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Abstract
Introduction: Lupus nephritis (LN) is a serious complication of systemic lupus erythematosus (SLE), and
its pathogenesis is not fully understood. There is an imbalance in the polarization of macrophages and
an interplay between fractalkine (FKN) and its receptor, CX3CR1, in LN. Previously we showed that the
expression levels of FKN were positively correlated with the severity of LN. Here we aimed to study the
role of the Hippo signaling pathway (HSP) and its interaction with FKN in LN in an attempt to provide
novel strategies for the treatment of this condition.

Methods: 91 LN patients and 64 healthy controls were included in this study. In addition, FKN-knockout
mice and RAW.267.4 cells were used for in vivo and in vitro experiments. The levels of YAP, TAZ, MST1, IL-
6, and IL-10 were measured in LN patients by qRT-PCR and ELISAs. HE, Masson and PASM staining were
used to assess the pathological changes in kidney tissues and western blots measured the protein
content of FKN, MST1, YAP, p-YAP, p-TAZ, iNOS, TNF-α, IL-10 and Arg-1. IF was used to localize F4/80,
F4/80, p-YAP, IL-10 and TNF- α proteins.

Results: Up-regulation of FKN was associated with increased macrophage activation and increased YAP
expression. When FKN was down-regulated the HSP was activated and the YAP expression was
decreased. In addition, macrophages polarization switched to M1-phenotype. Activation of the HSP in
vivo was associated with FKN de�ciency and increased phosphorylation of YAP and TAZ, leading to
reduced activation of macrophages. This could relieve the renal damage associated with LN.

Conclusions: Our results con�rmed a negative correlation between the FKN gene and the HSP. Down-
regulation of FKN could activate the HSP to reduce the activation of macrophages in kidney tissues and
attenuate renal damage. The HSP may provide a new molecular target for the treatment of LN patients.

Introduction
Systemic lupus erythematosus (SLE) is an autoimmune syndrome caused by abnormal immune
responses, which is characterized by the production of antibodies against self-antigens, the formation of
immune complex deposits, activation of B cells and T cells and excessive release of in�ammatory
factors[1]. The physiological function and system of the host body can be in�uenced by SLE, including
the skin, muscles, heart, nervous system and kidneys. The involvement of the kidneys is manifested as
lupus nephritis (LN). The main clinical characteristics of LN are proteinuria, hematuria and varying
degrees of renal damage, which are the most serious complications of SLE. The high death rate of
patients is mainly caused by these side effects[2]. However, there is still lack of effective therapy for LN.
Traditional treatments are mainly dependent on chemotherapy, which include the use of immune
suppressants and glucocorticoids. Nevertheless, these have numerous side effects and are di�cult to be
accepted by patients. Due to the indistinct pathogenesis of LN, there is still a major need to explore
potential new clinical treatments for patients with this condition[3].
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Certain studies have con�rmed that the functional changes of abnormal immune cells could induce
damage and in�ammation in the glomerular area, which can also lead to tissue loss[4]. Among these
abnormal immune cells, macrophages played an important role in LN [5] and these are formed by the
mature differentiation of monocytes which can recognize, engulf and destroy target cells, and they play a
vital role in regulating the in�ammatory response and host defense. Monocytes can differentiate into two
types of macrophages with different phenotypes and functions after receiving different external
stimulations.

There are two classical types of macrophages are M1-phenotype macrophages with pro-in�ammatory
effects and M2-phenotypes with immunosuppressive effects [6]. M1 type macrophages are characterized
by an enhanced ability to secrete pro-in�ammatory factors such as interleukin − 1β (IL-1β), tumor necrosis
factor (TNF), interleukin-12 (IL-12) and interleukin-18 (IL-18), as well as antigen-presentation and initiating
the adaptive immune response. The high expression levels of major histocompatibility complex type II
molecules (MHC-II), CD68, CD80 and CD86 markers, and inducible nitric oxide synthase (iNOS) are
speci�c characterizations of M1 type macrophages. In addition, the up-regulation of CD200R membrane
glycoprotein and CD163-CMAF are distinct markers of M2 type macrophages[7]. M2 type macrophages
can secrete anti-in�ammatory factors such as IL-10, transforming growth factor-β (TGF-β) and up-
regulate the expression of arginase-1 (Arg-1), which exhibit obviously anti-in�ammatory effects for
immune response suppression[8]. The imbalance of M1/M2 macrophages and cytokines are collectively
involved in the progression of LN. Despite the dominant effect of macrophages in LN, there is currently no
consistent data as their precise role in this disease.

Fractalkine (FKN, CX3CL1) is a cell chemokine encoded by the CX3CL1 gene. FKN is mainly expressed in
endothelial cells. T cells and monocytes can be attracted by the soluble form of FKN (sFKN), and can
further to promote the adhesion of monocytes to activated endothelial cells[9]. Studies have shown that
the monocyte-endothelial cell adhesion effect mediated by the FKN-CX3CR1 interaction promotes the
progression of a variety of in�ammatory and autoimmune diseases including LN[10]. Our research group
has con�rmed that the expression levels of FKN were positively correlated with the severity of LN and
higher FKN levels in patients can trigger this condition and cause the kidney injury. The expression levels
of FKN were also positively correlated with SLEDAI-2K, and were negatively correlated with the
complement proteins, C3 and C4, in LN patients[11]. In addition, FKN was associated with the presence of
autoantibodies, indicating the potential of FKN in mediating the pathogenesis in LN. However, the speci�c
mechanism of this is still unclear.

