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Running title: Kindlin-2 inhibition in adipocytes increases systemic bone mass

Abstract Osteoporosis (OP) is a systemic skeletal disease that primarily affects the
elderly population, which greatly increases the risk of fractures. Here we report that
Kindlin-2 expression in adipose tissue increases during aging and high-fat diet fed and
is accompanied by decreased bone mass. Kindlin-2 specific deletion (K2KO) controlled
by Adipog-Cre mice or adipose tissue-targeting AAV (AAV-Rec2-CasRx-sgK2)
significantly increases bone mass. Mechanistically, Kindlin-2 promotes peroxisome
proliferator-activated receptor gamma (PPARy) activation and downstream fatty acid
binding protein 4 (FABP4) expression through stabilizing fatty acid synthase (FAS),
and increased FABP4 inhibits insulin expression and decreases bone mass. Kindlin-2
inhibition results in accelerated FAS degradation, decreased PPARy activation and
FABP4 expression, and therefore increased insulin expression and bone mass.

Interestingly, we find that FABP4 is increased while insulin is decreased in serum of


mailto:caohl@sustech.edu.cn
mailto:magx@mail.sustech.edu.cn
mailto:yangdazhi1111@163.com

OP patients. Increased FABP4 expression through PPARy activation by rosiglitazone
reverses the high bone mass phenotype of K2KO mice. Inhibition of FAS by C75
phenocopies the high bone mass phenotype of K2KO mice. Collectively, our study
establishes a novel Kindlin-2/FAS/PPARy/FABP4/insulin axis in adipose tissue
modulating bone mass and strongly indicates that FAS and Kindlin-2 are new potential
targets and C75 or AAV-Rec2-CasRx-sgK2 treatment are potential strategies for OP
treatment.

KEY WORDS Kindlin-2; Adipocyte; FAS; Bone homeostasis; AAV-Rec2-CasRx-
sgK2; Osteoporosis; C75; mRNA editing

1. Introduction

Osteoporosis (OP), a systemic skeletal disease caused by the imbalance between
osteoblast-mediated bone formation and osteoclast-mediated bone resorption?,
primarily affects the elderly population and leads to decreased bone mineral density
(BMD) with an increased risk of fracture?. OP has continued to be a global public
problem, affecting more than 200 million individuals®, and about 1 in 3 women and 1
in 5 men over the age of 50 will experience an osteoporotic fracture®. At present, there
are several FDA-approved drugs for the treatment of OP in the clinic, however, most
of them have limitations in side effects or indications and cannot meet the needs of most
OP patients. For instance, the use of bisphosphonates, anti-resorptive agents, which
used to be the most commonly used drugs for OP treatment*®, is limited by their severe
side effects, including gastrointestinal symptoms, acute phase response, atypical femur
fractures and osteonecrosis of the jaw’8. Denosumab (a monoclonal antibody against
RANKL) is another anti-resorptive agent which represses bone resorption significantly
but also inhibits bone formation®1°, thus resulting in increased BMD but not improved
microarchitecture. That’s why Denosumab increases the risk of vertebral fractures
within 12 months after discontinuation of the drug'’. The use of Teriparatide
(parathyroid hormone analogue), another anti-osteoporotic drug approved by FDA, is
also limited due to its potential risk of inducing osteosarcoma, and patients with primary
or secondary hyperparathyroidism are not suitable for the use of parathyroid hormone
(PTH)*2, Romosozumab (a monoclonal antibody against sclerostin), a recently
approved drug for OP treatment by FDA, has the side effect of increasing the risk of
cardiovascular disease, and that’s why FDA requires a black box warning to be added

to the packaging and instructions!*%®, Furthermore, according to the results of its



previous clinical trials, romosozumab has a clear preventive effect on vertebral
fractures, but the preventive effect on fractures outside the vertebral body is
significantly inferior to the former; however, non-vertebral fractures account for more
than 85% fractures clinically!2. Therefore, it is of great significance to explore new
therapeutic targets and develop new drugs for the treatment of OP that could meet the
requirements of most OP patients. Overnutrition or obesity is another global and costly
health challenge facing modern society. Among the population of over 18 years old,
more than 1.9 billion are overweight or obese. Obesity can lead to a significant increase
in the incidence of certain metabolic diseases, including low bone mass disorders,
hypertension, diabetes, cardiovascular diseases, etc.®!’. Thus, strategies that could
reduce body weight and increase bone mass simultaneously are of great clinical
significance.

