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ARTICLE INFO ABSTRACT
Keywords: Renal tubule cells act as a primary site of injury in diabetic kidney disease (DKD), with dysfunctional mito-
Diabetic kidney disease chondrial quality control (MQC) closely associated with progressive kidney dysfunction in this context. Our

Hippo signaling pathway

X h investigation delves into the observed inactivation of yes-associated protein 1 (YAP1) and consequential dys-
Yes-associated protein 1

Mitochondria regulation of MQC within renal tubule cells among DKD subjects through bioinformatic analysis of tran-

Chemokine scriptomics data from the Gene Expression Omnibus (GEO) dataset. Receiver operating characteristic curve

Macrophage analysis unequivocally underscores the robust diagnostic accuracy of YAP1 and MQC-related genes for DKD.
Furthermore, we observed YAP1 inactivation, accompanied by perturbed MQC, within cultured tubule cells
exposed to high glucose (HG) and palmitic acid (PA). This pattern was also evident in the tubulointerstitial
compartment of kidney sections from biopsy-approved DKD patients. Additionally, renal tubule cell-specific
Yapl deletion exacerbated kidney injury in diabetic mice. Mechanistically, Yapl deletion disrupted MQC,
leading to mitochondrial aberrations in mitobiogenesis and mitophagy within tubule cells, ultimately culmi-
nating in histologic tubular injury. Notably, Yap1 deletion-induced renal tubule injury promoted the secretion of
C-X-C motif chemokine ligand 1 (CXCL1), potentially augmenting M1 macrophage infiltration within the renal
microenvironment. These multifaceted events were significantly ameliorated by administrating the YAP1 acti-
vator XMU-MP-1 in DKD mice. Consistently, bioinformatic analysis of transcriptomics data from the GEO dataset
revealed a noteworthy upregulation of tubule cells-derived chemokine CXCL1 associated with macrophage
infiltration among DKD patients. Crucially, overexpression of YAP1 via adenovirus transfection sustained
mitochondrial membrane potential, mtDNA copy number, oxygen consumption rate, and activity of mitochon-
drial respiratory chain complex, but attenuated mitochondrial ROS production, thereby maintaining MQC and
subsequently suppressing CXCL1 generation within cultured tubule cells exposed to HG and PA. Collectively, our
study establishes a pivotal role of tubule YAP1 inactivation-mediated MQC dysfunction in driving DKD pro-
gression, at least in part, facilitated by promoting M1 macrophage polarization through a paracrine-dependent
mechanism.
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1. Introduction

Diabetic kidney disease (DKD) is a prominent long-term microvas-
cular complication that afflicts individuals with both type 1 and type 2
diabetes mellitus. Despite the application of current best clinical man-
agement strategies, which encompass renin-angiotensin system
blockade, and stringent control of both hypertension and hyperglyce-
mia, DKD persists as a primary precipitator of end-stage renal disease
(ESRD) necessitating renal replacement therapy [1]. The limited effi-
cacy of existing therapeutic modalities underscores the presence of a
substantial treatment gap, emphasizing the imperative need for a more
comprehensive understanding of the pathophysiological events and
molecular mechanisms underpinning the progression of DKD. Recent
investigations have introduced the concept of “diabetic tubulopathy”,
which spotlights the pivotal role of tubular dysfunction in the genesis
and progression of DKD [1-3]. According to this tubulocentric
perspective on DKD, hyperglycemia exposes tubular structures to
augmented glucose loads and reabsorption, resulting in glomerular
hyperfiltration via the tubuloglomerular feedback system [4,5]. This
process is intricately linked to inflammation or fibrosis and can incite
renal oxidative stress, cortical interstitial inflammation, hypoxia, and
tubulointerstitial fibrosis, thereby propelling the inexorable advance-
ment of renal pathology [2,4,6-8].

Renal tubule cells demand a substantial number of mitochondria to
fulfill their high-energy requirements and sustain aerobic metabolism
through oxidative phosphorylation [3,7,9]. The preservation of mito-
chondrial integrity, encompassing quality, quantity, and functionality,
hinges on the efficient operation of mitochondrial quality control (MQC)
mechanisms [10-12]. These mechanisms operate at both the molecular
and organelle levels and encompass mitochondrial protein quality
control, the regulation of mitochondrial proteases and molecular chap-
erones, mitochondrial dynamics, mitophagy, and mitobiogenesis [8,11,
13]. Given the intimate association between mitochondria and tubule
cells, mitochondrial dysfunction has emerged as a pivotal factor in the
onset and progression of diabetic tubulopathy [3,8,12,14,15]. However,
the specific MQC mechanisms involved in diabetic tubulopathy cells
remain largely uncharted territory.

Recent research has illuminated the contribution of overabundant
proinflammatory M1 macrophages and insufficient anti-inflammatory
M2 macrophages to the development of inflammation and fibrosis in
DKD [16-18]. In response to diabetic stress, tubule cells acquire a
secretory phenotype and secrete various chemokines, which potentiate
the recruitment, proliferation, and polarization of macrophages, further
exacerbating the pathology of DKD [19-23]. Therefore, a comprehen-
sive perception of the crosstalk between tubule cells and macrophages in
DKD is indispensable for deciphering the intricate immune-mediated
processes underlying DKD and for the development of efficacious pre-
ventive and therapeutic interventions.

