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LONP1 targets HMGCS2 to protect mitochondrial
function and attenuate chronic kidney disease
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Abstract

Mitochondria comprise the central metabolic hub of cells and their
imbalance plays a pathogenic role in chronic kidney disease (CKD).
Here, we studied Lon protease 1 (LONP1), a major mitochondrial
protease, as its role in CKD pathogenesis is unclear. LONP1 expres-
sion was decreased in human patients and mice with CKD, and
tubular-specific Lonpl overexpression mitigated renal injury and
mitochondrial dysfunction in two different models of CKD, but
these outcomes were aggravated by Lonpl deletion. These results
were confirmed in renal tubular epithelial cells in vitro. Mechanis-
tically, LONP1 downregulation caused mitochondrial accumulation
of the LONP1 substrate, 3-hydroxy-3-methylglutaryl-CoA synthase
2 (HMGCS2), which disrupted mitochondrial function and further
accelerated CKD progression. Finally, computer-aided virtual
screening was performed, which identified a novel LONP1 activa-
tor. Pharmacologically, the LONP1 activator attenuated renal fibro-
sis and mitochondrial dysfunction. Collectively, these results imply
that LONP1 is a promising therapeutic target for treating CKD.
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Introduction

Chronic kidney disease (CKD), the end stage of various kidney dis-
eases, has become a worldwide health problem with a rapidly
increasing prevalence, high morbidity, and economic burden (Zhang
et al, 2012; Webster et al, 2017). Renal tubular-interstitial fibrosis is
a common pathophysiological pathway involved in the development
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of multiple CKDs that lead to end-stage renal disease (ESRD). Proxi-
mal tubular cells, which are rich in mitochondria and require high
energy to meet the tremendous energy demands of tubular reabsorp-
tion and secretion, are particularly sensitive to various insults such
as hypoxia, oxidative stress, and toxins (Chevalier, 2016). Several
reports have shown that the impairment of proximal tubular cells
can initiate and promote an inflammatory and profibrogenic
response, activate mesenchymal fibroblasts, and drive the produc-
tion of many extracellular matrix proteins, which ultimately results
in tubulointerstitial fibrosis and a continuous loss of renal function
(Liu, 2011; Leung et al, 2013; Meng et al, 2014; Liu et al, 2020).
Hence, identifying novel endogenous kidney protectants and specific
mechanisms by which to mitigate proximal tubular cell injury can
provide insights into new treatment strategies for CKD.

Proximal tubular cells are highly dependent on mitochondria to
maintain their cellular functions and viability. As the energy factory
of cells, mitochondria maintain cellular homeostasis through a com-
plex and sophisticated monitoring system, which includes the timely
degradation of damaged misfolded proteins and the elimination of
mutant mitochondrial DNA (mtDNA) and free radicals (Jiang
et al, 2020). Data from previous studies showed that mitochondrial
dysfunction is not only an early event in kidney injury, but also con-
tributes to CKD development and progression, and maintaining nor-
mal mitochondrial function can effectively alleviate kidney injury
(Yuan et al, 2012; Bai et al, 2019; Miguel et al, 2021). Thus, looking
for intervention targets to maintain the normal functions of mito-
chondria and restoring the renal tubular mitochondrial function in
CKD may be an important research direction for preventing and
treating CKD.

The Lon protease 1 (LONP1) is a highly conserved ATP-
dependent protease that ensures mitochondrial proteostasis and reg-
ulates adaptive responses to cellular stress (Bota & Davies, 2001; Lu
et al, 2003; Bahat et al, 2015). Previous findings have shown that
LONP1 upregulation helps lung fibroblast cells adapt to acute stress
and is important for preserving normal cell viability (Ngo
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et al, 2011) and overcoming the hypoxic, metabolic, and proteotoxic
stress associated with the oncogenic transformation of tumor cells
(Lu, 2017). In addition, LONP1 can protect cardiomyocytes from
injury due to ischemia/reperfusion (Venkatesh et al, 2019). Previ-
ously, we reported that reduced LONP1 expression in podocytes
contributed to the pathogenesis of podocytopathy (Gong
et al, 2021). However, no reports have demonstrated the involve-
ment of LONP1 in renal fibrosis.

LONP1 dysfunction directly leads to the failure of mitochondrial
protein degradation, and the accumulation of abnormal mitochon-
drial proteins leads to a series of cellular and tissue injuries. In this
study, we found that hydroxymethyl glutaryl coenzyme A synthase
(HMGCS2) might be an LONP1 substrate. HMGCS2 (which belongs
to the HMG-CoA synthase family) is a mitochondrial enzyme that
catalyzes the first reaction of ketogenesis, a metabolic pathway that
provides lipid-derived energy for various organs during times of car-
bohydrate deprivation, such as fasting (Geisler et al, 2019).
HMGCS2 has been suggested to play important roles in diabetes,
tumor, Alzheimer’s disease, and intestinal cell differentiation (Wan
et al, 2018, 2019; Cheng et al, 2019; Kim et al, 2019; Zou et al, 2019;
Wang et al, 2019b). Recent data indicated that high HMGCS2
expression caused reactive oxygen species (ROS) accumulation and
loss of the mitochondrial membrane potential (MMP), which then
induced diabetic cardiomyopathy (Wang et al, 2020a). However, the
exact role of HMGCS?2 in renal fibrosis remains unclear.

Here, we identified LONP1 as an endogenous mitochondrial reg-
ulator in renal tubular cells under CKD conditions, in both rodents
and humans. Tubule-specific Lonpl overexpression mitigated mito-
chondrial dysfunction and markedly increased tubular injury and
renal fibrosis in two mouse models of CKD (one involving unilateral
ureteral obstruction [UUO] and one involving 5/6 nephrectomy [5/
6Nx]), but these outcomes were aggravated by tubule-specific Lon-
pl abrogation. These results were confirmed in vitro, using trans-
forming growth factor (TGF)-Bl-treated renal tubular epithelial
cells. Mechanically, we found that HMGCS2 is a possible substrate
for LONP1 and that mitochondrial HMGCS2 accumulation disrupted
mitochondrial function and further aggravated CKD. We validated
these results by demonstrating that the pharmacological activator of
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LONP1 could attenuate renal fibrosis and mitochondrial function.
Therefore, our findings provide a rationale for designing targeted
LONP1 activators as therapeutic agents against CKD.

Results

LONP1 expression in fibrotic kidneys of CKD patients and UUO
mice

To examine the association of LONP1 with CKD, we performed
immunohistochemical (IHC) staining with biopsied kidney tissues
from 30 patients with CKD. Compared with the richness of signal in
control human kidneys, significant downregulation of LONP1 was
observed in patient kidneys, primarily in the renal tubular cells
(Fig 1A and B). The mRNA levels of CKD patients also decreased in
an online dataset (Kang et al, 2015) (Fig EV1A). More importantly,
the level of LONP1 expression negatively correlated with the degree
of kidney fibrosis, as assessed by the atrophy and fibrosis score
(AFS; r = —0.716, P < 0.001; Fig 1C), as well as negatively corre-
lated with BUN and Scr in CKD patients (Fig EV1E and F). Then, we
studied UUO models at different time points and found that LONP1
expression decreased in a time-dependent manner (Figs 1D and E,
and EV1C). We verified the reduction of Lonpl mRNA levels in
UUO models using an online database (Conway et al, 2020)
(Fig EV1B and D).

Tubule-specific Lonp1 overexpression or deletion attenuated or
aggravated CKD induced by UUO

To ascertain the role of LONP1 in CKD, we generated proximal
tubule Lonpl conditional knock-in mice (cKI). Compared with wild-
type (WT) mice, the expression of LONP1 in renal tubule cells of
cKI mice was approximately doubled (Fig EV1G). With the UUO
model, LonpI-specific overexpression in renal proximal tubules sig-
nificantly attenuated tubular brush border loss, tubule atrophy, cel-
lular infiltration, and tubulointerstitial fibrosis in the kidneys
determined by Masson’s trichrome and Sirius red staining (Fig 1F-

Figure 1. LONP1 is down-regulated in the kidneys of CKD patients and mice and proximal tubular-specific overexpression of Lonp1 alleviates renal injury and

mitochondrial dysfunction in UUO model.

A Immunohistochemical analysis of LONP1 expression in CKD children with mild (n = 11), moderate (n = 10), or severe fibrosis (n = 9). N = 4 in Normal group. Scale

bar: 50 pum.
Immunohistochemical semi-quantitative 10D analysis of LONP1.

Pearson correlation analysis of LONP1 and atrophy and fibrosis score (AFS) in renal biopsy specimens.
Western blot analysis for the expression of LONP1 in UUO models at different time points.

Deposition of total fibrosis in kidney tissues was determined by Masson’s trichrome staining. Scale bar: 50 um.

Sirius red staining in WT and cKl mice after UUO. Scale bar: 50 pm.

B
C
D
E  Densitometric analysis for the expression of LONP1 (n = 3, biological replicates).
F
G
H

Fibrotic area statistics of Sirius red staining in WT and cKI mice after UUO (n =6 in WT+Sham group, n = 8 in cKl+Sham or WT+UUO group, n =7 in cKI+UUO

group, biological replicates).

| gRT-PCR analysis of FN1, Collagen | and Collagen Ill in WT and cKI mice after UUO (n =7 in WT+Sham group, n = 8 in the other three groups, biological replicates).
J, K Western blot and densitometric analysis for the expression of FN1, Collagen I, Collagen Il and TGF-B1 (monomer) in WT and cKI mice after UUO (n = 3 or 4, biologi-

cal replicates).

L gRT-PCR analysis of mtDNA expression in WT and cKI mice after UUO (n = 6 or 7, biological replicates).
M Succinate dehydrogenase (SDH) staining in WT and cKI mice after UUO. Scale bar: 50 um.
N  Transmission electron microscopy images of the mitochondria in tubular cells in WT and cKI mice after UUO. Scale bar: 500 nm.

Data information: In (B, E), data are presented as mean £ SEM. Student’s t-test. In (H-L), data are presented as mean & SEM. One-way ANOVA.

Source data are available online for this figure.
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Figure 1.