The Hippo pathway is an evolutionarily conserved signaling pathway that regulates cell growth, fate
decisions as well as control of organ size and regeneration. Such multiple functions are widely conserved
among species and cell types[12]. The main intracellular effectors of this signaling cascade are
mammalian Ste20-like kinases 1/2 (MST1/2), large tumor suppressor 1/2 (LATS1/2), yes-associated
protein (YAP) and the paralog transcriptional coactivator with PDZ-binding motif (TAZ). When this
signaling cascade is activated, MST1/2 proteins phosphorylate and activate LATS1/2 factors which in
turn phosphorylate YAP/TAZ factors, resulting in the inhibition of YAP/TAZ transcriptional activity.
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However, YAP and TAZ can also translocate into the nucleus to serve as co-transcriptional factors when
Hippo pathway is not activated[13]. Numerous studies have found that the Hippo signaling pathway
plays a key role in both innate and adaptive immune responses. Similarly, there have been recent reports
in mice models and humans to con�rmed the abnormal expression of Hippo pathway members in cancer
and a variety of auto-immune disease (AID), such as rheumatoid arthritis (RA), SLE, and Sjögren’s
syndrome (SS)[14, 15]. However, the potential mechanisms through which the Hippo signaling pathway
interacts with FKN in LN have not been reported. Studies of its molecular mechanism may provide a new
insight for clarifying the molecular mechanism of FKN in regulating the development of in�ammatory
diseases.

We �rst found an abnormal expression of Hippo signaling pathway in patients with LN, and this was
related to the severity of LN and kidney damage. Furthermore, by using INF-γ-induced macrophages and
constructing FKN knockout LN mouse models, it was con�rmed that FKN could mediate an imbalance in
INF-γ-induced macrophage polarization through the Hippo signaling pathway. FKN de�ciency could
activate the Hippo signaling pathway and reduce the activation of macrophages and this was further
con�rmed in the LN mouse model. This was also shown to reduce the renal damage caused by LN.

Materials And Methods
Clinic data collection

The study was approved by the A�liated Hospital Ethics Committee of Youjiang Medical University for
Nationalities (Baise, Guangxi Province, P.R. China) and informed consent was obtained from all
participants. 91 newly diagnosed patients with LN and 64 healthy controls were selected in this study. All
participants were initially diagnosed with LN from May 2019 to May 2021 at the A�liated Hospital of
Youjiang Medical University for Nationalities. Patients with LN were aged 42±16 years with mean
proteinuria of 7.9±1.4g/24h and a mean estimated GFR of 69±20mL/min/1.73m2 . SLE was diagnosed
according to the revised criteria of the American Rheumatism Association in 1997. Patients were clinically
diagnosed as LN by kidney biopsies according to the International Society of Nephrology (ISN)/Renal
Pathology Society classi�cation[11].

All patients with LN were divided into two subgroups as active LN (score≥10) and inactive LN (score<10)
according to SLEDAI-2K or for LN with renal damage (GFR< 60ml/min) and without renal damage
(GFR≥60ml/min) according to patients’ renal function. The de�nition of leukopenia was that the white
blood cell count was <3.5 ×10 9 /L. The de�nition of anemia was that the hemoglobin was <110g/L for
female (<120g/L for male). The de�nition of thrombocytopenia was that the blood platelet count was
<100×109/L. Patients with C-reactive protein (CRP) of more than 3mg/L were de�ned as elevated. Serum
complement of C3 <580mg/L and complement of C4 < 70mg/L were regarded as decreasedAll patients
have signed the informed consent forms. Laboratory test results (including routine blood tests, GFR, C3,
C4, anti-Sm antibody) were collected before treatment. Peripheral blood was collected from patients with
LN before they received any immunosuppressive treatment which included glucocorticoid and an
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immunosuppressant[11]. An aliquot of the collected fresh blood sample was used for PCR, and the serum
was extracted in the rest of the samples and stored at -80°C for later use.

Cell culture

RAW264.7 cells were obtained from the Beina Chuanglian Biology Research Institute (BNCC300973,
Beijing, China). Cells were cultured in DMEM (Gibco) with 10% fetal bovine serum (Gibco) at 37°C in a 5%
CO2 incubator. RAW264.7 cells were infected with lentiviral vector particle-CX3CL1 and Ubi-MCS-3FLAG-
SV40-Cherry-IRES-negative control according to manufacturer's protocol (Shanghai GeneChem Co., Ltd.)
to achieve FKN overexpression. RAW264.7 cells were infected with lentiviral vector particle-CX3CL1 and
hU6-MCS-CBh-gcGFP-IRES-negative control according to manufacturer's protocol (Shanghai GeneChem
Co., Ltd.) to achieve FKN knockdown. Stable cell lines were selected by adding puromycin in the culture
medium[16]. Cells were divided into 12 groups as follows:

1. control group with no treatment

2. IFN-γ group: cells were infected with IFN-γ (Peprotech, Cranbury, NJ, USA) (the IC50 for RAW264.7
cells was 400ng/mL) 400ng/mL for 48 hours

3. VP (Hippo signaling pathway inhibitor) group: cells were infected with Vertepor�n (HY-B0146 MCE,
MedChemExpress, NJ, USA) (the IC50 for RAW264.7 cells was 2uM) 2uM for 48 hours

4.  IFN-γ+VP group: cells were treated with 400ng/mL IFN-γ and 2uM VP for 48 hours

5. Ex-FKN group

�.  Ex-FKN+IFN-γ group: ex-FKN cells infected with 400ng/mL IFN-γ for 48 hours

7. Ex-FKN+VP group: ex-FKN cells infected with 2uM VP   for 48 hours

�. Ex-FKN+IFN-γ+VP group: ex-FKN cells were treated with 400ng/mL IFN-γ and 2uM VP for 48 hours

9. Si-FKN group

10. Si-FKN+IFN-γgroup: si-FKN cells infected with 400ng/mL IFN-γ for 48 hours

11. Si-FKN+VP group si-FKN cells were infected with 2uM VP for 48 hours

12. Si-FKN+IFN-γ+VP group: si-FKN cells were treated with 400ng/mL IFN-γ and 2uM VP for 48 hour.

Mice

2-3-month-old (22-28g) speci�c pathogen- free (SPF) WT C57BL/6 mice (FKN+/+) and KO-FKN C57BL/6
mice (FKN−/−) were purchased from Shanghai Genechem Animal Co. Ltd (NO.SYXK 2015-0008). For KO-
FKN mice, CRISPR/Cas9 technology was used to construct an sgRNA sequence (CX3CL1-
sgRNA1:CTGGCAGGTTATCACGGGTTGGG;CX3CL1-sgRNA2:TGGCAGTAACTCATACGTCCTGG) that
targeted the FKN gene locus. The surviving embryos after injection with CRISPR/Cas9 mRNA were raised
to adulthood, and then the founders with FKN knockout were selected. Before the experiment, mice were
maintained in a room with controlled temperature (23 ± 1℃), humidity and lighting (12-h light/12-h dark
cycle), and given free access to food and water[16]. The animal experiment protocol was approved by the
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animal experiment ethics of Youjiang Medical University for Nationalities and carried out in compliance
with the Animals in Research: Reporting In vivo Experiments (ARRIVE) guidelines. All animal procedures
were in accordance with the Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85–
23, revised 1996). 