Yes-associated protein 1 (YAP1), a core component of the Hippo
signaling pathway, participates in a myriad of biological processes
encompassing cell death, oxidative stress, and inflammation [24,25].
Recent investigations have unveiled the involvement of YAP1 in kidney
tissues, implicating its pivotal role in the pathogenesis of kidney diseases
[26-28]. Nevertheless, although prior studies have elucidated the
pathological roles of YAP1 in tubular or mesangial injuries, renal
fibrosis, and even renal cell carcinoma, the physiological functions of
YAP1 within the kidney, particularly in the context of DKD, remain
largely undetermined [29]. The primary objective of this study is to
investigate the role and mechanism of renal tubule cell YAP1-mediated
MQC in the progression of DKD, with particular attention to their in-
fluence on local proinflammatory chemokine secretion, intercellular
communication between tubules and macrophages, and the ensuing
progression of DKD.
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2. Materials and methods
2.1. Generation of tubule cell-specific Yap1 knockout mice

Renal tubule cell-specific Yap1 knockout mice (TKO, KspCre/Yap1-
flox/floxy and their control counterparts lacking the KspCre allele (CTL,
WT/Yap17°%/foX) were bred at the Shanghai Model Organisms Center in
China. The generation of TKO mice involved the mating of Yap1//fx
mice (C57BL/6Smoc-Yapl™ifloxSmoe  car No. NM-CKO-200174,
Shanghai Model Organisms Center, Inc.) with KspCre transgenic mice
(B6.Cg-Tg(Cdh16-Cre)91Igr/J, RRID: IMSR_JAX: 012237, Jackson Lab-
oratory) that expressed Cre recombinase under the control of kidney-
specific-cadherin promoter.

2.2. High-fat diet (HFD) and streptozotocin (STZ)-induced DKD mice

The mice were categorized into four groups: (1) CTL mice on a
normal diet (CTL + Veh + ND) group (n = 6); (2) TKO mice on a normal
diet (TKO + Veh + ND) group (n = 6); (3) CTL mice on a high-fat diet
(HFD) with streptozotocin (STZ) administration (CTL + STZ + HFD)
group (n = 6); and (4) TKO mice on a HFD with STZ administration
(TKO + STZ + HFD) group (n = 6). Mice in the ND or HFD groups were
fed either a standard chow diet (Research Diets, New Brunswick, NJ,
USA) or a HFD (Research Diets) continuously for 22 weeks. After 8
weeks on the HFD, mice in the STZ + HFD groups were intraperitoneally
injected with STZ (40 mg/kg; Sigma-Aldrich, St. Louis, MO, USA) dis-
solved in ice-cold sodium citrate (pH 4.5; Phygene, Fuzhou, Fujian,
China) for five consecutive days, while the Veh + ND groups received
the sodium citrate vehicle.

2.3. Statistical analysis

The data values reported in this study are presented as mean +
standard error of mean (SEM). Statistical analyses were performed using
unpaired two-tailed Student’s t-tests or one-way analysis of variance
(ANOVA) followed by least significant difference tests. The SPSS soft-
ware (version 26) was used to analyze the data. The statistical signifi-
cance was considered when P < 0.05.

Additional details for all methods are provided in Appendix A.
Supplementary data.

3. Results

3.1. Transcripts of YAP1 and MQC-related mediators were disrupted in
renal tubule cells from diabetic kidney

In the GSE104954 dataset (comprising N = 21 control, and N = 17
DKD samples), a notable reduction in YAP1 transcripts within human
diabetic kidneys was observed, as depicted in Fig. 1A and B. Further-
more, our analysis revealed downregulation of genes associated with
mitobiogenesis (mitochondrial transcription factor A [TFAM], and trans-
locase of the outer mitochondrial membrane complex subunit 20
[TOMM20]) and mitophagy (phosphatase and tensin homolog induced ki-
nase 1 [PINK1]) in diabetic kidneys, while genes linked to disrupted
autophagy (ubiquitin-binding protein sequestosome 1 [p62]) exhibited
significantly elevated expression levels in the diabetic kidney samples
compared to controls (Fig. 1A and B). Additionally, the receiver oper-
ating characteristic curve (ROC) analysis demonstrated the potential
utility of these significantly altered genes as effective individual markers
for distinguishing DKD, as illustrated in Fig. 1C. More importantly, when
these markers were combined into a comprehensive predictive model
for the occurrence of DKD, the resulting area under the ROC curve
reached an impressive 0.93, indicating excellent predictive performance
of this combined model (Fig. 1D).

In line with the results from the microarray dataset, cultured human
renal proximal tubule cells (HK-2) treated with palmitic acid (PA) and
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Fig. 1. Yes-associated protein 1 (YAP1) and mitochondrial quality control (MQC)-related mediators were disrupted in renal tubule cells from diabetic kidney. (A, B)
Expression of YAP1 and MQC-related genes in tubulointerstitial compartment of subjects with diabetic kidney disease (DKD) in GSE104954. (C) The diagnostic
performance of YAP1 and each individual MQC-related genes for DKD. (D) The diagnostic performance of a comprehensive predictive model consisted of YAP1 and
MQC-related genes for DKD. (E, F) Representative Western blots and quantification of p-YAP1, YAP1, MQC-related mediators, and interleukin 6 (IL6) in HK-2 cells
exposed to palmitic acid and high glucose (PA + HG). (G) Transmission electron microscopy images of mitochondria within HK-2 cell with or without PA + HG
treatment. Bar = 200 nm. (H) Transcripts of YAP1, MQC-related mediators, and proinflammatory genes were measured by quantitative real-time polymerase chain
reaction. (I, J) Representative plots and quantification of flow cytometry analysis for JC-1 staining in HK-2 cells with or without PA + HG treatment. The JC-1 red/
green fluorescence ratio was calculated to represent mitochondrial membrane potential. (K, L) Representative plots and quantification of flow cytometry analysis for
MitoSox Red staining in HK-2 cells with or without PA + HG treatment. The mean fluorescence intensity of MitoSox Red was calculated to represent mitochondrial
reactive oxygen species level. Data are expressed as the mean + SEM. All experiments were repeated at least three times. *P < 0.05; **P < 0.01; ***P < 0.001.
PGCla, peroxisome proliferator-activated receptor y coactivator a; TFAM, mitochondrial transcription factor A; TOMMZ20, translocase of the outer mitochondrial
membrane complex subunit 20; PINK1, tensin homolog induced kinase 1; LC3B, microtubule-associated protein 1 light chain 3B; p62, ubiquitin-binding protein

sequestosome 1; IL8, interleukin 8; p-YAP1, phosphorylated YAP1.