H). The production of extracellular matrix components (Collagen I,
Collagen III, and fibronectin 1 [FN1]) was lower in cKI mice (Fig 11-
K). The profibrotic factor TGF-f1 also decreased after Lonpl overex-
pression (Fig 1J and K). In addition, mitochondrial dysfunction was
ameliorated significantly, as evidenced by restored mitochondrial
genes expression (Fig EV1H and I), mtDNA copy numbers (Fig 1L),
succinate dehydrogenase (SDH) activity (Fig 1M) and mitochondrial
morphology (including mitochondrial swelling and disorganized

© 2023 The Authors

fragmented cristae in the renal tubular cells of the UUO model)
(Figs 1N and EV1J).

Next, we generated proximal tubule LonpI conditional knockout
(cKO) mice. Compared with WT mice, LONP1 was almost not
expressed in primary proximal tubule cells extracted and cultured
from cKO mice (Fig EV2A and B). In contrast to our previous report
showing that podocyte-specific Lonpl knockout was lethal, mice
with tubule-specific Lonpl knockout grew and developed normally.

EMBO Molecular Medicine 15: e16581 2023 3 of 22
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Figure 2. Proximal tubular-specific deletion of Lonp1 aggravates renal injury and mitochondrial dysfunction in UUO model.

A
B

— I o mgoon

Deposition of total fibrosis in kidney tissues was determined by Masson’s trichrome staining. Scale bar: 50 pm.

Sirius red staining in WT and cKO mice after UUO. Scale bar: 50 pm.

Fibrotic area statistics of Sirius red staining in WT and cKO mice after UUO. N =5 in Sham groups. N =7 in UUO groups, biological replicates.

Western blot and densitometric analysis for the expression of FN1, Collagen I, Collagen Ill and a-SMA in WT and cKO mice after UUO (n = 3, biological replicates).
gRT-PCR analysis of FN1, Collagen I, Collagen Il and a-SMA in WT and cKO mice after UUO (n =7 or 5 in Sham groups, n =9 in UUO groups, biological replicates).
qRT-PCR analysis of mtDNA expression in WT and cKO mice after UUO (n =7 or 5 in Sham groups, n =7 in UUO groups, biological replicates).

Mitochondrial respiratory chain complex | enzymatic activity in WT and cKO mice after UUO (n = 4, biological replicates).

Transmission electron microscopy images of the mitochondria in tubular cells in WT and cKO mice after UUO. Scale bar: 500 nm.

Data information: Data are presented as mean & SEM. One-way ANOVA.
Source data are available online for this figure.
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Even in elderly mice (18 months), we observed normal body
weights, blood pressures (BPs), serum creatinine (Scr) levels, blood
urea nitrogen (BUN) levels, and physiological conditions, when
compared with the WT group (Fig EV2C-G). We then created UUO

A P=00392
501 P<0.0001 _——— 160

__P=00021 -
~ 401
<

BP(mmHg)
N
o

P=0.0409
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model in the cKO and WT mice. Masson’s trichrome and Sirius red
staining indicated that Lonpl deficiency in renal proximal tubules
correlated with expanded pathological damage, resulting in proxi-
mal tubule brush border loss and tubulointerstitial fibrosis in the
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Figure 3. Proximal tubular-specific overexpression or deletion of Lonp1 mitigated or aggravated renal injury and mitochondrial dysfunction in 5/6Nx model.

IO mMmgOD®>

groups, biological replicates).

Analysis of blood urea nitrogen (BUN) after 5/6Nx model in WT and cKI mice (n = 6 in cKI+Sham group, n =5 in the other three groups, biological replicates).
Systolic blood pressure was measured by the computerized tail-cuff system (n = 6 in cKI+Sham group, n =5 in the other three groups, biological replicates).
Masson’s trichrome staining of WT and cKI mice after 5/6Nx. Scale bar: 100 um.

gRT-PCR analysis of FN1, Collagen | and Collagen IIl in WT and cKI mice after 5/6Nx (n =6 in cKI+Sham group, n =5 in the other three groups, biological replicates).
Analysis of blood urea nitrogen (BUN) after 5/6Nx model in WT and cKO mice (n =5 in WT+Sham group, n = 6 in the other three groups, biological replicates).
Systolic blood pressure in WT and cKO mice (n =5 in WT+Sham or cKO+5/6Nx group, n = 8 in cKO+Sham or WT+5/6Nx group, biological replicates).

Masson’s trichrome staining of WT and cKO mice after 5/6Nx. Scale bar: 200 um.

gRT-PCR analysis of FN1, Collagen I, Collagen 1l and a-SMA in WT and cKO mice after 5/6Nx (n =5 in WT+Sham group, n = 7 in cKO+Sham group, n = 6 in 5/6Nx

I,] Western blot and densitometric analysis for the expression of Collagen | and a-SMA in WT and cKO mice after 5/6Nx (n = 4, biological replicates).
K Mitochondrial respiratory chain complex | enzymatic activity in WT and cKO mice after 5/6Nx (n = 4-8, biological replicates).
L Transmission electron microscopy images of the mitochondria in tubular cells of WT and cKO mice after 5/6Nx. Scale bar: 500 nm.

Data information: Data are presented as mean + SEM. One-way ANOVA.
Source data are available online for this figure.

kidneys (Fig 2A and B). The fibrotic area also confirmed deterio-
rated renal lesions in LonpIl-cKO UUO mice (Fig 2C). Compared
with WT UUO mice, LonpI-cKO UUO mice displayed increased
deposition of extracellular matrix components (Collagen I, Collagen
III, and FN1) and increased alpha smooth muscle actin (a-SMA) pro-
tein (Fig 2D and E) and mRNA (Fig 2F) expression. We also checked
the status of the renal mitochondrial functions in the UUO model.
As expected, the mtDNA copy numbers (Fig 2G) and Complex I
activity were markedly reduced by the specific Lonp1 deficiency in
the renal proximal tubular cells (Fig 2H). Transmission electron
microscopy-based examination of the mouse kidney sections
revealed that the mitochondrial morphology deteriorated markedly
in the LonpI-cKO mice (Figs 2I and EV2H).

Together, these data indicate that tubule-specific overexpression
or deletion of Lonpl alleviated or aggravated UUO-induced renal
fibrosis and mitochondrial dysfunction.

Specific renal tubular overexpression or deficiency of Lonp1
alleviated or aggravated CKD conditions induced by 5/6Nx model

To further identity the effects of LONP1 in CKD, we next estab-
lished a 5/6Nx mouse model in cKI and cKO mice. As shown in
Fig 3A and B, we found significantly decreased BUN and systolic
BP levels in cKI 5/6Nx mice, when compared with those in WT 5/
6Nx mice. Masson’s trichrome (Fig 3C) and Sirius red staining
(Fig EV3A and B) and quantitative reverse transcriptase-
polymerase chain reaction (QRT-PCR) analysis revealed that kidney

fibrosis induced by 5/6Nx was repressed in cKI mice, compared
with that in the WT group (Fig 3D). Conversely, we observed sig-
nificantly higher BUN and systolic BP levels in ¢cKO 5/6Nx mice
than in WT 5/6Nx mice (Fig 3E and F). Masson’s trichrome
(Fig 3G) and Sirius red staining (Fig EV3C and D) confirmed that
Lonpl deficiency in the renal proximal tubules increased the
pathological damage, as cKO 5/6Nx mice exhibited more severe
renal lesions and higher fibrotic area than WT 5/6Nx mice. We
also demonstrated that specifically knocking out Lonp1 in proximal
tubules also promoted the deposition of extracellular matrix com-
ponents (FN1, Collagen I and Collagen III) and a-SMA expression
(Fig 3H-J). In line with this discovery in UUO mice, LonpI defi-
ciency in renal proximal tubules showed further reduced Complex
I activity (Fig 3K), more serious morphological damage to the
mitochondria (Figs 3L and EV3E) in the remnant kidney, when
compared with those parameters in WT 5/6Nx mice.

LONP1 suppressed TGF-p1-Induced fibrotic responses and
mitochondrial dysfunction in HK2 cells

To further examine the role of LONP1 in renal tubular cells, we
transfected HK2 cells with a LonpI-overexpression plasmid or the
vector (Fig EV3F) and then treated the cells with TGF-B1. Consider-
ing that LONP1 is an important mitochondrial protease, we first
examined indicators related to mitochondrial functions. Compared
with the control group, HK2 cells overexpressing LONP1 show
attenuation in the increase in mitochondrial ROS production

Figure 4. LONP1 attenuated TGF-pl-induced mitochondrial dysfunction and fibrotic response in HK2 cells.

A Quantification of mitochondrial ROS production (n = 4, biological replicates).

B, C Measurement of oxygen consumption rate (OCR) using an XF96 Extracellular Flux Analyzer. OSR, spare respiratory capacity (n = 8-10 in each group, biological

replicates).

gRT-PCR analysis of FN1, Collagen I, Collagen III, Collagen IV, a-SMA and Vimentin (n = 3, biological replicates).
E, F Western blot and densitometric analysis for the expression of Collagen I, a-SMA, and Vimentin (n = 3, two independent experiments were carried out).

G Quantification of mitochondrial ROS production (n = 4, biological replicates).

H, | Measurement of OCR and OSR using an XF96 Extracellular Flux Analyzer (n = 8 or 10 in each group, biological replicates).
J gRT-PCR analysis of FN1, Collagen I, Collagen III, Collagen IV, a-SMA and Vimentin (n = 3, biological replicates).
K, L Western blot and densitometric analysis for the expression of Collagen I, a-SMA, and Vimentin (n = 3, two independent experiments were carried out).

Data information: In (A-F), HK2 cells were transfected with vector or Lonp1 plasmid, and then treated with TGF-B1 (10 ng/ml) for 24 h. In (G-L), HK2 cells were trans-
fected with vector or Lonp1 shRNA, and then treated with TGF-B1 (10 ng/ml) for 24 h. Data are presented as mean & SEM. One-way ANOVA.