8-10 weeks old WT and KO-FKN (FKN-/-) female mice were selected, and an LN mouse model was induced
by a single intraperitoneal injection of 0.5mL pristane (P815856, Shanghai Macklin Biochemical Co., Ltd).
When constructing the model, different parameters including the mouse body weight, joint diameter and
urine protein concentration as well as the anti-ANA, anti-Sm and anti-dsDNA antibody concentration were
measured every 4 weeks. The LN models of WT and FKN-/- mice were established approximately 4-6
months later. Subsequently, the mice were randomly divided into 8 groups with 3-5 animals in each
group):

1. WT group: WT mice were intraperitoneally injected with 500uL of normal saline every day for 10
consecutive days

2. WT+VP group: VP was dissolved in dimethyl sulfoxide (DMSO, 0.05% v/v), and DMSO (0.05%v/v)
was used as the vehicle. WT mice were intraperitoneally injected with VP (100mg/kg) daily for 10
days.

3. LN group: LN mice were intraperitoneally injected with 500uL of normal saline every day for 10
consecutive days.

4. LN+VP group: LN mice were intraperitoneally injected with VP (100mg/kg) daily for 10 days

5. KO-FKNgroup: KO-FKN mice were intraperitoneally injected with 500uL of normal saline every day for
10 consecutive days

�. KO-FKN+VP group: KO-FKN mice were intraperitoneally injected with VP (100mg/kg) daily for 10
days

7. KO-FKN-/-+LN group: KO-FKN mice with LN were intraperitoneally injected with 500uL of normal
saline every day for 10 consecutive days

�. KO-FKN+LN+VP group: KO-FKN mice with LN were intraperitoneally injected with VP (100mg/kg)
daily for 10 days.

Then, the mice were sacri�ced after the last injection 10 days later. The animals were weighed and
anaesthetized with 1% pentobarbital (35 ml/kg i.p.), and kidney samples were collected for histological
examination and immuno�uorescence staining. Some samples were also stored at -80℃ for analysis by
western blotting.Great efforts were made to minimize the pain of animals. 

ELISA

The collected serum was used for ELISAs. The following ELISA kits were purchased including YAP
(JL45328, Shanghai Jianglai Co. Ltd.), TAZ (JL19183, Shanghai Jianglai Co. Ltd.), MST (CSB-E09062h,
Cusabio Biotech Co. Ltd), IL-6 (CSB-E04638h, Cusabio Biotech Co. Ltd.) and IL-10 (CSB-E04593h, Cusabio
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Biotech Co. Ltd.) and used according to the manufacturers’ instructions. A TriStar LB941 multimode
microplate reader was used to measure the absorbance at 450 nm.

Renal function measurements

Metabolic cages (Nalgene, Rochester) were used to collect mice urine samples for a 24-hour period.
Urinary protein collected over 24 hours was measured using a urine protein assay kit (C035-2-1,
Jiancheng Bioengineering Institute) according to the manufacturer's instructions. The stored mouse
serum was used to measure blood urea nitrogen (BUN) and serum creatinine (Scr) in order to assess renal
function. A BUN assay kit (C013-2-1, Jiancheng Bioengineering Institute) and a creatinine assay kit (C011-
2-1, Jiancheng Bioengineering Institute) were respectively used to measure the serum levels of Scr and
BUN of mice according to the manufacturer's instructions.

Cells viability assay

A cell counting kit (M4839, AbMole, Beijing, China) was used to assess the viability of
cells. RAW264.7 cells were seeded into 96-well plates at 5×103 cells per well and then treated with
different concentrations of IFN-γ (100, 200, 300 and 400 ng/mL) and VP (0, 0.5, 1and 2 μM) for 24, 48
and 72 hours. 10 μL CCK-8 was added to each well and incubated for 1 hour at 37°C in an incubator in an
atmosphere of 5% CO2 after the treatment with IFN-γ and VP. The OD was measured using a TriStar LB
941 multimode microplate reader (Berthold Technologies, Germany) at 450 nm.

Cell apoptosis assay

The �uorescein isothiocyanate-annexin V/propidium iodide (FITC-annexin V/PI) apoptosis kit (556 547,
BD Biosciences) was used to assess cell apoptosis. Cells in different groups were cultured for 48 hours,
collected, washed twice with PBS buffer, and buffer was added to adjust the RAW264.7 cell concentration
to 1x105 cells/mL. 5 μL of FITC-annexin V/PI was added, then incubated for 15min at room temperature
in the dark. The apoptosis rate was measured within 1 hour after adding 400 μL of buffer by �ow
cytometry.

HE, PASM and Masson staining

Kidney tissue samples were �xed in 10% formalin and then embedded in para�n for histopathology. 3-4
µm serial sections dewaxed and hydrated and then stained with haematoxylin-imidine red (HE), Masson
and periodic acid-silver methenamine (PASM) stains according to standard procedures. These sections
were subsequently visualized using a light microscope (Nikon Eclipse E100).