high glucose (HG) resulted in the inactivation of YAP1 (as evidenced by
decreased YAPI1, while increased p-YAP1), mitobiogenesis-related
molecules (peroxisome proliferator-activated receptor y coactivator o
[PGCla], TFAM and TOMM20), and mitophagy-related molecules
(PINK1 and Parkin), concomitant with dysregulated autophagy flux (as
evidenced by increased microtubule-associated protein 1 light chain 3B-
II [LC3B-II] and p62) [30] and elevated expression of the proin-
flammatory marker interleukin 6 (IL6), as outlined in Fig. 1E and F. The
transcript levels displayed a similar trend to the observed protein levels,
as illustrated in Fig. 1H. Besides, transmission electron microscopy
(TEM) analysis found damaged mitochondria with swollen matrix and
collapsed cristae within HK-2 cells exposed to PA and HG (Fig. 1G).
Cultured HK-2 cells exposed to PA and HG displayed lower mitochon-
drial membrane potential, but higher level of mitochondrial reactive
oxygen species (mtROS) (Fig. 1I-L).

Using immunofluorescence and immunoblot, we further illustrated
the decreased cytoplasmic and nuclear expression of YAP1, as well as
impeded translocation of YAP1 from the cytoplasm to the nucleus in
cultured HK-2 cells subjected to PA and HG treatment (Fig. 2A-C).
Moreover, immunohistochemistry of tubulointerstitial compartment of
kidney sections confirmed a reduction of YAP1 protein and an increase
in S127 phosphorylated YAP1 from patients of biopsy-approved DKD,
particularly in the late-stage DKD subjects (Fig. 2D-F), suggesting
augmented YAP1 protein degradation in diabetic tubule cells. Addi-
tionally, quantitative real-time polymerase chain reaction (QRT-PCR)
and immunoblots results revealed the significantly activated Hippo
signaling pathway in HK-2 cells treated with PA and HG (Fig. 2G-I).
Collectively, our study, integrating results from bioinformatic analysis
of transcriptomics data, in vitro investigations, and pathological analyses
of biopsy-approved DKD kidney sections, unveils the inactivation of
YAP1 at both transcription and post-translation levels under the context
of DKD. Particularly, at the post-translation level, our findings
unmasked the activation of the Hippo signaling pathway in tubule cells
affected by DKD, thus leading to a significantly decreased accumulation
of the key downstream mediator YAP1 in the nucleus where it typically
binds to TEA domain transcription factors and drives the expression of
target genes (Fig. 2J).

3.2. Renal tubule cell-specific Yap1 deletion did not affect the
development of diabetes

To dig deeper into the role of YAP1 in the pathogenesis of DKD, we
generated mice with renal tubule cell-specific Yapl knockout mice
(TKO, KspCre/Yap17/foX) with their littermates lacking the KspCre
allele serving as control mice (CTL, WT/Yap®/f9%)_ The genotyping
results are provided in the Supplementary Fig. S1, and the experimental
design is detailed in Fig. 3A. Treatment with STZ + HFD led to a sig-
nificant increase in body weight, kidney index (as calculated by kidney
weight/body weight), blood glucose, serum triglyceride, cholesterol,
low-density lipoprotein cholesterol (LDL-c), creatinine, and urinary
albumin-to-creatinine ratio (UACR) when compared to mice treated
with ND. Mice subjected to STZ + HFD exhibited a nearly 1.4-fold

increase in body weight, a nearly 2-fold increase in blood glucose,
serum creatinine, cholesterol, and triglyceride, a nearly 3-fold increase
in UACR, and a nearly 4-fold increase in LDL-c (Fig. 3B-I). It’s note-
worthy that TKO mice and their CTL littermates were normal in size and
did not display any gross physical or behavioral abnormalities, and there
were no discernible differences in kidney size or morphology (Supple-
mentary Fig. S2). In TKO mice, YAP1 protein levels in the kidney were
significantly reduced when compared to those in CTL mice (Fig. 3N and
0). No significant differences in body weight and kidney index were
observed between TKO and CTL mice under either ND or HFD conditions
(Fig. 3B and C). Blood glucose and serum lipid profiles including serum
triglyceride, cholesterol, and LDL-c (Fig. 3D-G) showed similar eleva-
tions in both TKO mice and CTL mice subjected to HFD, indicating that
tubular YAP1 deficiency does not significantly influence the metabolic
profiles in diabetic mice.

3.3. Renal tubule cell-specific Yap1 deletion aggregated kidney injury in
DKD mice

The diabetes-induced elevation in serum creatinine and UACR levels
observed in CTL mice was notably exacerbated following the deletion of
tubular Yap1 (Fig. 3H and I). Periodic acid Schiff (PAS) staining vividly
depicted the heightened kidney injury in TKO mice induced by diabetes,
evident through elevated tubular injury score (Fig. 3J and K). Masson’s
trichrome staining further underscored the exacerbated interstitial
fibrosis, characterized by increased collagen production (Fig. 3J and L).
The upregulated protein expression of tubular injury marker, namely
kidney injury molecule-1 (KIM1), was further intensified by the deletion
of tubular Yap1 (Fig. 3J and M). The fibrotic marker a-smooth muscle
actin (a-SMA) exerted no difference between neither diabetic and lean
control mice nor TKO and CTL mice (Fig. 3J). These collective findings
strongly imply that Yapl deficiency eradicated the kidney’s innate
resilience to diabetes-induced injury.