Source data are available online for this figure.
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Figure 4.

induced by TGF-B1 (Fig 4A). Overexpressing LONP1 in HK2 cells
significantly alleviated the spare respiratory capacity (OSR) (Fig 4B
and C). As shown by our qRT-PCR (Fig 4D) and western blot
(Fig 4E and F) data, LONP1 overexpression significantly inhibited

© 2023 The Authors

the synthesis of Collagen I, Collagen III, Collagen IV, and FN1, and
the upregulation of a-SMA and Vimentin, induced by TGF-B1. These
results were verified in primary proximal tubular cells isolated from
WT and LONP1 cKI mice (Fig EV3I-K).

EMBO Molecular Medicine 15: e16581 (2023 7 of 22

858017 SUOWIWIOD aA 181D 3|qeotdde au Aq peusenob a.e sajolie YO ‘SN JO SNl 1oy Akeid178U1IUO AB[IM UO (SUORIPUOD-PUR-SLLIBYWI0D A8 | I AReql Ul [Uo//ScIU) SUOTPUOD PUe swie | 8u) 89S *[£202/20/60] U0 AfiqiTauliuo A8im ‘AiseAun Eoipe i BuilueN Aq T8S9TZZ0Z WWWe/ZGZST 0T/10p/Bi0'ssaudoquier mmmy/sdny Wwoy papeoiumod ‘2 ‘€202 ‘v89v.SLT



EMBO Molecular Medicine

Next, we transfected HK2 cells with a vector encoding Lonpl
short-hairpin RNA or a control vector (Fig EV3G and H) and then
treated them with a vector encoding TGF-B1. LONPI1 inhibition
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aggravated mitochondrial dysfunction. We measured the oxygen-
consumption rate using a Seahorse XF-96 Extracellular Flux
Analyzer and found that the OSR decreased after LONP1 was
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Figure 5. HMGCS2 may be the degradation substrate of LONP1.

Subcellular localization of up-regulated proteins.

ColP analysis of interaction between LONP1 and HMGCS2.
GST pull down analysis of interaction between LONP1 and HMGCS2.
Enzymatic hydrolysis of LONP1 to HMGCS2.

O T mgON ® >

200 pm).

Source data are available online for this figure.

downregulated. Moreover, the inhibition of LONP1 further aggra-
vated TGF-Bl-induced mitochondrial ROS production and the
decreased OSR (Fig 4G-I). In addition, qRT-PCR (Fig 4J) and west-
ern blots (Fig 4K and L) results showed that LONP1 inhibition sig-
nificantly promoted Collagen I, Collagen III, Collagen IV, a-SMA,
and Vimentin synthesis, and further aggravated the TGF-B1-induced
increase of the above fibrotic indicators.

Collectively, these data reveal that LONP1 played a substantial
role in preventing TGF-B1-induced mitochondrial dysfunction, extra-
cellular matrix production, and the cell-phenotype transition, indi-
cating LONP1 acted as a protective factor against renal fibrogenesis.

LONP1 may play a renal-protective role by degrading HMGCS2

To further explore the mechanism of the renal-protective effect of
LONP1, we performed isobaric tags for relative and absolute quan-
tification (iTRAQ)-based quantitative proteomic analysis to assess
differential protein-expression levels in the extracted proximal
renal tubules of WT and Lonpl-cKO mice (Fig 5A). Considering
that knocking out Lonpl resulted in the accumulation of down-
stream protein substrates, we further analyzed the localization of
upregulated mitochondrial proteins (Fig 5B). Western blot analysis
showed that HMGCS2 expression increased significantly in
extracted renal tubule mitochondria from LonpI-cKO mice
(Fig 5C). LONP1 directly associated with HMGCS2, as determined
by co-immunoprecipitation (Fig 5D). Pull-down analysis based on
glutathione S-transferase (GST) showed that the LONP1-GST fusion
protein could capture HMGCS2 (Fig 5E). In cell-free experiments,
we also found that LONP1 could catalyze enzymolysis of the
HMGCS2 protein (Fig SF). We then performed a fluorescence co-
localization assay in mPTC and human kidney sections. We found
that LONP1 and HMGCS2 were coexpressed in renal tubular cells
and that they colocalized with apoptosis-inducing factor
mitochondria-associated 1 (AIF), a mitochondrial marker, in
human kidney tissues (Fig 5G).

Next, to investigate the role of HMGCS2 in terms of mitochon-
drial function and renal fibrosis, we firstly performed IHC staining
with biopsied kidney tissues from CKD patients. Compared with the
control human kidneys, significant upregulation of HMGCS2 was
observed in patient kidneys, primarily in the renal tubular cells
(Fig 6A and B). More importantly, the level of HMGCS2 expression
positively correlated with the degree of kidney fibrosis, as assessed
by the atrophy and fibrosis score (AFS; r=0.528, P =0.010; Fig 6C).
We also found the HMGCS2 expression was significantly increased
in UUO model (Fig 6D and E), which was downregulated after Lon-
pl overexpression (Fig 6F and G).

© 2023 The Authors
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The proximal renal tubules of Lonpl cKO mice were extracted and detected by mass spectrometry (n = 3, biological replicates).

Western blot validation of the up-regulated proteins in mitochondria (n = 2, biological replicates).

Immunofluorescence co-localization analysis of LONP1, HMGCS2 and mitochondria in mPTC (up, scale bar: 20 um) and human kidney tissue (down, scale bar:

In vivo, we generated ngcsZ” ~ mice (Fig 6H and I) and estab-

lished a UUO model. Masson’s trichrome (Fig 6K) and Sirius red
staining (Fig 6L and J) revealed that kidney fibrosis induced by UUO
was repressed in Hmgcs2'/~ mice, compared with that in the WT
group. Western blot and qRT-PCR analysis also showed Hmgcs2
knockdown alleviated the deposition of extracellular matrix compo-
nents (FN1 and Collagen III) and o-SMA expression (Fig 6M-0).
The SDH activity also attenuated in Hmgcs2'/~ mice after UUO
(Fig 6P).

In vitro, we transfected mPTCs with an Hmgcs2-overexpression
plasmid or the control vector, and then treated the cells with TGF-f1
in vitro. Compared with the control mPTC transfectants, the overex-
pressed HMGCS2 was mainly increased in the mitochondria
(Fig EV4B). Consistent with our in vivo results, HMGCS2 overexpres-
sion further aggravated the production of TGF-B1-induced mitochon-
drial ROS; the decreased of mitochondrial membrane potential; and
increased the synthesis of FN, Collagen III, and a-SMA (Fig EV4C-G).
These results were validated in primary proximal tubular cells iso-
lated from C57BL/6J mice (Fig EV4K-N). Conversely, inhibiting
HMGCS2 expression significantly inhibited the synthesis of Collagen
I, Collagen IIT and FN1, induced by TGF-f1 (Fig EV4H-J).

Collectively, these results demonstrate that LONP1 attenuated
mitochondrial dysfunction and renal fibrosis, possibly by degrading
HMGCS?2 to prevent the accumulation of HMGCS2 under CKD condi-
tions.

An LONP1 activator effectively suppressed TGF-p1-induced
fibrotic responses in mPTCs and attenuated UUO and UIRI-
induced renal fibrosis and mitochondrial dysfunction

The data described above led us to investigate the therapeutic poten-
tial of targeting of LONP1. We thus screened for effective LONP1
activators. Molecular docking was adopted for screening purposes,
and molecules with high docking scores were further tested by per-
forming cell-free LONP1 protease-activity assays. Among the 19
molecules showing an LONPI1-activating effect, molecule 84-B10
(chemical 5-[[2-(4-methoxyphenoxy)-5-(trifluoromethyl)
phenyl] amino]-5-0xo0-3-phenylpentanoic acid) exhibited the most
significant effect, as revealed by the highest degradation level of the
known substrate transcription factor A, mitochondrial (TFAM)
(Fig 7A). Protease activity assay based on the fluorogenic dipeptide
substrate demonstrated that 84-B10 dose-dependently stimulated
the enzymatic activity of LONP1 (Fig 7B). As shown by the binding
models displayed as 2D and 3D diagrams, 84-B10 can form four con-
ventional H-bonds with TRP770, ASP852, LYS898, and GLY893, as
well as one salt bridge with LYS898 (Fig 7C and D). Further, the
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Figure 6.

binding affinities of 84-B10 with recombinant LONP1 protein was
quantified with a Surface Plasmon Resonance (SPR) facility. Result
revealed reliable binding activity between the molecules, with the
binding affinities (KD value) calculated as 312.5 nM (Fig 7E).
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The effect of the molecular 84-B10 on LONP1 was further verified
in mPTCs. Notably, 84-B10 significant reduced HMGCS2 protein
expression in mPTCs; meanwhile, LONP1 expression remained
invariant at low 84-B10 concentrations, but dramatically increased

© 2023 The Authors
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Figure 6. Effect of HMGCS2 on mitochondrial function and renal fibrosis.

EMBO Molecular Medicine

mice (n = 3, biological replicates).

A Immunohistochemical analysis of HMGCS2 expression in CKD children. Scale bar: 50 pm.

B Immunohistochemical semi-quantitative 10D analysis of HMGCS2 (n = 8 in Control group, n = 15 in CKD group).

C Pearson correlation analysis of HMGCS2 and atrophy and fibrosis score (AFS) in renal biopsy specimens.

D Western blot analysis for the expression of HMGCS2 in UUO model.

E Densitometric analysis for the expression of HMGCS2 in UUO model (n = 3, biological replicates).

F,G  Western blot and densitometric analysis of HMGCS2 in WT and cKI mice of UUO model (n = 3 or 4, biological replicates).

H,|  gRT-PCR and western blotting analysis of Hmgcs2 expression in WT and ngcsz’/’

J Fibrotic area statistics of Sirius red staining in WT and ngcsf” mice of UUO model (n =12 in WT groups, n = 8 in ngcsf/’ groups, biological replicates).
K Deposition of total fibrosis in kidney tissues in WT and ngcsZ*”

+/—

L Sirius red staining of WT and Hmgcs2

mice after UUO was determined by Masson’s trichrome staining. Scale bar: 50 um.
mice of UUO model. Scale bar: 50 pm.

M, N Western blot and densitometric analysis for the expression of FN1, a-SMA and Collagen Il in WT and ngcsz”’ mice after UUO (n =6 in control groups, n =8 in

UUO groups, biological replicates).