Immuno�uorescence assay

RAW.267.4 cells (5×103 cells/well) were seeded into glass bottom cell culture dishes (IBIDI, Germany) for
72 hours. After the slides were dried slightly, 50-100μL of a  rupture working solution was added,
incubated at room temperature for 20min and washed 3 x 5min with PBS. Then 3% BSA was added to
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cover the tissue section evenly, and then these were sealed at room temperature for 30 minutes. Cells
were incubated with �uorescently labelled primary antibodies (anti-FKN, anti-p-YAP, anti-IL-10 or anti-TNF-
a) followed by either goat anti-rabbit IgG (H + L) FITC-conjugated antibody (S0008, 1:200, A�nity) or goat
anti-mouse IgG (H + L) Fluor594-conjugated antibody (S0005, 1:200, A�nity). Finally, cells were
incubated with DAPI for 10 minutes and imaged using an Olympus Fluoview 3000 Confocal Laser
Scanning Microscope (FV3000, Olympus and Tokyo) the cells and collect the images[16].

Mice kidney sections were prepared according to standard procedures. The primary antibodies used
included anti-F4/80, anti-p-YAP, anti-IL-10 and anti-TNF-a followed by secondary antibody staining as
described above for cells. An Olympus Fluoview 3000 Confocal Laser Scanning Microscope was used as
described above.

Western blotting

50ug total protein extracts were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to PVDF transfer membranes (Thermo Scienti�c, Illkirch, France). The membranes were
incubated overnight at 4°C with different antibodies. The primary antibodies used for western blotting
were rabbit anti-FKN(DF12376,1:1000, A�nity), rabbit anti-iNOS(AF0199, 1:1000, A�nity), rabbit anti-YAP
(DF3182, 1:1000, A�nity), rabbit anti-phospho-YAP (AF3328, 1:1000, A�nity), rabbit anti-TAZ (DF4653,
1:1000, A�nity), rabbit anti-phospho-TAZ (AF4316, 1:1000, A�nity), rabbit anti-TNF-α (AF7014, 1:1000,
A�nity), rabbit anti-IL-10 (DF6894, 1:1000, A�nity), anti-Arg-1 (DF6657, 1:1000, A�nity), rabbit
monoclonal FKN antibody (ab25091, 1:1000, Abcam), rabbit anti-iNOS (18985 1:1000, Proteintech), rabbit
anti-MST1 (3682, 1:3000, CST) and rabbit anti-MST (DF8430, 1:1000, A�nity). The membranes were then
incubated with either goat anti-rabbit IgG (S0001,1:5000,A�nity) or goat anti-mouse IgG (S0002, 1:5000,
A�nity) for 60 minutes at room temperature, then exposed to an enhanced chemiluminescence substrate
(KF003, A�nity) and visualized using a Tanon-5200 (Tanon, Shanghai, China)[16].

Preparation of PBMCs and RT-qPCR

Five milliliters of peripheral blood were collected in evacuated tubes containing EDTA as the
anticoagulant. PBMCs were puri�ed from peripheral blood by centrifugation. The One-step Trizol-based
procedure was used for total RNA extraction from freshly isolated PBMCs. RNA was reverse transcribed
into cDNA after the purity and concentration was checked. The YAP primer sequence was: forward primer
5′-GCTTCCCCGACTACCTG-3′, reverse primer 5′- CACAGACTCCACGTCCAA-3′ with a product size of 146bp.
The MST1 primer sequence was: forward primer 5′-GCAGTGTGCGTTTCCAGA-3′, reverse primer 5′-
CAGGTCCCAGCGTTGAC-3′ with a product size of 131bp. The TAZ primer sequence was: forward primer
5′-AGGGAGGGAACAGAGCA-3′, reverse primer 5′-GTGAGCAGTGGGCAAGTAG-3′ with a product size of
123bp. The internal reference GAPDH primer sequence was: forward primer 5′-
CAGGAGGCATTGCTGATGAT-3′, reverse primer 5′-GAAGGCTGGGGCTCAGGG-3′ with a product size of
84bp. The PCR reaction system consisted of a SYBR Green Mix, forward and reverse primers, cDNA and
deionized RNAase-free water. The PCR was initially denatured at 95 °C for 30s followed by 95°C for 10s
and 65°C for 30s for 40 cycles and 81 cycles at 55-95°C for 10 s for the melting curve analysis. After the
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cycle threshold (Ct) was determined, the expression of YAP,TAZ and MST1 mRNA was quanti�ed
according to the reference gene and analyzed by using the 2-△△Ct method[16].

Statistical analysis

Histograms and data are shown as mean±SD of a minimum of three independent experiments. SPSS
23.0 and GraphPad Prism 8.0 were used to analyze all statistical data. P<0.5 was considered to be
statistically signi�cant.

Results
The expression of Hippo signaling pathway in PBMCs isolated from LN patients

Compared with the control group, the serum expression levels of YAP and TAZ in the inactive and active
LN groups were signi�cantly increased (P 0.01), while the expression level of MST1 decreased (P 0.01).
The levels of YAP and TAZ in the active LN group were higher than those in the inactive LN group (P
0.05), and the MST1 expression level was lower than that in the inactive LN group (P 0.05) (Fig. 1A).
Compared with the control group, the peripheral blood YAP and TAZ mRNA expression levels in the
inactive LN and active LN groups were dramatically increased (P 0.01), while the MST1 mRNA expression
levels in active LN was decreased compared with healthy controls (P 0.01). The levels of YAP and TAZ
mRNA in the active LN group were higher than those in the inactive LN group (P 0.05), and the MST1
mRNA expression levels was not different between the two groups (Fig.1B).

The relationship between the Hippo signaling pathway and disease activity in LN patients

Serum YAP and TAZ levels were positively correlated with the disease activity of LN patients. The Hippo-
YAP/TAZ serum levels were positively correlated with SLEDAI-2K in LN patients (r=0.284, p=0.006;
r=0.464, p=0.000) (Figs. 1C, 1D). These results suggested that the high YAP and TAZ expression levels
were accompanied by an increased SLADAI-2K score so as to result in aggravation of the disease.