3.4. Renal tubule cell-specific Yap1 deletion disrupted MQC in DKD mice

To elucidate the mechanisms underlying the exacerbated tubular
impairment observed in TKO diabetic mice, we isolated the renal cortex
from diabetic and non-diabetic mice to scrutinize the expression of p-
YAP1, YAP1 and MQC-related molecules. Consistent with the findings
from in vitro study, immunoblots of renal cortex confirmed a reduction of
YAP1 protein and an increase in S127 phosphorylated YAP1 from dia-
betic mice (Fig. 3N and O), indicating increased YAP1 protein degra-
dation in diabetic renal cortex. Besides, our analysis unveiled a
significant downregulation of mitobiogenesis-related mediators
(PGCla, TFAM, and TOMM20) and mitophagy-related mediators
(PINK1 and Parkin), but a significant upregulation of dysregulated
autophagy-related mediator (LC3B-II and p62) [30] and proin-
flammatory mediator (IL6) at protein levels in TKO mice when
compared to CTL mice (Fig. 3N and O). Furthermore, we examined the
ultrastructural changes in mitochondria within tubule cells from dia-
betic and non-diabetic mice using TEM. In non-diabetic mice, the tubule
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Fig. 2. Hippo signaling pathway was activated in tubule cells under the context of diabetic kidney disease (DKD). (A) Representative images of the immunofluo-
rescence staining for yes-associated protein 1 (YAP1) in cultured HK-2 cells with or without palmitic acid and high glucose (PA + HG) treatment. Bar = 50 pm. (B, C)
Representative Western blots and quantification of YAP1 in cytoplasmic and nuclear fraction of HK-2 cells exposed to PA + HG. (D) Representative images of
immunohistochemistry staining for YAP1 and p-YAP1 in kidney sections from control donors, early-stage DKD patients, and late-stage DKD patients. Bar = 50 pm. (E,
F) Quantitative assessment for percentage of YAP1 and p-YAP1 expression (n = 8 for each group). (G) Transcripts of genes involved in Hippo signaling pathway were
measured by quantitative real-time polymerase chain reaction in cultured HK-2 cells with or without PA + HG treatment. (H, I) Representative Western blots and
quantification of key molecules involved in Hippo signaling pathway in HK-2 cells exposed to PA + HG. (J) Schematic diagram showing the activation of Hippo
signaling pathway and the ultimately degraded YAP1 in tubule cells under the context of DKD. Data are expressed as the mean + SEM. All experiments were repeated
at least three times. *P < 0.05; **P < 0.01; ***P < 0.001. MST1, serine/threonine kinase 4; MST2, serine/threonine kinase 3; p-MST1/2, phosphorylated MST1/2;
MOBI1, MOB kinase activator 1; p-MOB1, phosphorylated MOB1; LATS1, large tumor suppressor kinase 1; LATS2, large tumor suppressor kinase 2; p-LATS1/2,

phosphorylated LATS1/2; TAZ, Tafazzin; TEAD, TEA domain transcription factor; DAPI, 4',6-diamidino-2-phenylindole; p-YAP1, phosphorylated YAP1.

cells displayed a population of healthy, normal-appearing mitochondria.
Importantly, tubule cells from non-diabetic mice demonstrated
numerous autophagic vacuoles, accompanied by autophagosome and
autolysosome, indicating the existence of a smooth and integrative
process of mitophagy/autophagy flux (Fig. 3P). In contrast, mice sub-
jected to HFD in combination with intraperitoneal STZ injection,
particularly the TKO diabetic mice, exhibited an accumulation of
damaged mitochondria with swollen matrix and collapsed cristae, a
decrement of autophagic vacuoles, as well as fusion of autophagic vac-
uoles with abnormal mitochondria within tubule cells, indicating the
accumulated autophagosomes, dysregulated MQC with morphological
impairment and blocked mitophagy/autophagy flux in DKD pathogen-
esis (Fig. 3P).

3.5. C-X-C motif chemokine ligand 1 (CXCL1) expression and
macrophage infiltration were enhanced in human diabetic kidney

To investigate the potential link between Yapl deficiency-induced
disruption of MQC in tubule cells and the alternated immune status
within diabetic mouse kidneys, we first conducted an ongoing bio-
informatic analysis employing microarray datasets relevant to human
DKD. In addition to GSE104954, we retrieved two additional microarray
datasets (GSE30529 and GSE175759) originating from the tubu-
lointerstitial compartments of human diabetic kidneys via the GEO
database. An analysis of overlapping differentially expressed genes
(DEGs) among these three datasets unveiled a total of 92 common DEGs
shared between GSE104954, GSE30529, and GSE175759 (Fig. 4A and
Supplementary Table S5). Subsequent gene ontology (GO) analysis
illuminated the top five enriched GO terms, including T cell activation,
leukocyte migration, positive regulation of cell activation, leukocyte
cell-cell adhesion, and regulation of lymphocyte proliferation (Fig. 4B
and Supplementary Table S6). Concurrently, the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis uncovered the top five
signaling pathways, including the chemokine signaling pathway,
phagosome, complement and coagulation cascades, pertussis, and
legionellosis, underscoring the pivotal role of chemokine-mediated
biological processes in the progression of DKD (Fig. 4C). Correspond-
ingly, among the commonly shared DEGs across the three datasets, three
chemokines (C-X-C motif chemokine ligand 1 [CXCL1], CXCL6, and C-C
motif chemokine ligand [CCL19]) derived from the KEGG chemokine
signaling pathway exhibited significantly elevated expression in dia-
betic kidneys (Fig. 4D and Supplementary Table S7), in line with results
from cultured HK-2 cells exposed to PA and HG (Fig. 4E and F). These
findings implicated the active involvement of tubule cells-derived che-
mokines, particularly CXCL1, and chemokine signaling pathways in
fostering immune cell activation within diabetic kidneys.