(o] gRT-PCR analysis of FN1, a-SMA and Collagen Il in WT and ngcszﬁ’ mice after UUO (n =10 or 12 in WT groups, n = 8 in ngcsZ*” groups, biological repli-

cates).

P Succinate dehydrogenase (SDH) staining in WT and ngcsz*/’ mice after UUO. Scale bar: 100 pm.

Data information: In (B, E, H, I), data are presented as mean + SEM. Student’s t-test. In (G, J, N, O), data are presented as mean + SEM. One-way ANOVA.

Source data are available online for this figure.

at 84-B10 concentrations above 10 uM (Fig 7F). Subsequently, the
cell protective effect of 84-B10 was evaluated. mPTCs were pre-
treated with 5, 10, or 20 uM 84-B10 for 2 h and then stimulated with
TGF-B1. We tested the protein levels of HMGCS2 after 84-B10 and
TGF-B1 treatment. The result showed that HMGCS2 expression
increased after TGF-B1 treatment and was downregulated by LONP1
activation (Fig 7G and H). Along with the decrease in HMGCS2
expression, the protein levels of the fibrosis markers FN1, a-SMA,
Collagen III, and Vimentin were markedly repressed (Fig 7G and H).
The mRNA-expression level of Lonpl increased at an 84-B10 con-
centration of 20 uM (Fig 7I). Based on these results and those pre-
sented in Fig 7F, we inferred that 84-B10 could activate the enzyme
activity of LONP1 at a low concentration and stimulate LONP1 tran-
scription and translation at a high concentration. Along with the
stimulation on LONP1, TGF-Bl-induced partial epithelial-
mesenchymal transition and matrix generation was dose-
dependently alleviated by 84-B10, as demonstrated by the transcrip-
tion levels of Collagen I, Collagen III, a-SMA, Vimentin, and Peri-
ostin (Fig 7I). Notably, the alleviating effect of 84-B10 on fibrosis
markers is weakened if LONP1 is knockdown by siRNA (Fig 7J-N),
demonstrating that the tubular epithelial cell protection effect of 84-
B10 is dependent on LONPI. It is known that injured renal tubules
can secrete various factors to act on fibroblasts and promote their
activation. Therefore, we silenced LONP1 with shRNA in renal tubu-
lar cells for 24 h and then collected the supernatant to stimulate
NRK-49F cells and found that it could promote the activation of
fibroblasts (evidenced by increasing expression of FN1 and Collagen
III) (Appendix Fig SIA-D). We also evaluated the direct influence of
84-B10 on rat kidney fibroblasts NRK-49F. As is shown in
Appendix Fig S1IE-G, TGF-B1 stimulated the activation of NRK-49F
cells (evidenced by increasing expression of FN1 and o-SMA),
which was dose dependently inhibited by 84-B10.

The plasma pharmacokinetics (PK), tissue distribution and kid-
ney protective efficacy of 84-B10 was further verified in vivo. After a
single intraperitoneal injected of 84-B10 (5 mg/kg), the plasma-
concentration versus time profiles of 84-B10 were detected using
LC-MS/MS (Fig EV5A), and the calculated PK parameters were: Ty,
5, 2.16 h; Timax, 0.25 h; Craxs 4,523.0168 nM; AUCq inr 4,653.7194
(h x nmol/l). Tissue concentration of 84-B10 was estimated 30 min

© 2023 The Authors

after 84-B10 injection (intraperitoneal, 5 mg/kg). As shown in
Fig EV5B, 84-B10 was mainly distributed in small intestine
(91.34 + 18.68 nM/g tissue weight), liver (41.68 + 2.09 nM/g tis-
sue weight) and kidney (24.32 4+ 1.72 nM/g tissue weight). Based
on these data, the efficacy of 84-B10 was further verified using
UUO, 5/6Nx and unilateral ischemia reperfusion injury (UIRI)
induced renal fibrosis murine models.

In treating the UUO model, mice were pre-treated with a low
dose (0.5 mg/kg) or a high dose (7.5 mg/kg) of 84-B10 before UUO
surgery and were then treated daily for 7 consecutive days and sac-
rificed. Measuring the serum concentrations of BUN, Scr, aspartate
aminotransferase (AST), alanine aminotransferase (ALT), lactate
dehydrogenase (LDH), and creatine kinase-MB (CK-MB) showed
that therapeutic doses of 84-B10 elicited no obvious renal, hepatic,
heart, and systemic toxicity (Appendix Fig S2A-F). Sirius red stain-
ing of kidneys from 84-B10-treated mice revealed a recovered mor-
phology with a low degree of fibrotic deposition on day 7 after UUO
(Fig 8A and B). Consistently, the protein (FN1, Collagen I, a-SMA,
and Vimentin) (Fig 8C and D) and mRNA (FN1, Collagen III, o-
SMA, Vimentin, and Periostin) (Fig 8E) expression levels of fibrotic
factors were also significantly lower in 84-B10-treated mice. Further-
more, both low-dose and high-dose 84-B10 treatment restored the
mitochondrial functions of UUO kidneys, as demonstrated by the
improved SDH activity (Fig 8F). In 5/6Nx mice, 84-B10 treatment
also dose-dependently attenuated the kidney fibrosis and reduced
the expression of fibrotic factors (Fig EVSC-G). Further, we
extended our studies to ischemic injury induced renal fibrosis. Mice
were subjected to 45 min of unilateral ischemia reperfusion injury
(UIRD) and received 84-B10 treatment 72 h after reperfusion. After
19 consecutive days of low dose (2.5 mg/kg) and high dose (5 mg/
kg) 84-B10 treatment, the extracellular matrix accumulation esti-
mated by Sirius red staining (Fig 8G and H), as well as protein
(Fig 8I and J) and mRNA (Fig 8K) expression levels of fibrotic fac-
tors was dose dependently ameliorated. In addition, the low expres-
sion of key fatty acid oxidation enzymes (ACOX1 and ACADM) in
UIRI mice was also rescued by 84-B10 treatment, indicating an
improved mitochondrial function (Appendix Fig S3). The therapeu-
tic doses of 84-B10 also showed no obvious renal, hepatic, heart,
and systemic toxicity (Appendix Fig S2G-L).
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Figure 7.
Discussion epithelial cells act as the principal effectors in initiating and mediat-

Renal tubular injury and tubulointerstitial fibrosis represent the final
common pathway to ESRD. Among residential renal cells, tubular
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ing renal fibrosis. The apoptosis and inflammation of tubular epithe-
lial cells are directly related to the severity of renal fibrosis and the
damage to renal function. Therefore, protecting proximal tubular

© 2023 The Authors
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Figure 7. The anti-fibrotic response effect of a novel LONP1 activator in mPTC cells.

A 10 high docking score molecules showed LONP1 activating effect in cell free LONP1 protease activity assay system, of which 84-B10 showed stronger activity.

Bortezomib (Bor), a reported LONP1 inhibitor, is involved as a contrast.

B 84-B10 dose dependently induced the peptidase activity of LONP1 as estimated by detecting the fluorogenic di-peptide substrate (Z-AA),-Rh110 (n = 6 or 3, biolog-

ical replicates).
C Chemical structure of 84-B10.

D Proposed binding model of 84-B10 binding to the human LONP1 catalytic domain. Three and two-dimensional illustrations of the interaction between 84-B10 and
human LONP1 catalytic domain.

E Physical interaction between 84-B10 and LONP1 performed by Surface Plasmon Resonance (SPR).

F Protein levels of HMGCS2 and LONP1 were estimated in mPTCs treated with different concentration of 84-B10 or vehicle (0.1% DMSO) for 24 h.

G, H Representative immunoblot and densitometric analysis of HMGCS2, FN1, Collagen IlI, a-SMA and Vimentin in mPTCs treated as indicated. Three independent

experiments were carried out and quantification of the abundance of these proteins is shown in panel (n =3 in each group).

replicates).

gRT-PCR analysis of Lonp1, Collagen I, Collagen Ill, a-SMA, Vimentin and Periostin transcript levels in mPTCs treated as indicated (n = 4 in each group, biological

J-N  Representative Western blot and densitometric analysis of LONP1, FN1, a-SMA and Vimentin of each group was shown. Three independent experiments were car-
ried out and quantification of the abundance of these proteins is shown in panel (n = 3 in each group). mPTCs were transfected with siNC or siLONP1, and then
pre-treated with 84-B10 (10 uM) 2 h before TGF-B1 (10 ng/ml) treatment for another 24 h.

Data information: Data are presented as mean 4 SEM. Student’s t-test.
Source data are available online for this figure.

cells against injury is essential for preventing the development and
progression of CKD. Here, we found Lonpl deletion impaired mito-
chondrial homeostasis and aggravated renal fibrosis through
HMGCS2 accumulation in CKD mice or cellular models, whereas
Lonpl overexpression or treatment with an LONP1 activator allevi-
ated these injuries.

Ensuring the normal quantity and function of mitochondrial pro-
teins is very important for maintaining the steady state of mitochon-
dria (Palikaras & Tavernarakis, 2014). Dysregulated mitochondrial
protein transcription and translation, as well as the loss of mitochon-
drial protein activity, can lead to imbalanced mitochondrial home-
ostasis, which results in an abnormal increase of ROS or abnormal
mitochondrial synthesis, fusion, and division (Han et al, 2014; Bueno
et al, 2015). However, mitochondria are the main site of ROS produc-
tion and mitochondrial proteins are prone to oxidative modification,
resulting in protein misfolding and assembly. The accumulation of
these abnormal proteins can directly lead to imbalanced mitochon-
drial homeostasis and cellular dysfunctions, which are involved in
tumorigenesis, aging, chronic degenerative disease, and kidney dis-
ease (Hamon et al, 2015; Jadiya & Tomar, 2020; Song et al, 2021). It
is very important to remove these abnormal mitochondrial proteins
and control the quality of mitochondrial proteins in order to maintain
mitochondrial homeostasis and cellular functions.