The relationship between the Hippo signaling pathway and renal damage in LN patients

When compared to the control group, the serum expression levels of YAP and TAZ in the LN patients
without renal damage and those with renal damage were signi�cantly increased (P 0.01), while the
expression level of MST1 decreased (P 0.01). The expression levels of YAP and TAZ in the LN patients
with renal damage were higher than those LN patients without renal damage (P 0.05), and the MST1
expression level was not different between these two groups (Fig.1E). The serum YAP level was inversely
proportional to the GFR of LN patients (r=0.-0.213, p=0.042). The higher the YAP level, the lower the GFR
and the more serious the renal damage seen. Serum TAZ and MST1 levels were not correlated with GFR
(Fig.1F).

Associations of the Hippo signaling pathway with laboratory parameters of LN patients
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The associations of the Hippo signaling pathway with other clinical laboratory parameters of LN patients
are shown in Table 1. Serum TAZ concentrations were negatively correlated with those of complement
C4. It was found the higher the TAZ expression level, the lower the complement C4 expression level. The
expression levels of YAP and TAZ were also correlated with the expression levels of anti-dsDNA and anti-
Sm. The expression levels of YAP and TAZ in ds-DNA positive patients were signi�cantly increased (Table
1).
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Table 1

Associationsbetween serum levels of YAP,TAZ and MST1andthe laboratory parameters of LN patients.

Group +/- Number of patients Serum YAP 
 levels(ng/mL)

Serum TAZ 
 levels(ng/mL)

Serum MST1 
 levels(ng/mL)

 

Leukopenia  - 65 4.32±0.46 9.55±1.06 21.39±2.32

 + 26 4.33±0.50 9.62±0.79 21.20±2.50

Thrombocytopenia - 76 4.32±0.47 9.63±0.82 21.48±2.47

 + 15 4.31±0.49 9.62±0.69 20.56±1.44

Anemia - 25 4.26±0.54 9.42±0.68 21.53±2.05

 + 66 4.34±0.44 9.71±0.82 21.27±2.48

CRP elevated - 30 4.30±0.48 9.46±0.66 21.21±1.94

 + 61 4.33±0.46 9.71±0.85 21.40±2.55

C3 decreased - 51 4.26±0.48 9.56±0.83 21.37±2.23

 + 40 4.40±0.44 9.72±0.75 21.29±2.54

C4 decreased - 49 4.30±0.47 9.45±0.82a 21.49±2.64

 + 42 4.34±0.47 9.84±0.72 21.15±2.00

Anti-dsDNA - 47 4.16±0.44b 9.21±0.64b 20.94±2.43

 + 44 4.49±0.44 10.07±0.71 21.70±2.25

Anti-Sm - 64 4.25±0.49c 9.49±0.77c 21.40±2.15

 + 27 4.48±0.48 9.95±0.77 21.31±2.46

aCompared to LN without a decrease in C4 levels,p<0.05.

bCompared to LN with anti-dsDNA positivity,p<0.05.

cCompared to LN with anti-Sm positivity,p<0.06.

FKN promoted the apoptosis of IFN-γ-induced macrophages via the Hippo signaling pathway

As shown in Figure 2, compared with the control group (26.3±0.10), the apoptosis rate of the IFN-γ
(38.9±0.1), VP (62.5±27.5), IFN-γ+VP (91.5±8.61), ex-FKN+VP (47.06±21.81), ex-FKN+IFN-γ+VP
(79.93±21.61), si-FKN (56.40±1.00), si-FKN+IFN-γ (69.60±0.53), si-FKN+VP (91.93± 3.75) and si-FKN+IFN-
γ+VP (98.66±0.35) groups were all increased markedly (P<0.01). The apoptotic rates of the ex-FKN
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(0.03±0.01) and ex-FKN+IFN-γ (0.04±0.03) groups were lower than that of the control group (P<0.01),
which indicated that these three intervention factors (IFN-γ as well as knocking down FKN and VP) could
all promote the apoptosis of RAW264.7 cells. Conversely, the overexpression of FKN could inhibit the
apoptosis of RAW264.7 cells. In addition, compared with the IFN-γ group (38.9±0.1), the ex-FKN+IFN-γ
group (0.04±0.03) had a decreased apoptotic rate (P<0.01), whereas the rate was increased in the si-
FKN+IFN-γ group (69.60±0.53; P<0.01).

FKN negatively regulated the Hippo signaling pathway and promoted the polarization of IFN-γ-induced
RAW264.7 macrophages towards the M2 phenotype

Western blotting and immuno�uorescence (IF) analysis were used to assess the expression of the
component of the Hippo signaling pathway target protein in each group. Compared with the control
group, when FKN was overexpressed, the expression of YAP was increased, and the expression of MST1,
p-YAP and p-TAZ were conversely decreased. When FKN was knocked down, the expression of YAP
decreased, while the expression of MST1, p-YAP and p-TAZ were all up-regulated (p<0.05). In addition,
under the in�uence of IFN-γ, the expression of YAP was further enhanced, and the expression levels of
MST1, p-YAP and p-TAZ were further reduced (p<0.05; Figs. 3A-B, 3D-E). Together these results suggested
that both IFN-γ and FKN could inhibit the Hippo signaling pathway, while FKN knockdown could activate
this pathway. Through IF staining, it was observed that p-YAP protein accumulated in cytoplasm.
Overexpression of FKN could increase the expression of YAP, and down-regulate the expression of p-YAP,
therefore the presence of the phosphorylated form in the cytoplasm was reduced. Moreover, the Hippo
pathway was inhibited by overexpression of FKN, and IFN-γ further enhanced this inhibitory effect.
However, the localization of p-YAP into the cytoplasm was facilitated after the knockdown of FKN and the
intervention of VP treatments could reverse this inhibitory effect (Fig.3E). Overall, these results revealed
that FKN and Hippo signaling pathways interacted in an opposing way in IFN-γ-induced RAW264.7
macrophages. 