3.6. Renal tubule cell-specific Yap1 deletion boosted CXCL1 secretion and
affected macrophages polarization in DKD mice

We subsequently substantiate whether the dysregulation of MQC
resulting from Yap1 deficiency influenced the immune status within the
diabetic kidney. Immunofluorescence analyses revealed a substantial
increase in the expression of chemokine CXCL1 within the tubule cells of

diabetic kidneys (Supplementary Fig. S3). Remarkably, the expression
level of CXCL1 was significantly elevated in the tubule cells of TKO
diabetic mice when compared to CTL diabetic mice (Fig. 4G and H).
Furthermore, immunofluorescence examination unveiled a noticeable
increase in the infiltration of macrophages in diabetic mice, which was
evident through the significantly augmented expression of the M1
macrophage marker CD68 and the M2 macrophage marker CD206
within the diabetic kidney (Supplementary Fig. S4). Intriguingly, Yap1l
deficiency appeared to aggregate the infiltration of M1 macrophages by
suppressing M2 macrophage polarization in TKO diabetic mice in
comparison to CTL diabetic mice (Fig. 4I). To further validate the in-
sights gained from microarray datasets and diabetic mice kidneys, we
integrated human diabetic kidney-related single nucleus RNA-
sequencing (snRNA-seq) datasets, namely GSE195460, GSE151302,
and GSE131882, in an effort to probe the dynamics of chemokines
(specifically CXCL1, CXCL6 and CCL19) and immune cell infiltration.
Notably, among the tubule cells, we identified a subset characterized by
vascular cell adhesion molecule 1 (VCAM1) positivity (Fig. 5A).
Consistently, the snRNA-seq analysis revealed that CXCL1 and CXCL6
were primarily expressed by VCAMI1-positive tubule cells, with a
marked increase in their expression in these cells within the diabetic
kidney (Fig. 5B and D). In contrast, CCL19 was predominantly expressed
by fibroblasts and leukocytes (Fig. 5C). Furthermore, our analysis
demonstrated a significant increase in the number of infiltrating im-
mune cells within the diabetic kidney (Fig. 5E). In accordance with the
findings from microarray analysis and diabetic mice kidneys, this in-
crease was particularly pronounced among macrophages, T cells, B cells,
and plasma cells (Fig. 5F and G). These findings via bioinformatic ana-
lyses align with the results obtained from YapI-deficient diabetic mice,
underscoring that Yap1 deficiency-induced perturbations in MQC within
tubule cells may potentially stimulate the secretion of CXCL1 from these
cells, thereby contributing to the polarization of macrophages within the
diabetic microenvironment.

3.7. Yapl activation maintained MQC homeostasis and counteracted
diabetes-induced kidney injury

We investigated the therapeutic potential of the Yapl activator,
XMU-MP-1, in DKD mice model to assess its impact on diabetic mice.
The experimental design is illustrated in Fig. 6A. Diabetic mice were
subjected to a 12-week treatment regimen with either XMU-MP-1 or an
equivalent volume of vehicle (dimethyl sulfoxide, DMSO). Notably,
there were no discernible differences in body weight between the (XMU-
MP-1)-treated mice and those receiving DMSO (Fig. 6B). Similarly, an
evaluation of blood glucose and serum lipid profiles (including triglyc-
eride, cholesterol, and LDL-c) within the diabetic groups revealed no
significant distinctions between the (XMU-MP-1)-treated and DMSO-
treated mice (Fig. 6D-G). Nevertheless, a notable reduction of kidney
index, serum creatinine, and UACR in (XMU-MP-1)-treated mice in
comparison to DMSO-treated mice was observed (Fig. 6C-H and I).
Additionally, we observed a reduction in pathological kidney injury in
the (XMU-MP-1)-treated mice compared to the DMSO-treated mice
(Fig. 6J), evident through reduced tubular injury score by PAS staining
(Fig. 6K), weakened collagen production by Masson’s trichrome staining
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Fig. 3. Renal tubule cell-specific yes-associated protein 1 (Yapl) deletion aggregated kidney injury via disrupting mitochondrial quality control (MQC) in diabetic
kidney disease (DKD) mice. (A) The schematic diagram of in vivo experiment. (B-I) Body weight, kidney weight/body weight, blood glucose, serum triglyceride,
cholesterol, low-density lipoprotein cholesterol (LDL-c), and creatinine and urinary albumin-to-creatinine ratio (UACR) in the indicated mouse groups. (J) Repre-
sentative images of histologic images of Periodic acid-Schiff (PAS) staining, Masson’s trichrome (MASSON) staining, as well as immunohistochemistry staining for
kidney injury molecule-1 (KIM1) and a-smooth muscle actin (a-SMA) in kidney sections. Black arrows indicated expanded mesangial expansion and tubular atrophy,
dilation, or brush border loss. Bar = 50 pm. (K-M) Quantitative assessment for tubular injury score, percentage of collagen staining and percentage of KIM1
expression. (N, O) Representative Western blots and quantification of p-YAP1, YAP1, MQC-related mediators, and interleukin 6 (IL6) in renal cortex from indicated
mouse groups. (P) Representative transmission electron microscopy images of mitochondria with abnormal morphology in tubule cells from indicated mouse groups.
Damaged mitochondria were observed with matrix swelling and collapsed cristae. An early phase of mitophagy was seen as the formation of double membrane,
wrapped around a mitochondrion. The red arrowheads indicate autophagic vacuoles containing damaged mitochondria, or autophagosomes surrounded by a double-
membrane with undigested damaged mitochondria inside. Bar = 1 pm. Mt, mitochondrion; Av, autophagic vacuole; N, nucleus. Data are expressed as the mean +
SEM. *P < 0.05; **P < 0.01; ***P < 0.001 (n = 6 for each group). ND, normal diet; HFD, high-fat diet; STZ, streptozotocin; TKO, tubule cell-specific knockout; Veh,
vehicle; PGCla, peroxisome proliferator-activated receptor y coactivator a; TFAM, mitochondrial transcription factor A; TOMM20, translocase of the outer mito-
chondrial membrane complex subunit 20; PINK1, tensin homolog induced kinase 1; p62, ubiquitin-binding protein sequestosome 1; LC3B, microtubule-associated

protein 1 light chain 3B; p-YAP1, phosphorylated YAP1.