Lon protease is the most abundant and important protease in
mitochondria, and is involved in degrading abnormal mitochondrial
proteins, especially those with oxidative damage, or misfolded and
improperly assembled proteins (Matsushima et al, 2010). Previ-
ously, it was found that knocking out Lon protease directly led to
the death of mouse embryos (Quiros et al, 2014). Decreasing the
level or activity of Lon protease led to the abnormal accumulation
of mitochondrial proteins, which is associated with abnormal devel-
opment of the central nervous system (Wang et al, 2019a), liver cell
dysfunction (Tian et al, 2011), cardiac stress (Smyrnias et al, 2019),
insulin resistance (Lee et al, 2011), and tumor development (Gibel-
lini et al, 2018). Our previous findings revealed that reduced LONP1
expression in podocytes contributed to the pathogenesis of podocy-
topathy (Gong et al, 2021). In this study, we observed a prominent
decrease in LONP1 expression (mainly renal tubular LONP1 expres-
sion) in kidney biopsy tissues from patients with CKD, compared

© 2023 The Authors

with the expression levels in control kidney tissues, with varying
degrees of renal fibrosis. Moreover, the LONP1-expression level cor-
related negatively with the degree of kidney fibrosis, suggesting a
key role for LONP1 in renal fibrosis. Based on these findings, we
hypothesized the decreased LONP1 expression in renal tubules
might mediate renal fibrosis in CKD. By using renal tubular LonpI-
cKO or Lonpl-cKI mice and proximal tubular epithelial cells, we
demonstrated for the first time that LONP1 prevents the progression
of renal fibrosis in two CKD models (UUO and 5/6Nx) by maintain-
ing mitochondrial homeostasis.

To clarify the mechanism whereby LONP1 is involved in main-
taining mitochondrial function in CKD, we performed iTRAQ analy-
sis to assess differential protein-expression levels in tubules
extracted from WT and LonpI-cKO mice. Among the identified differ-
entially expressed proteins, HMGCS2 was markedly upregulated in
the mitochondria of tubules extracted from Lonpl-cKO mice, when
compared with that in WT controls. By performing co-
immunoprecipitation, GST pull-down, and enzymolysis assay, we
confirmed that HMGCS2 might be a substrate for LONP1. HMGCS2 is
a mitochondrial enzyme that catalyzes the first reaction of ketogene-
sis and related research has mainly focused on its roles in diabetes,
tumor, Alzheimer’s disease, and intestinal cell differentiation (Shi
et al, 2017; Wang et al, 2017, 2019b, 2020b; Wan et al, 2018; Kim
et al, 2019; Tomita et al, 2020). Increased HMGCS2 expression in dia-
betes enhanced the production of ketone bodies, thus leading to dia-
betic cardiomyopathy (Wang et al, 2020a), whereas the function of
HMGCS2 in diabetic nephropathy remains controversial. Tomita
et al (2020) reported that SGLT2 inhibitors promoted ketone body
rise through HMGCS2, thereby inhibiting mTORCI in proximal renal
tubules, explaining the protective effect of SGLT2 inhibitors on kid-
ney. Knockout of HMGCS2 resulted in the loss of renal protective
effect of SGLT2 inhibitors in diabetic kidney disease (DKD) and non-
DKD kidneys (Tomita et al, 2020). Zhang et al (2011) found that dia-
betic kidneys exhibit excess ketogenic activity resulting from
increased HMGCS2 expression, thus leading to tubular injury. A
recent study found that interference with Hmgcs2 in podocytes or
glomerulus-specific knockout of Hmgcs2 could effectively prevent
high-fructose induced mitochondrial dysfunction and reduce podo-
cyte damage (Fang et al, 2021). However, no direct evidence has
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Figure 8.

indicated that HMGCS?2 is involved in renal fibrosis. In this study,
knockdown of Hmgcs2 attenuated renal fibrosis and mitochondrial
dysfunction induced by UUO model, which was consistent with the
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findings that overexpressing HMGCS2 in proximal tubular epithelial
cells impaired mitochondrial function and aggravated production of
the extracellular matrix. It has been reported that the inhibition of

© 2023 The Authors
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Figure 8. Anti-renal fibrosis and maintenance of mitochondrial function of LONP1 activator in UUO and UIRI models.

A Fibrosis deposition of kidney tissues was determined by Sirius red staining in UUO model. Scale bar: 50 um.
B Quantification of fibrotic area in UUO model (n = 10 in each group, biological replicates).
C, D Representative Western blot images and densitometric analysis of FN1, Collagen I, a-SMA and Vimentin protein levels in kidney tissues of UUO model (n = 9-10 in

each group, biological replicates).

E gRT-PCR analysis of FN1, Collagen IIl, a-SMA, Vimentin and Periostin mRNA levels in kidney tissues of UUO different groups (n = 10 in each group, biological repli-

cates).

F Representative images of succinate dehydrogenase (SDH) staining in UUO model. Scale bar: 50 pm.
G, H Fibrosis deposition of kidney tissues was determined by Sirius red staining and quantified in UIRI model (n = 10 in each group, biological replicates). Scale bar:

50 pm.

I,]  Western blot and densitometric analysis of FN1, Vimentin and Periostin protein levels in kidney tissues of UIRI model (n = 8-10 in each group, biological

replicates).

K gRT-PCR analysis of FN1, Collagen I, Collagen IIl, @-SMA and Vimentin mRNA levels in kidney tissues of UIRI different groups (n = 8-10 in each group, biological

replicates).

Data information: Data are presented as mean + SEM. Student’s t-test.
Source data are available online for this figure.

HMGCS?2 in the liver will cause the impairment of hepatic ketogene-
sis, which can promote liver fibrosis through the various factors
derived from the injured hepatocytes and activation of macrophages
(Puchalska et al, 2019; Mooli & Ramakrishnan, 2022). This is not
consistent with our experimental results. The possible reason is that
although fibrosis is a general reparative or reactive reaction in
organs, the mechanisms involved in fibrosis in different organs are
not the same. HMGCS2 plays a non-ketogenic role in extrahepatic
mitochondria contrasting to its ketogenic action in liver mitochon-
dria (Puchalska & Crawford, 2017). Venable et al (2022) found that
the expression of HMGCS?2 in the kidney increased under fasting con-
ditions but did not affect the production of circulating ketone bodies,
suggesting that HMGCS?2 in kidney may have different functions. In
our study, HMGCS2 promoted renal fibrosis by damaging mitochon-
drial function.

Considering the tubular-protective effect of LONP1 and that no
specific LONP1 activator has been previously reported, molecular
docking was performed to screen for potential LONP1 activators.
The LONP1-activating effect of candidate molecules with high scores
was further tested by substrate protein-based protease activity
assay, fluorogenic dipeptide substrate-based protease activity and
SPR assay in a cell-free system, as well as in cultured mPTCs.
Among the candidate molecules identified, the novel molecule 84-
B10 showed the most promising LONP1-activating effect and a clear
interaction with LONP1. Excitingly, 84-B10 showed remarkable
antifibrotic effect on both renal tubular epithelial cells and fibrob-
lasts in vitro. In vivo, 84-B10 protected mitochondria and antago-
nized renal fibrosis in UUO, 5/6Nx and UIRI mice. No organ and
systemic toxicity were observed with 84-B10 treatment under the
therapeutic dosages ranging from 0.5 to 10 mg/kg/day for 8-
42 days, indicating a wide therapeutic window of 84-B10 and thus
ensure its safety for potential clinical usage. However, the mecha-
nism whereby 84-B10 activates LONP1 remains elusive. Based on
the result that the mRNA and protein level of LONP1 remain
unchanged at the concentration below 10 uM while significantly
increased at the concentration of 20 uM, 84-B10 may function to
activate the enzyme activity of LONP1 at low concentration and
stimulate the transcription and expression of LONP1 at high concen-
tration. In addition, since LONP1 is reported to be assembled as six
protomers and couples the ATPase cycle into motion to drive sub-
strate translocation and degradation by binding to three ADPs (Lin
et al, 2016), 84-B10 may also help promote the formation of LONP1

© 2023 The Authors

hexamers. Further mechanistic study and clinical testing of the
safety and efficiency of 84-B10 will be carried out in the future.

The limitation of our study is that, to date, some specific mitochon-
drial substrate proteins for LONP1 have been reported, including oxi-
dized mitochondrial aconitase (ACO2) (Bota & Davies, 2002),
cystathionine B-synthase (CBS) (Teng et al, 2013), 5-aminolevulinic
acid synthase (ALAS1) (Tian et al, 2011), and TFAM (Matsushima
et al, 2010; Lu et al, 2013), among others. These reported substrates
were not differentially expressed based on our proteomics data
(Fig EV4A), but this does not rule out whether they play roles in
LONP1 dysfunction in renal fibrosis, which requires further investiga-
tion. Another limitation of the present study was the absence of experi-
ments designed to investigate the molecular pathways leading to
reduced LONP1 expression in CKD. Previous reports have demon-
strated some factors can regulate the expression or activity of LONP1,
such as SIRT1 (Kalvala et al, 2020), Akt (Ghosh et al, 2019), and elF2a
(Onat et al, 2019). Theoretically, some of these factors may also partic-
ipate in the renal fibrosis of CKD by regulating LONP1.

Overall, our results suggest that LONP1, to the best of our knowl-
edge, acts as an important factor in the renal fibrosis of CKD by
degrading HMGCS2 and thereby regulating mitochondrial homeosta-
sis. Agonizing the LONP1-signaling pathway may provide a new
approach for maintaining renal mitochondrial function and imped-
ing the progression of clinical CKD.

Materials and Methods
Study approval

All experimental procedures regarding human tissue were approved
by the Research Ethics Board of Children’s Hospital of Nanjing Med-
ical University (201703048). Proper informed consent was obtained
from all human subjects and that the experiments conformed to the
principles set out in the WMA Declaration of Helsinki and the
Department of Health and Human Services Belmont Report. All ani-
mal experiments were performed in accordance with the National
Institutes of Health guidelines for the care and use of animals in
research and approved by the Institutional Animal Care and Use
Committee at Nanjing Medical University (2007001-7, 2102005-1).
For treatment experiments, control or experiment groups were
assigned randomly; where possible researchers were blinded to the
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treatment group, but blinding was not possible for mouse groups
due to institutional requirements for labeling Lonpl cKO or cKI or
Hmgcs2'/~ animals.