The expression levels of iNOS, TNF-α, IL-10 and Arg-1 in each group was also measured by using western
blotting and IF in order to investigate the driving force of FKN on the polarization process of IFN-γ-induced
RAW264.7 cells. Figures 3A and 3C show that the expression of the macrophage polarization cytokines of
iNOS, TNFα, IL- 10 and Arg-1 in the FKN overexpression group were increased when compared with
control group (P<0.05). In addition, macrophage polarization was highly enhanced after IFN-γ treatment
(P<0.05). This also con�rmed the macrophage polarization process was induced by IFN-γ. Furthermore,
when FKN was knocked down, the expression levels of IL-10, Arg-1, iNOS and TNF-α were also decreased,
with almost no expression of the M2 type macrophage polarization-related factors IL-10 and Arg-1. The
RAW264.7 cells expressed mainly the M1 type polarization factors, iNOS and TNF-α, and the macrophage
balance was biased towards the M1 phenotype.

A combined treatment with VP signi�cantly weakened the effects of FKN on the cells. Through IF
staining, the expression levels of IL-10 and TNF-α proteins were observed in both the nuclei and
cytoplasm but they were mainly located in the latter after IFN-γ stimulation when compared with the



Page 13/25

controls. FKN overexpression could enhance the localization of IL-10 and TNF-α while FKN knockdown
could decrease their localization in IFN-γ-induced RAW264.7 cells. However, the decreasing trend of IL-10
was more obvious than that seen for TNF-α. VP reversed the effects of FKN (Figs. 3F-3G).

Taken together, all the above results indicated that FKN overexpression could inhibit the activation of the
Hippo signaling pathway, reduce the phosphorylation levels of the components in Hippo signaling
pathway and increase the activation of macrophages. After FKN knockdown, the Hippo signaling
pathway was activated, and the phosphorylation levels of its related proteins were increased. In addition,
the level of macrophage activation was decreased and the polarization imbalance of macrophages was
biased toward M1 phenotype.

FKN de�ciency can reduce the polarization and proliferation of macrophages in LN by activating the
Hippo signaling pathway, thereby reducing renal damage

Using LN-induced mice, we further studied whether FKN de�ciency could affect the proliferation and
polarization of macrophages through the Hippo signaling pathway, thereby reducing the observed related
kidney damage. FKN de�cient (KO-FKN) mice were used and Scr, BUN and 24 hour urinary protein were
measured as markers of renal function. As shown in Figure 4A, the levels of these three parameters were
markedly reduced in the KO-FKN+LN when compared with the WT+LN mice (P<0.05). The above
indicators were further reduced in VP-treated mice (P<0.05) (the KO-FKN+LN+VP group). These �ndings
were further supported by the pathological alterations seen in HE-, Masson- and PASM-stained mice
kidney tissues. The sub-cellular structures in the kidney tissues in the LN group were severely abnormal,
with a large number of in�ammatory cell in�ltration in the interstitium, as indicated by the red arrows (Fig.
4B). In addition, abscesses and a large number of necrotic neutrophils were seen in the lumen of some
renal tubules, as shown by the yellow arrows (Fig. 4B). A large number of tubules were dilated and parts
of the protein deposits can be seen as shown by the black arrows (Fig. 4B). The glomerulus cavities were
also dilated. However, when FKN was de�cient or the animals were treated with VP, these renal structural
changes in the LN group largely were alleviated. As shown in Figure 4B, the kidney damage in the KO-
FKN+LN+VP group was decreased.

Western blot analysis was used to measure the protein expression levels of FKN, MST1, YAP, p-YAP, p-TAZ,
iNOS, TNF-α, IL-10 and Arg-1. LN mice in the FKN de�cient (KO-FKN+LN) group showed decreased protein
expression of FKN, YAP, iNOS, TNF-α, IL-10 and Arg-1compared with the WT+LN group (P<0.05), while the
expression levels of MST1, p-YAP and p-TAZ were increased (P<0.05). When combined the treatment of
VP (the KO-FKN+LN+VP group) this further inhibited the expression of FKN, YAP, iNOS, TNF-α, IL-10 and
Arg-1, thus strengthening the effect of FKN de�ciency (P<0.05; Figs.5 A-B).

Kidney tissues were also stained with antibodies to F4/80, p-YAP, IL-10 and TNF-α in order to identify
macrophage accumulation and progress of polarization. When compared with WT mice, the localization
of F4/80, IL-10 and TNF-α proteins in the kidneys of LN mice was enhanced, while p-YAP localization was
decreased. Furthermore, F4/80, IL-10 and TNF-α proteins localized in mice kidney tissues were markedly
reduced in the KO-FKN+LN and KO-FKN+LN+VP groups when compared with the LN group, while the
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expression of p-YAP was increased (Figs. 5C-5E). These results were consistent with the Western blotting
assays. Taken together, these data showed that FKN de�ciency could activate the Hippo signaling
pathway, and increase the phosphorylation of proteins such as YAP and TAZ as well as reducing the
activation of macrophages in LN, thereby relieving the associated renal damage.

Discussion
SLE is a classic systemic autoimmune disease, with the involvement multiple organs and a variety of
autoantibodies as the main clinical features[17]. LN is a disease in which SLE involves the kidneys and
causes different pathological types of immune damage accompanied by a series of complications such
as proteinuria, hematuria and anemia.10 to 30% of LN patients will develop renal failure, which is the
main cause of death in SLE patients[18]. Our previous study found that there was a correlation between
the expression level of FKN and the degree of renal damage and disease activity in LN patients. In this
study, we further demonstrated that inhibition of the Hippo signaling pathway in LN patients was related
to the disease activity and renal damage in LN patients. Knockout of FKN could activate the Hippo
signaling pathway and increase the phosphorylation of proteins such as YAP and TAZ, thereby reducing
the in�ltration and activation of kidney macrophages and limit the accompanied LN kidney damage.