(Fig. 6L), and decreased expression of KIM1 by immunohistochemistry
(Fig. 6M). Furthermore, gene set enrichment analysis from RNA-
sequencing data of diabetic mice kidney revealed that Hippo signaling
pathway (Supplementary Fig. S5), chemokine signaling pathway, and
cell activation involved in immune response were positively associated
with diabetes, while mitochondrion organization was negatively asso-
ciated with diabetes (Supplementary Fig. S6). By contrast, administra-
tion of XMU-MP-1 partly suppressed the irritation of chemokine
signaling pathway, and organ or tissue specific immune response, but
preserved mitochondrion organization within diabetic mice kidney
(Supplementary Fig. S6). Additionally, in the (XMU-MP-1)-treated dia-
betic mice, YAP1, key mediators of mitobiogenesis (PGCla, TFAM and
TOMM20) and mitophagy (PINK1 and Parkin) exhibited preserved
protein levels (Fig. 6N and O). The protective influence of XMU-MP-1
towards renal MQC resulted in smooth mitochondria/autophagy flux
and ameliorated kidney inflammation, as evidenced by decreased pro-
tein expression of LC3B-II, p62 and IL6 (Fig. 6N and O). Furthermore,
immunofluorescence and Western blot illustrated the beneficial impact
of XMU-MP-1 in preventing synthesis and secretion of CXCL1 within
tubule cells (Fig. 6P-R). Consistently, CIBERSORT analysis of RNA-
sequencing data of diabetic mice kidney displayed the decreased pro-
portion of M1 macrophage infiltration within kidney microenvironment
by administration of XMU-MP-1 (Supplementary Fig. S7). Moreover,
TEM analysis exhibited a reduction of damaged mitochondria with
swollen matrix and collapsed cristae, an increment of autophagic vac-
uoles, as well as diminished fusion of autophagic vacuoles with anormal
mitochondria within tubule cells from (XMU-MP-1)-treated diabetic
mice, suggesting a decrease in the accumulation of autophagosomes,
improved MQC with morphological integrity and smooth mitophagy/
autophagy flux by XMU-MP-1 treatment (Fig. 6S). Taken together, these
data strongly suggest that XMU-MP-1 may safeguard the kidney from
diabetes-induced injury by preserving tubular MQC homeostasis, and
subsequently suppress macrophage activation and renal inflammation
by preventing CXCL1 production.

3.8. YAPI1 maintained MQC homeostasis in HK-2 cells

We conducted a comprehensive investigation into the pivotal role
and mechanism of YAP1 in regulating MQC homeostasis using an
adenovirus knock-in approach in cultured HK-2 cells. The successful
adenovirus knock-in resulted in a substantial upregulation of YAP1 and
p-YAP1 expression in HK-2 cells, as depicted in Fig. 7A and B.
Remarkably, we observed a reversal of the suppressed protein levels of
MQC-related mediators, including PGCla, TFAM, TOMM20, PINK1, and
Parkin, when YAP1 was highly expressed in HK-2 cells exposed to PA
and HG, as illustrated in Fig. 7A and B. Furthermore, the PA and HG
treatment significantly disrupted mitochondrial membrane potential,
increased mtROS production, reduced mtDNA copy numbers, and
inhibited mitophagy in cultured HK-2 cells (Fig. 7C-I). In contrast, all
these detrimental effects were mitigated when YAP1 was highly

expressed in HK-2 cells exposed to PA and HG, as illustrated in Fig. 7C-I.
Additionally, a bioenergetic profile was established by administering
electron transport chain inhibitors to assess mitochondrial oxygen
consumption rate (OCR) in various respiratory states (Fig. 7J). Fig. 7K
illustrated that treatment with PA and HG significantly reduced basal
respiration, spare respiratory capacity, maximal respiration, and ATP
production. Conversely, there was an increase in these parameters when
YAP1 was overexpressed in HK-2 cells compared to the adenovirus
knock-in negative control. As depicted in Fig. 7L and Supplementary
Fig. S8, PA + HG treatment resulted in a decrease in both the expression
of subunits and the enzymatic activity of mitochondrial complexes I, II,
III, IV, and V. Notably, YAP1 overexpression partially reversed the
suppression of subunit expression and enzymatic activity for complexes
I, IV, and V. However, while YAP1 restored subunit expression in
complexes I and II, it did not recover their enzymatic activity. This
discrepancy between the enzymatic activity assays and Western blot
detection of subunits for complexes I and II may stem from several
factors, including post-translational modifications [31-35], the specific
contributions of individual subunits to enzymatic function [36,37], and
potential issues with subunit stoichiometry and assembly defects [38,
39]. Furthermore, a noticeable reversal of the elevated CXCL1 concen-
tration in the culture medium was observed when YAP1 was highly
expressed in HK-2 cells exposed to PA and HG (Fig. 7M). Treatment with
the mitophagy inhibitor Mdivi-1 exacerbated CXCL1 production and
abolished the reversal of CXCL1 elicited by YAP1 overexpression in
HK-2 cells exposed to PA and HG (Fig. 7N). Importantly, the upregula-
tion of YAP1 in HK-2 cells did not compensate for the increased sus-
ceptibility to elevated CXCL1 production induced by mitophagy
inhibition through Mdivi-1 pretreatment, suggesting a potential causal
relationship between dysregulated MQC and CXCL1 generation in tu-
bule cells. Collectively, our findings strongly support the notion that
YAP1 possesses the capacity to modulate the expression of MQC-related
molecules, and preserves PGCla-mediated mitobiogenesis and
PINK1/Parkin-mediated mitophagy, thus contributing to maintaining
the MQC homeostasis and subsequently suppressing CXCL1 production
in HK-2 cells.