Reagents and antibodies

Dulbecco’s modified Eagle’s medium (DMEM)-F12 (C11330500CP),
fetal bovine serum (FBS, 10091148) and 0.25% trypsin-0.02% EDTA
(25200-056) were purchased from GIBCO (Waltham, MA, USA).
Antibodies of anti-LONP1 (HPA002192), anti-flag (F1804) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA), anti-TFAM
(22586-1-AP), anti-ACOX1 (10957-1-AP) and anti-ACADM (55210-1-
AP) were obtained from Proteintech Group (Rosemont, IL, USA),
anti-HMGCS2 (20940s, for IP) and anti-COX IV (4844s) were
obtained from Cell Signaling Technology (Beverly, MA, USA) and
normal mouse IgG was from santacruze (sc-2025). Antibodies of
anti-o-SMA (ab7817), anti-FN1 (ab2413), anti-Collagen IV (ab6586),
anti-Vimentin (ab92547) and anti-AIF (ab32516) were from Abcam
(Cambridge, MA, USA). Antibody of TGF-p1 was from Affinity
(AF1027). Antibodies of anti-HMGCS2 (A14244, for western blot,
IHC and IF), anti-immunity related GTPase M (IRGM, A10968), anti-
isocitrate dehydrogenase (NADP (+)) 1 (IDH1, A2169), anti-sorbitol
dehydrogenase (SORD, A2118), anti-glutathione S-transferase pi 1
(GSTP1, A5691), anti-argininosuccinate synthase 1 (ASS1, A2012),
anti-malate dehydrogenase 1 (MDH1, A7563), anti-death associated
protein (DAP, A6150) and anti-HA (AE008) were from ABclonal
(Wuhan, China). Anti-Collagen III (bs-0549R), Collagen I (bs-
10423R), PB-actin (bs-0061R) and GAPDH (bs-2188R) were pur-
chased from Bioss (Beijing, China). Recombinant Human HMGCS2
protein (ab114900) and TFAM protein (ab103784) were from
Abcam. TGF-f1 (100-21-10ug) was from Pepro Tech (Rocky Hill,
USA).

Patients

Renal biopsy samples were obtained from CKD patients who were
undergoing diagnostic evaluation at the Department of Nephrology,
Children’s Hospital of Nanjing Medical University. Renal biopsy
samples were collected based on the criterion of having at least 10
glomeruli in a paraffin-embedded tissue sample available for histo-
logical sectioning. A total of 30 subjects (age range 3-14 years old)
were enrolled and mostly pathologically diagnosed with IgA
nephropathy. The patient information was listed in Table EV1. Nor-
mal renal tissues were collected from patients without proteinuria
who received a partial nephrectomy of a benign renal tumor.

Cell culture and intervention

The HK-2 (obtained from FuHeng Biology Cell Bank, Shanghai,
China, cat: FH0228) or mPTC (obtained from ATCC, cat: CRL-3361)
cell line was maintained in DMEM-F12 medium containing 10%
FBS. The rat kidney fibroblast cell line NRK-49F (obtained from
ATCC, cat: CRL-1570) was maintained in DMEM medium containing
10% FBS. All cells were cultured at 37°C with 5% CO2. The cell
lines were authenticated by STR profiling. The cells were transfected
with Lonpl or HMGCS2 plasmids or shRNA using 1ipo3000 (cat:
L3000015, ThermoFisher, IL, USA) according to the manufacturer’s
instructions and then stimulated with TGF-B1 at a concentration of

16 of 22 EMBO Molecular Medicine 15: e16581 | 2023

Mi Bai et al

10 ng/ml or control buffer (vehicle) for 24 h. The human shLONP1
plasmids were obtained from Santa Cruze (sc-97290-SH) and the
mouse shLonpl plasmids were obtained from RiboBio (Guangzhou,
China. Sequence: GCTGCATACAAGATCGTAA). The mouse
shHmgcs2 plasmids were from PPL (Public Protein/Plasmid Library,
China. Sequence: CGACTTCTACAAACCAAACTT). For pharmaceu-
tic intervention alone, cells were treated with 5, 10 or 20 uM 84-B10
for 24 h; for the pharmaceutic intervention combining with TGF-p1,
cells were pre-incubated with 2.5, 5, 10 or 20 uM 84-B10 or vehicle
(0.1% DMSO) for 2 h before stimulated with TGF-B1 (5 or 10 ng/
ml) or vehicle for 24 h; while for testing the LONP1 dependent effect
of 84-B10 intervention, the cells were transfected with Lonpl siRNA
(cat:siG1512031128-28/34/41, RiboBio, Guangzhou, China) using
1lipo2000 (cat:11668500, ThermoFisher, IL, USA) according to the
manufacturer’s instructions. Then the cells were stimulated with
10 uM 84-B10 or vehicle for 2 h before stimulated with TGF-f1 (5 or
10 ng/ml) or vehicle for 24 h.

Primary proximal tubular cell culture and intervention

We isolated primary proximal tubular cells from WT and Lonp1 cKI
mice and then treated the cells with TGF-B1 at a concentration of
10 ng/ml or control buffer (vehicle) for 24 h. We also isolated the
primary proximal tubular cells from C57BL/6J mice and infected
with Hmgcs2-lentivirus (pLVX-Puro-mHmgcs2-HA) or control len-
tivirus (vector) (obtained from Public Protein/Plasmid Library,
China). Then the cells stimulated with TGF-B1 at a concentration of
10 ng/ml or control buffer (vehicle) for 24 h.

Animal

Generation of a renal proximal tubular Lonp1 conditional knockin
mouse (cKl) strain

The Lonp1™M* knock-in mice (genetic background: C57BL/6J)
were purchased from Beijing Viewsolid Biotech Co., Ltd. Using the
CRISPR system, insert the transcription termination signal original
STOP between the pCAG promoter and Lonpl sequence, construct
the pCAG-loxp-STOP-loxp-Lonp1 skeleton vector and transfer it into
the male pronucleus of the fertilized egg to construct the transgenic
mice, and then crossed with the Kap-Cre transgenic mice (The Jack-
son Laboratory, Stock No: 008781, genetic background: C57BL/6J)
to generate F1. Then, F1 mated backcross with the Lonplﬂo"/ flox
knock-in mice to generate renal proximal tubular Lonpl conditional
knock-in (cKI) mice.

Generation of a renal proximal tubular Lonp1 conditional
knockout mouse (cKO) strain

The Lonp1™M°* knock-out mice (genetic background: C57BL/6J)
were presented from professor Lu Bin (Wen Zhou Medical Univer-
sity, China). The Lonp1™M* mice mated with mice carrying the
Kap-Cre transgenic mice to generate F1 (Lonplﬂo"“; Kap-Cre+).
Then, F1 mated backcross with the Lonp1™M°* mice to generate
renal proximal tubular Lonpl conditional knockout (Lonpi11o¥/fox;
Kap-Cre+, cKO) mice.

Generation of Hmgcs2'~ mouse strain
Hmgcs2-KO mice (Strain NO.T004234, genetic background: C57BL/
6J) were purchased from GemPharmatech (Nanjing, China).
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Heterozygous FO generation mice were obtained by freezing sperm
resuscitation. After hybridization of FO generation mice, a sufficient
number of F1 generation heterozygous mice (ngcsZ” ) were
obtained for experiment (8 weeks old, male and female).

Unilateral ureteral obstruction (UUO) model

In the experiment, following anesthesia, the left ureter was ligated
at the ureteropelvic junction with a 4-0 silk suture through a left
flank incision. Mice were sacrificed after 7 or 14 days.

Five-sixths nephrectomy (5/6Nx) model

The 5/6Nx was performed in 12-16 weeks old male WT and cKO
mice through one steps as described previously.(Souza et al, 2015)
In detail, the left kidney was decapsulated via a left back flank inci-
sion to respect the upper and lower poles (silk ligature before resect-
ing was used to control bleeding). Next, the entire right kidney via a
right flank incision. After 12 weeks, the blood pressure of the mice
was measured by the computerized tail-cuff system (BP-2000; Visi-
tech Systems, Apex, NC) according to the manufacturer’s specifica-
tions. The urine was collected and analyzed for urine protein and
creatinine using automatic biochemical analyzer.

Unilateral ischemia/reperfusion injury (UIRI) model

In the experiment, male mice were anesthetized, and the left kidney
was exposed through a median ventral incision. Ischemia was
induced by clamping the renal pedicle with nontraumatic microa-
neurysm clamps for 45 min. During the experiment, body tempera-
ture of mice was controlled at 36.5-37.5°C.

Pharmaceutical treatment

Wild type C57BL/6J mice (7 weeks old, male) were purchased from
the Model Animal Research Center of Nanjing University (Nanjing,
China) and were allowed to acclimate to the housing environment
for a week. 84-B10 was dissolved in DMSO at as a stock solution of
20 mM and stored at —80°C. For intervention of UUO model, the
mice were pretreated with 84-B10 at 0.5 mg/kg/day (low dose, LD)
and 7.5 mg/kg/day (high dose, HD) via intraperitoneal (i.p.) injec-
tion 24 and 2 h before UUO surgery. Then the mice were treated
daily for 7 consecutive days and sacrificed 2 h after the final injec-
tion. For intervention of 5/6Nx model, the mice were treated with
84-B10 at 2.5 mg/kg/day (LD), 5 (mid dose, MD) and 10 mg/kg/day
(HD) once daily via i.p. injection from day 15 to 56 after nephrec-
tomy. Mice were sacrificed 2 h after the final injection. For interven-
tion of UIRI, the mice were treated with 84-B10 at 2.5 mg/kg/day
(LD) and 5 mg/kg/day (HD) via i.p. injection 72 h after UIR surgery.
The mice were treated daily for 19 consecutive days and sacrificed
2 h after the final injection.

All mice were maintained on a 12-h light-dark cycle in a
temperature-controlled (19-21°C) room, were fed a standard rodent
diet and were allowed free access to drinking water.

All animal protocols and procedures were approved by the Insti-
tutional Animal Care and Use Committee at Nanjing Medical Univer-
sity, China.

