly decreased the expression of active YAP, slightly increased the expression of the epithelial
marker E-cadherin, and decreased the expression of fibrosis markers. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 versus the NC group,
n= 3. c, d The immunofluorescence results are consistent with the Western blot results. 14-3-3ζ overexpression increased the expression of
E-cadherin and decreased the expression of α-SMA, ×400.
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Fig. 6 14-3-3ζ was overexpressed in a mouse model of AKI-CKD via plasmid transfection. a Experimental scheme. The red arrows indicate
UIRI, the green arrows indicate the injection of 14-3-3ζ overexpression plasmids or NC plasmids, and the black-edged arrow indicates
unilateral nephrectomy the day before tissue collection. b Construction of the 14-3-3ζ (Mus) plasmid: The selection marker was resistant to
ampicillin, and the size of the complete plasmid was 6561 bp. c Immunofluorescence showed the transfection efficiency of 14-3-3ζ
overexpression, ×400. d Fold change of Ywhaz, Yap, Ccn, Col1a1, and Acta2 at the mRNA level. The differences in fibrotic markers such as Ccn,
Col1a1 and Acta2 between the OE-14-3-3ζ group and NC group were significant, whereas the difference in Yap expression was not significant.
**P < 0.01, ***P < 0.001, and ****P < 0.0001 versus the sham group, n= 7. e, f Western blot results showed that the OE-14-3-3ζ group
overexpressed 14-3-3ζ and presented lower expression of active YAP and the fibrotic marker CTGF, α-SMA, vimentin but higher expression of
the epithelial cell marker protein E-cadherin than the NC group after UIRI. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 versus the sham
group, n= 3.
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Fig. 7 The levels of serum creatinine and serum urea nitrogen and the degree of fibrosis in the OE-14-3-3ζ model were decreased after
UIRI. a, b There were differences in the morphology of the kidneys among the different groups. The volumes of the kidneys of the NC group were
smaller than those of the sham group, and the longest diameters of the NC group were significantly smaller than those of the sham group.
*P < 0.05 and ****P < 0.0001 versus the sham group, n= 7. c, d The serum creatinine concentration and the serum urea nitrogen concentration of
the NC group were higher than those of the sham group and the OE-14-3-3ζ group. **P < 001, ***P < 0.001, and ****P < 0.0001 versus the sham
group, n= 7. e–g Fibrosis of the kidney in the OE-14-3-3ζ model was significantly weaker than that in the NC group. *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001 versus the sham group, n= 5. h–j The immunohistochemical staining results are consistent with the Western blot
results. The expression of active YAP in the OE-14-3-3ζ group was lower than that in the NC group, which mainly had damaged renal tubular
epithelial cells, and the expression of α-SMA in the OE-14-3-3ζ group was also lower than that in the NC group; the expression was detected in the
cortex medullary junction area. **P < 0.01, ***P < 0.001, and ****P < 0.0001 versus the sham group, n= 5.
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cells of diabetic patients and diabetic mice are increased. The YAP-
dependent paracrine mechanism of proximal renal tubules plays an
important role in renal interstitial fibrogenesis caused by diabetes
[17]. YAP promotes TGF-β signal transduction by retaining activated
Smad2/3 in the nucleus [39]. Moreover, the expression levels of
downstream factors such as cyclin E, death-associated inhibitor of
apoptosis1 (DIAP1), CTGF and collagen I, III, and IV in the
extracellular matrix are upregulated accordingly [40, 41]. The
expression of YAP in the cytoplasm and nucleus of renal tubular
epithelial cells was significantly increased after AKI. At the AKI stage,
this molecule may play a role in promoting cell proliferation and
speeding up repair. However, after entering the CKD stage, YAP
primarily promotes the activation of fibroblasts and continuous
proliferation of renal tubular epithelial cells, resulting in incomplete
repair, an abnormally low level of differentiation, and renal fibrosis.
YAP activity can be regulated by phosphorylation. Only when