4. Discussion

One of the central findings of our study is the observed inactivation
of YAP1 in tubule cells among individuals with diabetes and its
accompanying impact on maintaining MQC homeostasis. The role of
YAP1 in kidney disease remains a topic of ongoing debate, with existing
discrepancies likely stemming from variations in experimental animal
models and the specific renal compartments under investigation [26,28,
40-43]. For instance, although existing evidence suggests that YAP1
plays a crucial role in podocyte differentiation, cell survival, mainte-
nance of the specialized structure [44-46], and podocyte-specific dele-
tion of YAP1 accelerated renal injury in diabetes, conflicting findings
have emerged. Some studies have reported heightened YAP1 activity in
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CCL19, C-C motif chemokine ligand; CXCL6, C-X-C motif chemokine ligand 6.

podocytes during diabetes [40,47], noting a close correlation between
increased expression of podocyte YAP1 and more severe renal patho-
logical damage during DKD progression [40]. Similarly, elevated YAP1
levels in tubule cells have been previously reported, and inhibiting the
YAP1 activity through pharmacological or genetic means has shown
promising results in ameliorating renal fibrosis, inflammation, and
oxidative stress in experimental type 1 diabetes-related DKD models
[26,48]. Conversely, YAP1 was found to be suppressed in tubule cells
from adriamycin-induced kidney injury mice model [49], and preserved
YAP1 plays a crucial role in mediating tubule cell regeneration during
kidney recovery [50,51]. The contrasting effects observed for YAP1
underscore its complex role and mechanism across various renal com-
partments, different stages of kidney disease progression, and diverse
contexts of kidney disease types. Our current study for the first time
demonstrated the consistent inactivation of YAP1 signaling in
biopsy-approved human diabetic kidney, cultured HK-2 cells exposed to
HG and PA, and tubule cells from DKD mice induced by a HFD plus STZ
injection.

Our investigation further unveiled the robust diagnostic accuracy of
a comprehensive predictive model consisted of YAP1 and MQC-related
genes in identifying DKD, which underscores the value of these
markers in early DKD detection. To elucidate the mechanistic link

10

between YAP1 inactivation and DKD progression, we turned to experi-
mental models. Tubule ell-specific knockout of Yap1 exacerbated kidney
injury in diabetic mice, emphasizing the protective role of YAP1 within
tubule cells and its contribution to mitigating kidney injury in the dia-
betic milieu. Mechanistically, Yapl deletion was associated with dis-
rupted MQC and mitochondrial aberrations within tubule cells, leading
to discernible renal tubule injury and kidney impairments evidenced by
histological examination. Strikingly, the administration of the YAP1
activator XMU-MP-1 showcased remarkable efficacy, counteracting
these multifaceted events, even in the presence of persistent hypergly-
cemia and hyperlipidemia in diabetic mice. Our study also provides
insights into potential therapeutic interventions. Overexpression of
YAP1 via adenovirus-mediated gene transfer demonstrated the capacity
to enhance mitochondrial membrane potential, attenuate mtROS pro-
duction, sustain mtDNA copy numbers, mitophagy, OCR and the enzy-
matic activity of mitochondrial respiratory chain complexes, thereby
maintaining MQC within cultured tubule cells exposed to PA and HG.
These findings suggest that strategies aimed at restoring YAP1 activity
possibly promote mitochondrial health within tubule cells, providing a
mechanistic underpinning for the observed exacerbation of DKD in Yap1
knockout mice.