Immunohistochemical staining

Kidneys were fixed in 4% paraformaldehyde and embedded in
paraffin. Paraffin sections of each specimen were cut at a thickness
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of 3 um, and a standard protocol, using xylene and graded ethanol,
was employed to deparaffinize and rehydrate the tissue. The sec-
tions were incubated in 3% hydrogen peroxide for 20 min, boiled in
modified Citrate Antigen Retrieval Solution (Beyotime, P0086) for
10 min. The slides were then incubated overnight at 4°C with
LONP1 (1:500) or HMGCS2 (1:100). After washing with phosphate
buffer saline, the biotin-conjugated secondary antibody was applied,
and the signals were detected using Dako REAL™ EnVision™ Detec-
tion System K5007 (Denmark).

Masson trichrome staining

Harvested Kkidney tissues from mice were fixed with 4%
paraformaldehyde, embedded in paraffin, and sectioned trans-
versely. After dewaxing and gradient ethanol hydration, kidney sec-
tions (2 um) were stained with Weigert’s hematoxylin solution for
10 min, rinsed in distilled water for 5 min, stained with Masson
ponceau acid fuchsin solution for 10 min, rinsed in distilled water
for 2 min, placed in 1% phosphomolybdic acid solution for 5 min,
and immersed in aniline blue solution for 5 min. Collagenous matrix
was stained green or blue by Masson staining. The renal pathologi-
cal changes were observed under microscope.

Sirius Red staining

Sirius Red staining kit was from G-CLONE (cat: RS1220, Beijing,
China). Sirius Red staining was completed according to the manu-
facturer’s instructions. Kidney tissues were fixed by immersion in
4% paraformaldehyde for 24 h, routinely dehydrated and paraffin-
embedded. These sections were 3 um thick and then dewaxed in
xylene and gradually hydrated in gradient ethanol. The slides were
stained with drops of Sirius Red stain for 1 h and rinsed twice with
water. After dehydration with 95 and 100% ethanol and trans-
parency with xylene, the slides were sealed with neutral gum.

SDH staining

SDH activity staining kit for frozen sections was from GENMED
SCIENTIFICS (cat: GMS80042.2, Shanghai, China). SDH staining
was completed according to the manufacturer’s instructions. Frozen
tissue sections of 10 pm thickness were prepared. Add 50 pl
GENMED cleaning solution to cover the whole sample surface and
remove the cleaning solution, add 50 pl GENMED working solution,
and incubate in 37°C incubator for 10 min, away from light. After
wash for three times using cleaning solution, add 50 pl of fixative
solution for 15 min at room temperature. After wash for three times
using cleaning solution, mount the slides with neutral gum and pho-
tographed under the microscope.

Mitochondrial complex activity

Mitochondrial OXPHOS complex [ enzyme activity was measured by
a Complex I (Abcam, cat: ab109721) Enzyme Activity Microplate
Assay Kit according to the manufacturers’ protocols. Briefly, isolated
mitochondria samples were prepared using mitochondrial lysis kit
(GENMED, cat: GMS10018V.A) at final protein appropriate concen-
tration respectively, and the samples were loaded to the wells of the
microplate. The microplate was incubated and then assay solution

EMBO Molecular Medicine 15: e16581 2023 17 of 22

858017 SUOWIWIOD aA 181D 3|qeotdde au Aq peusenob a.e sajolie YO ‘SN JO SNl 1oy Akeid178U1IUO AB[IM UO (SUORIPUOD-PUR-SLLIBYWI0D A8 | I AReql Ul [Uo//ScIU) SUOTPUOD PUe swie | 8u) 89S *[£202/20/60] U0 AfiqiTauliuo A8im ‘AiseAun Eoipe i BuilueN Aq T8S9TZZ0Z WWWe/ZGZST 0T/10p/Bi0'ssaudoquier mmmy/sdny Wwoy papeoiumod ‘2 ‘€202 ‘v89v.SLT



EMBO Molecular Medicine

was added to each well. Optical density was measured in a kinetic
mode at appropriate temperature for suitable minutes.

Transmission electron microscopy

To evaluate the mitochondrial morphology in mouse renal cortex,
tissues were collected and fixed in 1.25% glutaraldehyde-0.1 mol/1
phosphate buffer. After postfixing in 1% Os04-0.1 mol/l phosphate
buffer, ultrathin sections (60 nm) were cut on a microtome, placed
on copper grids, stained with uranyl acetate and lead citrate, and
examined in an electron microscope (JEOL JEM-1010; Tokyo,
Japan) as previously described (Gong et al, 2016).

RNA extraction and real-time quantitative PCR (qQRT-PCR)

Total RNA from cultured cells and renal tissues were extracted by
Trizol reagent (cat: 9109, TaKaRa Biotechnology, Japan) according
to the manufacturer’s instructions. Reverse transcription was per-
formed using HiScript I Q RT SuperMix for qPCR (cat: R222-01,
Vazyme Biotechnology, Nanjing, China) according to the manufac-
turer’s instruction. The qRT-PCR was performed using AceQ qPCR
SYBR Green Master Mix (cat: Q131-02, Vazyme Biotechnology) on
the ABI Prism 7500 Sequence Detection System (Foster City, USA).
The temperature cycling conditions were 95°C for 10 min followed
by 40 cycles of 95°C for 15 s and 60°C for 1 min. The relative
expression level of mRNA was normalized to the relative expression
of GAPDH and calculated using the 2724 method. The primers
were designed by Primer 5.0 software (http://Frodo.wi.mit.edu)
and the primer sequences are shown in Table EV2 and
Appendix Table S1.

Western blotting assays

Cells and renal tissues were lysed in RIPA buffer (cat: P0013K, Bey-
otime, Shanghai, China) containing the protease inhibitor cocktail
(cat: 04693132001, Roche, Basel, Switzerland). Lysates were sepa-
rated by SDS-PAGE. BCA protein assay Kit (cat: 23227, Thermo-
Fisher) was used to determine the protein concentration. Equivalent
samples were used for primary antibodies against LONP1 (1:1,000),
FNI1 (1:1,000), Collagen I (1:1,000), Collagen III (1:1,000), a-SMA
(1:3,000), TGF-B1 (1:1,000), Vimentin (1:1,000), HMGCS2 (1:1,000),
IRGM (1:1,000), IDH1 (1:1,000), SORD (1:1,000), GSTP1 (1:1,000),
ASS1 (1:1,000), MDH1 (1:1,000), DAP (1:1,000), COX IV (1:1,000),
TFAM (1:1,000), ACOX1 (1:1,000), anti-ACADM (1:1,000) and
GAPDH (1:5,000), and then added HRP-labeled secondary antibody
(1:5,000). The blots were visualized with Amersham ECL Detection
Systems (Amersham, Buckinghamshire, UK). Densitometric analysis
was performed using Image Lab Software (Bio-Rad, USA).

Oxygen consumption rate

An assay was performed using the Seahorse XF-96 Extracellular Flux
Analyzer (Seahorse Bioscience, Copenhagen, Denmark) to measure
the oxygen consumption rate (OCR) as previously described (Bai
et al, 2019). Briefly, HK2 cells were initially transfected with Lonp1
plasmid or shRNA. On the day of the experiment, the cell medium
was replaced by Seahorse assay medium, and cells were incubated
at 37°C in a CO,-free incubator for 1 h prior to assessing the basal
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OCR. Inhibitors were prepared in the same medium at a 10x concen-
tration, and the injection ports of the sensors were filled. Half an
hour before the experiment, the sensor was placed into the XF-96
instrument, and calibration was initiated. After calibration, the cali-
bration fluid plate was replaced with the cell plate, and measure-
ments began. Basal oxygen consumption was recorded for 20 min,
and OCR measurements were performed over time after the succes-
sive addition of mitochondrial inhibitors: (i) Oligomycin (1 puM),
which blocks the proton channel of the Fo portion of ATP synthase
(Complex V) and thus inhibits ATP synthesis, was employed to
determine the ATP-synthesis coupling efficiency. (ii) The uncoupler
carbonyl cyanide 4-trifluoromethoxy-phenylhydrazone (FCCP)
(2 uM) was added to calculate the spare respiratory capacity. (iii)
Finally, a mixture of rotenone (0.5 uM) and antimycin A (0.5 uM),
Complex I and Complex III inhibitors, respectively, were used to
assess the non-mitochondrial consumption of 02. The compounds
were injected automatically by the XF-96 instrument into each well.
The determined cellular bioenergetics parameters were the follow-
ing: basal respiration, coupling efficiency, and spare respiratory
capacity.

Analysis of mitchondrial ROS production, mitochondrial
membrane potential (MMP), and mitochondria DNA (mtDNA)
copy number

Reactive oxygen species production in cells was measured by
MitoSOX (cat: M36008, ThermoFisher) as described previously
(Yuan et al, 2012). The mitochondrial MMP in HK-2 was determined
using the lipophilic cationic probe 5,5,6,6'-tetrachloro-1,1’,3,3'-
tetraethyl-benzimidazolcarbocyanine iodide (JC-1, cat: FS1166,
FuShen biotechnology, Shanghai, China). JC-1 dye exhibits
potential-dependent accumulation in mitochondria, indicated by a
fluorescence emission shift from green (~529 nm) to red (~590 nm).
Consequently, mitochondrial depolarization is indicated by a
decrease in the red/green fluorescence intensity ratio. JC-1 fluores-
cence levels were analyzed by flow cytometry to quantitate MMP
levels. mtDNA was extracted by commercial kit (cat: DP304-03,
TIANGEN, Beijing, China) according to the manufacturer’s instruc-
tions. Mitochondrial DNA (mtDNA) copy number was detected by
qRT-PCR and calculated through delta—delta Ct method; 18s rRNA
was used as the internal control for mice and human respectively.

Co-immunoprecipitation

Binding buffer and wash buffer: 50 mM Tris, 150 mM NaCl, 0.25%
Tween 20, pH 7.5; elution buffer: 0.1-0.2 M Glycine, 0.25% Tween
20, pH 2.5-3.1; neutralize buffer: 1 M Tris, pH 8.0.