There is an imbalance of M1/M2 macrophages in LN. Macrophages and their secreted cytokines play a
mixed role. As a kidney in�ltrating cell, the number of macrophages increases with the progression of
kidney injury, and it is closely related to the patient's proteinuria and activated deposit levels[19].
Moreover, activated macrophages continue to proliferate in the kidney tissue and participate in the
formation of crescents in the kidneys of patients with LN[20]. Some researchers have shown that M1
macrophages mainly played a role in promoting in�ammation and �brosis, while the M2 macrophages
were capable of an anti-in�ammatory effect and could promote the repair and reconstruction process of
damaged tissues[21]. Depletion of M1 type macrophages, suppression of their recruitment and
destruction of in�ammatory macrophages polarization could signi�cantly improve nephritis in mice with
several different LN models[22]. Other studies have suggested that the kidney damage that occurs as a
result of LN was related to the in�ltration of M1 macrophages and lymphocytes. M1 macrophages
secrete IFN-γ, which could act as an in�ammatory factor to up-regulate the in�ammatory immune
response and promote the recruitment of more macrophages[23]. The M1 type of macrophages in LN
express the pro-in�ammatory factor, MCP-1, strongly. When the MCP-1 gene was knocked out or an
inhibitor was used to block MCP-1 or its receptor, this could reduce their in�ltration, thereby reducing the
in�ammation reaction[24]. However, other researchers pointed out that the kidney tissue of patients with
LN was mainly in�ltrated with M2 type macrophages. When activated, these macrophages expressed
CD163 and they were the most abundant macrophage subtype in kidney biopsy of patients with LN.
CD163 could even be used as a biomarker of LN disease activity[25]. The question as to which type of
macrophages are dominant in LN is still open to debate as the current research results are not consistent.

FKN is the only known member of the CX3C family. After binding to its unique receptor, CX3CR1, it can be
used as a transport medium to mediate the migration of macrophages, lymphocytes, dentritic cells (DCs)
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and natural killer (NK) cells, and promote their antigen presentation, phagocytosis and immune
regulation[26]. FKN plays an important role in in�ammation due to its unique functions and structural
characteristics[27], and it participates in the pathogenesis of various diseases including acute necrotizing
pancreatitis, uveitis, neuropathic pain and rheumatoid arthritis[28, 29]. In recent years, studies have
shown that FKN was closely related to kidney disease. In vivo experiments have found that FKN could
regulate renal interstitial �brosis in a mouse model of ischemia-reperfusion injury through its cognative
receptor, CX3CR1[30]. Another reports pointed out that FKN might be related to the interstitial lesions of
human crescentic glomerulonephritis before corticosteroid treatment[31].

In this study, FKN was shown to promote the apoptosis of RAW264.7 cells induced by IFN-γ. When FKN
was overexpressed, the secretion of IL-10, Arg-1, iNOS and TNF-α were further enhanced. When FKN was
knocked down, the secretion of IL-10, Arg-1, iNOS and TNF-α were all reduced, but the decrease of IL-10
and Arg-1 of the M2 type macrophage polarization index was greater than that of iNOS and TNF-α, which
were the M1 type macrophage polarization indicators. Thus, the polarization imbalance of macrophages
was biased towards M1 type. Moreover, overexpression of FKN led to an increase in the expression of
YAP and decreases in the levels of MST, p-YAP and p-TAZ. This indicated that overexpression of FKN
could inhibit the Hippo signaling pathway and reduce the phosphorylation of its related proteins.

IFN-γ-induced RAW264.7 also showed increased macrophage activation. When FKN was knocked down,
the expression of YAP was decreased, and the expression levels of MST, p-YAP and p-TAZ were increased,
indicating that the Hippo signaling pathway was activated. A similar result was found in FKN-de�cient LN
mice, where the expression of YAP in the Hippo signaling pathway was decreased as well as the
expression levels of iNOS, TNF-α, IL-10 and Arg-1. Kidney pathological and immuno�uorescence results
suggested that the kidney damage of FKN gene knockout mice was signi�cantly reduced. This indicated
that the Hippo signaling pathway was activated after FKN knockout, the phosphorylation levels of YAP
and TAZ were increased, the activation of renal macrophages was reduced and the polarization of
M1/M2 was biased toward the M1 direction. This subsequently reduced glomerular atrophy, glomerular
basement membrane proliferation and in�ammatory cell in�ltration, thereby improving the associated
kidney injury.

The Hippo signaling pathway is a highly conserved kinase cascade, which consists of three parts:
upstream regulatory factors, a core kinase complex and a downstream transcriptional regulatory
complex. Under normal circumstances, MST1/2 kinase binds to the regulatory protein, Sav1,
phosphorylates and activates LATS1/2. At the same time, activated LATS1/2 binds to the regulatory
protein Mob1 to phosphorylate the downstream effector molecules YAP/TAZ. When phosphorylated,
these proteins lose their transcriptional activities, remain in the cytoplasm, and are degraded through
different pathways, thereby inhibiting proliferation, promoting apoptosis and maintaining the steady state
of tissue cell growth[32]. Under pathological conditions, the Hippo signaling pathway is blocked or
inhibited. YAP and TAZ are activated by dephosphorylation, which promotes nuclear metastasis and
combines with transcription factors such as TEAD to promote proliferation and mediate the development
of various diseases[33].
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Recent studies have shown that the Hippo pathway is involved in a wide range of cellular processes
including programmed cell death, regulation of mitochondrial homeostasis, participation in damage
repair, mediating the progression of organ �brosis and playing an important role in the pathogenesis of
kidney injury. Feng et al. [34]revealed in more detail the causal relationship between MST1 activation and
acute kidney injury (AKI). This study showed that the up-regulation of MST1 was a key step in causing
renal ischemia and reperfusion (IR) injury. An increase in MST1 could induce mitochondrial division by
blocking the AMPK-YAP pathway, promoting renal tubular epithelial cell apoptosis and aggravating the
in�ammatory response and renal function damage. In this study, however, we found that the expression
level of MST1 in LN patients was decreased and it was negatively correlated with renal damage. Its
expression was also low in LN mice, which were not consistent with the above research results. However,
the results of Feng's study were from using the AKI model. After all, LN causes renal damage in a chronic
and continuous process. Therefore, whether MST1 also induces mitochondrial division during this
process and inhibits mitochondrial autophagy in order to cause renal damage remains to be further
studied. Similarly, the Hippo signaling pathway regulates the YAP signaling axis and is closely related to
the de-differentiation, migration and proliferation of renal tubular epithelial cells.