YAP enters the nucleus and binds to TEAD can it play a role in
transcriptional regulation. In the cytoplasm, YAP can be phos-
phorylated by LATS to limit its entry into the nucleus [42]. In this
process, 14-3-3ζ plays a role in promoting its phosphorylation.
Among the phosphorylation sites of YAP, only Ser127 in humans,
Ser112 in mice, as the 14-3-3 protein-binding site, is needed to
control the nuclear translocation of YAP [43]. Under physiological
conditions, 14-3-3ζ can bind to YAP phosphorylated at Ser127,
which silences YAP through its retention in the cytoplasm and
thereby inhibits the expression of downstream related factors and
maintains the steady state of tissue growth. In this study, the Co-IP
results showed that 14-3-3ζ can combine with YAP in renal tubular
epithelial cells, and the changes in active YAP and p-YAP that
occurred after 14-3-3ζ interference were consistent with the
above-described conclusions. Another line of evidence is that the
overexpression of 14-3-3ζ in vivo only exerted an effect on YAP at
the protein level but not at the mRNA level. 14-3-3ζ most likely
regulates the activation of YAP by regulating its phosphorylation.
Previous studies have shown that the stimulation of renal tubular
epithelial cells by the classic profibrotic factor TGF-β1 can induce
the expression of fibrosis-related indicators such as α-SMA and
vimentin [44]. The overexpression of 14-3-3ζ inhibited the
activation of YAP even though cells were treated with TGF-β1,
and the expression of downstream fibrosis-related proteins was
also inhibited. In contrast, 14-3-3ζ knockdown aggravated the
conversion of TGF-β1-induced cells to a fibrotic phenotype. In
vivo, the expression of active YAP in the kidneys of AKI-CKD model
mice was higher than that in the kidneys of normal mice from the
AKI stage to the CKD stage, whereas the expression of 14-3-3ζ
showed a trend of first increasing and then decreasing. We
suspect that the occurrence of CKD may be related to a reduced

inhibitory effect of 14-3-3ζ on YAP. In subsequent in vivo
intervention experiments, we used plasmid transfection technol-
ogy to overexpress 14-3-3ζ in mice. After ischemia-reperfusion
stimulation, the OE-14-3-3ζ group showed amelioration of the
changes in serum creatinine, serum urea nitrogen and renal
fibrosis, and the expression of fibrotic markers was also lower than
that in the NC group. These findings suggested that 14-3-3ζ
may affect the repair process of renal tubular epithelial cells after
injury by regulating the activation of YAP, inhibiting fibrosis, and
promoting physiological repair.
According to current research, 14-3-3ζ shows potential in

disease treatment. The adenovirus-mediated transfection of CIA
mice with 14-3-3ζ stops the progression of arthritis and inhibits
the expression of proinflammatory cytokines in joint tissues,
lymph nodes and spleen. This result suggests that 14-3-3ζ is an
excellent target in rheumatoid arthritis (RA) treatment [45]. With
respect to kidney disease, studies have reported that 14-3-3ζ can
promote the repair of the human renal tubular epithelial cell line
HK-2 after cisplatin-induced damage [46]. 14-3-3ζ can promote the
repair of renal tubular epithelial cells and protect cells in
unfavorable environments. In this study, 14-3-3ζ showed a trend
of increased expression at the AKI stage, whereas PCNA
expression was also significantly increased, and these two factors
showed colocalization. 14-3-3ζ may result in a synergistic effect to
promote repair at this stage. This study mainly explored the role of
14-3-3ζ in inhibiting fibril formation in the CKD stage, but the
promotion of cell proliferation and repair was not involved. This
limitation undoubtedly provides a direction for future research.
In summary, 14-3-3ζ reduced the degree of fibrosis by regulating

the activity of the transcriptional coactivator YAP during renal fibrosis
and retarded the AKI-CKD transition process caused by ischemia-
reperfusion injury. The above-described research results may provide
ideas for the prevention and treatment of the AKI-CKD transition.
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