293T cells were transfected with LONP1-Flag and HMGCS2 plas-
mids at 70% fusion, and treated with protease inhibitor Bortezomib
(Selleck, cat: S1013) for 4 h before cell collection. Cells were lysed
with binding buffer supplemented with protease inhibitor cocktail.
Whole cell lysate was stored on ice for the following step. Transfer
50 pl protein A/G magnetic bead slurry (Bimake, cat: B23201) to a
1.5 ml tube, and then wash the slurry with 200 ul binding buffer.
The magnetic beads were premixed with the whole cell lysate, and
were reversed at 4°C for 1-2 h. Discard the beads after treatment.
Then whole-cell lysates were mixed with mouse anti-flag antibody
(20 pg/ml) or normal mouse IgG for 2 h at 4°C. The newly
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processed beads slurry (50 pl) was subsequently added and mixed
with whole-cell lysates for overnight at 4°C. The second day, the
beads were washed three times with wash buffer. Samples were
eluted into 50 pl 1 x SDS Loading Buffer (Beyotime, cat: PO015L)
and analyzed by western blot.

GST pull-down

We used previously purified protein LONP1-GST synthesized by
Gene Universal (Anhui, China) as the bait protein, and the prey pro-
tein HMGCS2 was from 293T cell lysates. The experimental proce-
dure was carried out according to the Pierce™ GST Protein
Interaction Pull-Down Kit (ThermoFisher, cat: 21516).

Immunofluorescence staining

mPTCs were cultured on glass-bottom cell culture dishes (NEST,
China) and co-transfected with LONP1-Flag and HMGCS2 plasmids.
Then, after several washes with PBS, the cells were fixed with 4%
paraformaldehyde for 20 min at room temperature, extensively
washed with PBS, permeabilized with PBS + 1% Triton X-100 for
10 min and blocked with 2% BSA for 1 h. The primary antibodies
Flag and HMGCS2 were added to the dish at a 1:100 dilution and
incubated in a humid chamber overnight at 4°C; the secondary anti-
bodies were applied after washing with PBST. Then, the cells were
viewed under a laser scanning confocal microscope (Zeiss), pho-
tographed and recorded.

Molecular docking

Although the X-ray structure of human LONPI1 catalytic domain
was resolved (PDB ID: 2X36) (Garcia-Nafria et al, 2010), the
active site in this structure presented a closed conformation. So a
homology model of human LONP1 catalytic domain in the active
conformation was built based on the crystal structure of the hex-
americ LonA protease of Meiothermus taiwanensis (PDB ID:
4YPL) (Lin et al, 2016) by Prime, and prepared as the receptor
for the virtual screening of the TargetMol database and
Maybridge-hitfinder database with 19,826 compounds in total.
The compounds were prepared and docked into the receptor at
the SP precision by Glide. The docked ligand-protein complexes
in 3D and the 2D ligand-protein interaction diagrams were pre-
sented by Maestro.

LONP1 protease activity assay

Substrate protein-based protease activity assay

Recombinant human LONP1 carrying a GST-tag was overproduced
and purified from Escherichia coli. Substrate protein based protease
activity assay was carried out in cell-free system containing recom-
binant human LONP1-GST (800 nM), recombinant human HMGCS2
protein (60 nM) or recombinant human TFAM-His (Abcam, cat:
ab103784) (60 nM), 25 mM Tris, pH 7.9, 10 mM MgCl,, 0.1 mg/ml
BSA, 2 mM ATP (the negative control group [NC] was not supple-
mented with ATP). Samples were incubated at 37°C for 30 min.
Enzyme activity of LONP1 is estimated by detecting the remaining
protein levels of HMGCS2 or TFAM with immunoblotting. For the
drug screening, candidates were incubated with recombinant
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LONP1-GST protease and recombinant human TFAM-His at 37°C for
30 min before adding of ATP.

Fluorogenic dipeptide substrate-based protease activity assay
Purified LONP1-GST (800 nM) were pre-incubated in the absence or
presence of 84-B10 in reaction buffer (150 mM NaCl, 50 mM Hepes
pH 8.0, 10 mM MgCl,) at 37°C for 30 min before dipeptide substrate
benzyloxycarbonyl-alanyl-alanine amide conjugated with fluores-
cent dye Rhodaminell0 (Z-AA),-Rh110 (Anaspec, cat: AS-60320)
(6 uM) and ATP (2 mM) were added. Reactions were carried out at
37°C for 1 h. After cleavage, the colorless and nonfluorescent (Z-
AA),-Rh110 is hydrolyzed to highly fluorescent Rh110, which exhi-
bits fluorescence that can be detected at excitation/emis-
sion =497 nm/527 nm.

Surface plasmon resonance (SPR)

The binding affinity of 84-B10 with Lonpl were determined using
the Biacore T200 SPR biosensor systems with a CM5 sensor chip
(GE Healthcare, Chicago, IL). The CMS5 chip surface was first acti-
vated with 0.1 M N-hydroxysuccinimide and 0.4 M N-ethyl-N'-(3-
dimethylaminopropyl) carbodiimide at a flow rate of 30 pl/min
using PBS supplemented with 0.01% Tween 20 as the running
buffer. Next, recombinant human LONP1-GST was diluted to 20 ug/
ml in 10 mM sodium acetate (pH 4.5) and injected on the first flow
cell until a density of approximately 1,000 response units (RU) was
immobilized. Activated amine groups were quenched with an injec-
tion of 1 M ethanolamine (pH 8.0). Then, 84-B10 was diluted from
10 to 0.3125 puM in PBS/0.01% Tween 20 buffer, and injected to the
flow cell at 30 pl/min. The association time was set to 120 s, and
the dissociation time was 120 s. Equilibrium constants (KD) were
calculated using the “affinity” model in Biacore T200 evaluation
software (GE Healthcare).

Pharmacokinetics and tissue distribution of 84-B10 in mice

Plasma pharmacokinetic (PK) profiles and tissue distribution of 84-
B10 in C57BL/6J mice (8 weeks old, male) were investigated after a
single intraperitoneal injected of 84-B10 (5 mg/kg). For PK analysis,
the blood samples were collected 2, 5, 15, 30 min, 1, 2, 4, 6, 10,
24 h after treatment. For tissue distribution analysis, heart, kidney,
liver, lung, brain, small intestine, muscle, and fat tissues were col-
lected 30 min after treatment. Plasma samples were collected by
centrifuging the blood at 8,000 rpm for 5 min and tissues (0.2 g)
was homogenized with 1 ml saline. The plasma and tissue homoge-
nate were then precipitated with methanol containing ginkgolide J
(2 pg/ml) as internal standard. After precipitation and centrifugation
for twice, 200 ul of the supernatant was transferred for analysis.
The concentrations of 84-B10 in bio samples were determined by
ExionLC system coupled with 4,500 triple quadrupole mass spec-
trometers (Sciex, Framingham, MA, USA). A 2 pl aliquot of samples
was injected onto the HPLC system using a Phenyl HPLC column
(50 x 2.1 mm, 3 pum) (YMC, Kyoto, Japan). The mobile phases A
consist of 5 mM ammonium formate in water, and phase B is
methanol. Phase A and B were mixed and delivered at a flow rate of
300 pl/min with a gradient program as follows: 0.1 min, 20% B;
0.3 min, 95% B; 1.8 min, 95% B; 1.9 min, 20% B; 3 min, stop. Mul-
tiple reaction monitoring (MRM) mode was used for mass detection.
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The paper explained

Problem

Chronic kidney disease (CKD) is a chronic renal structural and func-
tional disorder caused by various diseases and conditions. The inci-
dence of CKD worldwide is more than 10%, and there is a lack of
effective treatment. A considerable proportion of patients progress to
end-stage renal disease (ESRD). Renal fibrosis is a common pathology
leading to ESRD and it is directly related to the prognosis of renal
function. Kidney fibrosis progresses gradually until it is necessary to
rely on renal replacement therapy to maintain life. Therefore, it is
urgent to elucidate the molecular mechanism of the occurrence and
development of renal fibrosis and to find effective intervention targets
to delay its progression.

Results

Here, we identified LONP1/HMGCS2 signaling in proximal tubular cells
as a therapeutic target for retarding kidney fibrosis. Tubular-specific
Lonpl overexpression mitigated renal injury and mitochondrial dys-
function in two different models of CKD, and these outcomes were
aggravated by Lonpl deletion. Mechanistically, LONP1 downregulation
caused mitochondrial accumulation of the LONP1 substrate, HMGCS2,
which disrupted mitochondrial function and further accelerated CKD
progression. More importantly, we identified a novel LONP1 activator,
which may be a promising therapeutic for treating CKD.

Impact

Mitochondrial dysfunction in proximal tubular cells contributes to
CKD progression, while the specific therapeutic targets to improve
mitochondrial function in proximal tubular cells are still limited. These
results not only demonstrate the important role of the LONP1/
HMGCS2 signaling pathway in delaying renal fibrosis, but also suggest
that the pathway may be a therapeutic target for CKD by activating
LONP1.

The optimized MRM fragmentation transitions for 84-B10 was m/z
472.0 - m/z 282.0 (with a collision energy of —30 eV and declus-
tering potential of —120 eV) and for internal standard was m/z
423.0 - m/z 349.0 (with a collision energy of —40 eV and declus-
tering potential of —130 eV).

Statistical analysis

Data are expressed as mean + SEM. Quantifications of images were
performed by ImageJ or Image-Pro Plus (IPP). Statistical analysis
was performed with GraphPad Prism (version 7.0, GraphPad Soft-
ware, SanDiego, CA). A two-tailed Student’s t-test was used to com-
pare differences between two groups. For comparisons among
multiple groups, one-way ANOVA was applied. Pearson correlation
analysis was also used. All statistical details regarding P-value and n
can be found in main and expanded figure legends. We collected
data from animal studies in a blinded manner. No animals were
excluded from the study. The sample size in each study was based
on experience with previous studies employing CKD animals and
knockout mice in our lab.

Data availability

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with

20 of 22 EMBO Molecular Medicine 15: 16581 | 2023

Mi Bai et al

the dataset identifier PXD037552 (http://www.ebi.ac.uk/pride/
archive/projects/PXD037552).

Expanded View for this article is available online.
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