Under the condition of HG or diabetes, the reduced efficiency of
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Fig. 6. Yes-associated protein 1 (Yap1) activation counteracted diabetes-induced kidney injury via maintaining mitochondrial quality control (MQC) homeostasis in
diabetic kidney. (A) The schematic diagram of in vivo experiment. (B-I) Body weight, kidney weight/body weight, blood glucose, serum triglyceride, cholesterol, low-
density lipoprotein cholesterol (LDL-c), and creatinine and urinary albumin-to-creatinine ratio (UACR) in the indicated mouse groups. (J) Representative images of
histologic images of Periodic acid-Schiff (PAS) staining, Masson’s trichrome (MASSON) staining, as well as immunohistochemistry staining for kidney injury
molecule-1 (KIM1) in kidney sections. Black arrows indicated expanded mesangial expansion and tubular atrophy, dilation, or brush border loss. Bar = 50 pm. (K-M)
Quantitative assessment for tubular injury score, percentage of collagen staining and percentage of KIM1 expression. (N, O) Representative Western blots and
quantification of p-YAP1, YAP1, MQC-related mediators, and interleukin 6 (IL6) in renal cortex from indicated mouse groups. (P) Representative images of the
immunofluorescence staining for C-X-C motif chemokine ligand 1 (CXCL1) in kidney sections from indicated mouse groups. Bar = 15 pm. (Q-R) Representative
Western blots and quantification of CXCL1 in renal cortex from indicated mouse groups. (S) Representative transmission electron microscopy images of mitochondria
with abnormal morphology in tubule cells from indicated mouse groups. Damaged mitochondria were observed with matrix swelling and collapsed cristae. An early
phase of mitophagy was seen as the formation of double membrane, wrapped around a mitochondrion. The red arrowheads indicate autophagic vacuoles containing
damaged mitochondria, or autophagosomes surrounded by a double-membrane with undigested damaged mitochondria inside. Bar = 1 pm. Mt, mitochondrion; Av,
autophagic vacuole; N, nucleus. Data are expressed as the mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001 (n = 6 for each group). HFD, high-fat diet; STZ,
streptozotocin; DKD, diabetic kidney disease; Veh, vehicle; PGCla, peroxisome proliferator-activated receptor y coactivator a; TFAM, mitochondrial transcription
factor A; TOMM20, translocase of the outer mitochondrial membrane complex subunit 20; PINK1, tensin homolog induced kinase 1; LC3B, microtubule-associated
Erotein 1 light chain 3B; p62, ubiquitin-binding protein sequestosome 1; DAPI, 4',6-diamidino-2-phenylindole; p-YAP1, phosphorylated YAP1.
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Fig. 7. Yes-associated protein 1 (YAP1) maintained mitochondrial quality control (MQC) homeostasis in cultured HK-2 cells. (A, B) Representative Western blots and
quantification of p-YAP1, YAP1, MQC-related mediators, and interleukin 6 (IL6) in adenovirus (Ad)-infected HK-2 cells with or without palmitic acid and high
glucose (PA + HG) treatment. (C, D) Representative plots and quantification of flow cytometry analysis for JC-1 staining in Ad-infected HK-2 cells with or without
PA + HG treatment. The JC-1 red/green fluorescence ratio was calculated to represent mitochondrial membrane potential. (E, F) Representative plots and quan-
tification of flow cytometry analysis for MitoSox Red staining in Ad-infected HK-2 cells with or without PA + HG treatment. The mean fluorescence intensity of
MitoSox Red was calculated to represent mitochondrial reactive oxygen species level. (G) The relative mitochondrial DNA (mtDNA) copy numbers in Ad-infected HK-
2 cells with or without PA + HG treatment were measured by gPCR. (H) Representative confocal images of mt-Keima in Ad-infected HK-2 cells with or without PA +
HG treatment. Confocal microscopy was analyzed to detect the mt-Keima located in mitochondria (mitochondria at neutral pH, green fluorescence) and the mt-Keima
delivered to lysosomes (mitochondria at acidic pH, red fluorescence). The zoom images were magnified from boxed areas in overlay images. Bar = 40 pm. (I)
Quantification of mitophagy index by mt-Keima imaging. Mitophagy index was determined by analyzing the ratio of red/green fluorescence. (J) Real-time mea-
surements of the oxygen consumption rate (OCR) in Ad-infected HK-2 cells with or without PA + HG treatment via Seahorse XF96. After basal OCR was obtained,
oligomycin (1.5 pM) was added to obtain ATP-linked OCR. Then, the uncoupler FCCP (1 pM) was added to obtain maximal OCR. Finally, none-mitochondrial OCR
was obtained after adding Antimycin A + rotenone (0.5 pM each) to inhibit the electron transport chain. Mitochondrial spare respiratory capacity was calculated by
subtracting basal respiration from maximal respiratory capacity. Each point in the lines represents the average measurements of six different wells. (K) OCR results
from the Seahorse analysis of the mitochondrial respiration parameters: basal respiration, spare respiratory capacity, maximal respiration, and ATP production. (L)
Mitochondrial respiratory chain complex enzyme activities in Ad-infected HK-2 cells with or without PA + HG treatment. (M) ELISA of CXCL1 level for Ad-infected
HK-2 cells with or without PA + HG treatment. (N) ELISA of CXCL1 level for Ad-infected HK-2 cells with or without mitophagy inhibitor Mdivi-1 treatment. Data are
expressed as the mean + SEM. All experiments were repeated at least three times. *P < 0.05; **P < 0.01; ***P < 0.001. NC, negative control; PGC1a, peroxisome
proliferator-activated receptor y coactivator «; TFAM, mitochondrial transcription factor A; TOMM20, translocase of the outer mitochondrial membrane complex
subunit 20; PINK1, tensin homolog induced kinase 1; p62, ubiquitin-binding protein sequestosome 1; IL6, interleukin 6; CXCL1, C-X-C motif chemokine ligand 1; p-
YAPIL, phosphorylated YAP1; FCCP, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone; ELISA, enzyme-linked immunosorbent assay.
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Fig. 8. Schematic diagram showing the yes-associated protein 1 (YAP1) as a critical molecular pattern for diabetic kidney disease (DKD). The initiation of DKD
within tubule cells triggers the activation of the Hippo signaling pathway, leading to the degradation of the downstream core mediator YAP1. This cascade results in
the disruption of YAP1-mediated mitochondrial quality control, characterized by impaired mitobiogenesis and mitophagy. Consequently, there is an elevation in the
production of mitochondrial reactive oxygen species (mtROS), a decline in mitochondrial membrane potential (MMP, A¥m), mtDNA copy numbers, oxygen con-
sumption rate, and the enzymatic activity of mitochondrial respiratory chain complexes. These molecular alterations stimulate the synthesis of inflammatory cy-
tokines (such as IL6) and chemokines (CXCL1, CXCL6, and CCL19) by tubule cells, instigating the recruitment and activation of macrophages. This intricate process
significantly contributes to the pathogenesis of DKD. MST1, serine/threonine kinase 4; MST2, serine/threonine kinase 3; MOB1, MOB kinase activator 1; LATS1, large
tumor suppressor kinase 1; LATS2, and large tumor suppressor kinase 2; TAZ, Tafazzin; TEAD, TEA domain transcription factor; PGCla, peroxisome proliferator-
activated receptor y coactivator a; TFAM, mitochondrial transcription factor A; PINK1, tensin homolog induced kinase 1; LC3B-II, microtubule-associated protein
1 light chain 3B-II; p62, ubiquitin-binding protein sequestosome 1; IL6, interleukin 6; CXCL1, C-X-C motif chemokine ligand 1; CCL19, C-C motif chemokine ligand;
CXCL6, C-X-C motif chemokine ligand 6.
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