Xu’s [35]reported that the Hippo signaling pathway had both a bene�cial effect as well as an adverse
effect on the kidneys. When the kidney tissues suffered from only mild to moderate damage, YAP
transiently increased in the cytoplasm and nucleus, and this promoted the complete regeneration and
repair of the kidney tissue. However, when the damage was severe, the expression levels of YAP and the
downstream proteins would continue to increase and become activated, thereby mediating the process of
renal �brosis. It was suggested that the transient increasing of YAP might induce the remnant tubular
epithelial cells to transform from a mature quiescent to a proliferative state, thereby exerting renal
protection. In addition, the continuous activation of YAP might inhibit the re-differentiation of poorly
regenerated tubular epithelial cells, and then have adverse effects on kidneys. Our results showed that in
LN patients and LN mice, YAP expression was increased and may be continuously activated, while the
expression levels of p-YAP and p-TAZ were decreased, indicating that the HippoYAP signaling pathway
was inhibited. YAP and TAZ are activated when dephosphorylated, which promote nuclear metastasis
and proliferation. This inhibits the re-differentiation of poorly regenerated tubular epithelial cells, which
ultimately leads to the damage of renal function. On the other hand, there were also studies that showed
that the Hippo signaling pathway was closely related to autoimmune diseases[36]. However, the
relationship between Hippo signaling pathway and LN has been rarely reported. YAP activation recruits
and activates macrophages, protecting tumor cells from lymphocyte-mediated immune surveillance in the
tumor model[37].

Our results also showed that the levels of YAP and TAZ in peripheral blood of LN patients were increased,
and were positively correlated with LN disease activity and renal damage. This indicates that LN not only
increased the expression of FKN, but also inhibited the Hippo signaling pathway. Further cell experiments
showed that the expression of YAP increased and the Hippo signaling pathway was inhibited when FKN
was overexpressed, which eventually led to macrophage activation and an imbalance in their
polarization. After knocking down FKN, the results were opposite, and the results of animal experiments
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were consistent with this. The expression of YAP in knockout mice with LN was decreased, and the Hippo
signaling pathway was activated. Eventually, the in�ltration and activity of kidney macrophages
decreased, and the extent of renal function damage was reduced. This further showed that under the
control of FKN, the Hippo signaling pathway could act on macrophages to affect kidney function.

Conclusions
The Hippo signaling pathway was inhibited in patients with LN. In the LN mouse model, a reduction in
FKN could activate the Hippo signaling pathway, reduce the activation of macrophages in the kidney
tissue and polarized these toward the M1 phenotype, thereby reducing renal damage. FKN and the Hippo
signaling pathway may become potentially novel molecular targets for the treatment of LN in the future.
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Figure 1

The Hippo signaling pathway was inhibited in LN patients and correlated with disease severity and renal
impairment.

A, ELISAs were performed to measure the serum levels of YAP, TAZ and MST1 in healthy controls (n=64),
inactive LN patients (n=45) and active LN patients (n=46) respectively. B, RT-qPCR was performed to
quantify the expression levels of mRNA in healthy controls (n=64), inactive LN patients (n=45) and active
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LN patients (n=46) respectively. *P<0.01 when compared with the control group; #P<0.05 when compared
with inactive LN. C, a positive correlation between YAP serum expression levels and SLEDAI-2K in patients
with LN (n=91). D, a positive correlation between serum TAZ levels and SLEDAI-2K in patients with LN
(n=91). E, ELISAs were performed to measure the serum levels of YAP, TAZ and MST in healthy controls
(n=64), LN patients without renal damage (n=41) and LN patients with renal damage (n=50) respectively.
*p 0.01 when compared with control group; #p 0.05 when compared with LN patients without renal
damage. F, Negative correlation between serum YAP levels and GFR in patients with LN (n=91).

Figure 2

FKN inhibited the apoptosis of RAW264.7 macrophages via the Hippo signaling pathway.

*P<0.05 when compared with the control group; #P <0.05 when compared with the IFN-γ group.
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Figure 3

FKN regulated polarization in IFN-γ-induced RAW264.7 cells via the Hippo signaling pathway.

A, B, C, Western blot analysis and their respective quantitation were performed to assess the expression
levels of FKN, MST1, YAP, p-YAP, p-TAZ, iNOS, TNF-α, Arg-1 and IL-10 protein in RAW264.7 cells(full-length
blots are presented in Supplementary Figure1). Representative blots are shown. *P<0.05 when compared
with the control group; #P<0.05 when compared with the IFN-γ group. D-G, Immuno�uorescence analysis
was used to ascertained the subcellular localization of FKN, p-YAP, IL-10 and TFN-α. Representative
photomicrographs are shown.
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Figure 4

FKN de�ciency attenuated the renal damage of LN via activation of the Hippo signaling pathway.

A, The BUN, serum creatinine and 24 h urinary protein levels. B show HE, Masson and PASM staining of
kidney tissues. *P <0.05 when compared with the WT Mice; #P <0.05 when compared with the LN Mice.
(Red arrows: in�ammatory cell in�ltration in the interstitium; yellow arrows: abscesses and a large
number of necrotic neutrophils in the lumen of some renal tubules; black arrows: dilated tubules and
protein deposits; green arrows: degenerated renal tubules and the epithelial cell cytoplasm was loose).
Representative photomicrographs are shown.
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Figure 5

FKN de�ciency suppressed macrophages polarization and proliferation in mice kidney tissues via
activation of the Hippo signaling pathway.

A Western blot analysis and their respective quantitation showing the protein expression levels of MST1,
YAP, p-YAP, p-TAZ, in mice kidney tissues(full-length blots are presented in Supplementary Figure2). B
Western blot analysis and their respective quantitation showing the protein expression levels of FKN,
iNOS, TNF-α, Arg-1 and IL-10 in mice kidney tissues(full-length blots are presented in Supplementary
Figure3). Representative blots are shown. *P < 0.05 when compared with the WT mice; #P < 0.05 when
compared with the LN mice. C, D and E show F4/80, p-YAP, IL-10 and TNF-a protein localization in mice
kidney tissues. Representative photomicrographs are shown.
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