Adipose tissue is the largest endocrine organ, which regulates central and
peripheral systemic metabolism by secreting adipocyte derived peptide hormones, lipid
signals, inflammatory factors, and miRNA, etc.'®23, For example, the activation of
PPARy, the master transcription factor controlling adipogenesis?*, enhances the lipid
uptake and storage capacity of adipocytes , so that lipids flow from liver to adipose
tissue?®. FABP4, a major downstream target of PPARy'®, plays a critical role in
modulating S cell function®®. FAS, encoded by Fasn, a lone enzyme for de novo
lipogenesis, is essential for PPARy activation and FABP4 expression by synthesizing
fatty acids?’. Specific deletion of FAS in adipocytes results in smaller adipocytes?. It
is reported that adipose tissue also plays important roles in regulating bone homeostasis.
Extracellular vesicles derived from adipose tissue stem cells exert protective effect on
OP through osteoprotegerin and miR-21-5p?°. Macrophages of epididymal adipose
tissue regulate bone homeostasis through secreting osteopontin®. Blocking S-subunit
of follicle-stimulating hormone (FSH) by a polyclonal antibody reduces white adipose
tissue, promotes profound beiging and increases bone mass®32. Adipocyte ablation in
adult mice causes massive bone gain®. Recently, Yang et al.'” reported that targeting
adipocytic DDR2 increases bone mass, improves bone mechanical properties, and
resists weight gain caused by high-fat diet (HFD) fed in mice. The above findings
suggest that it is feasible to develop new drugs or strategies to prevent bone loss by
targeting adipose tissue, and systemic study of the mechanisms through which adipose

tissue regulating bone homeostasis could help developing new strategies for treatment



of OP and even obesity, thus decreasing the incidence of certain obesity-related
metabolic diseases, such as hypertension, diabetes, cardiovascular diseases, etc.

Kindlin-2, one of the three members of Kindlin family in mammals®, is encoded
by Fermt2 and expressed in various tissues and cells*#*°, Kindlin-2 plays critical roles
in cell migration, differentiation, and survival through mediating integrin activation®®-
%, Kindlin-2 is crucial for organ development and homeostasis revealed by studies from
our group and others, including the heart, kidney, pancreas, bone, and cartilage, and in
the occurrence and development of fatty liver and liver fibrosis, etc.*%°, However, the
role and mechanisms of adipocyte Kindlin-2 in modulating bone homeostasis remain
unclear.

In present study, we aim to demonstrate whether and how adipocyte Kindlin-2
regulates bone homeostasis and whether targeting Kindlin-2 expression in adipocyte
could be a potential therapeutic strategy for OP treatment. We demonstrate that Kindlin-
2 loss in adipocytes or AAV-Rec2-CasRx-sgK2 mediated RNA editing of Kindlin-2 in
adipocytes both significantly increases bone mass and improves bone mechanical
properties. Kindlin-2 deficiency accelerates FAS degradation and thus decreases
PPARy and FABP4 expression, leading to increased insulin secretion by g cell,
increased insulin signaling in bone tissues, and thus increased bone formation. FAS
inhibition by C75 markedly increases bone mass in WT C57BL/6 mice. Our work
provides potential targets and strategies for OP treatment, which is of great significance.

2. Materials and methods

2.1. Animal studies

To generate Kindlin-2" mice, two loxP sites were inserted from exons 5 and 6 at the
Kindlin-2 locus through homologous recombination, as described in our previous
study*’. The Adipog-Cre-transgenic mice harboring the Adipog-Cre BAC transgene
which expresses Cre recombinase controlled by the adiponectin (Adipoq)
promoter/enhancer regions within the BAC transgene were purchased from the Jackson
laboratory®. The generation of Kindlin-27: Adipog-Cre mice, the adipocyte specific
Kindlin-2 knockout mice, was previously described®. Briefly, we bred Kindlin-2//
mice with Adipog-Cre mice® and obtained Kindlin-2"*:Adipog-Cre mice. By further
breeding of Kindlin-2"*;Adipog-Cre mice with Kindlin-2"" mice, we obtained Kindlin-
2% Adipog-Cre mice. The Cre-negative Kindlin-2% mice were used as controls in our

study. All mice used in current study were maintained in C57BL/6 background through



being crossed with normal C57BL/6 mice for over 10 generations. Mice were group-
housed at 20 to 24 °C in a humidity (40%—-60%) environment and exposed to a 12-h
light/12-h dark cycle. For glucose tolerance test, mice were fasted 16 h before injected
with glucose (1 g/kg body weight, i.p.). All protocols for animal studies were approved
by the Institutional Animal Care and Use Committee of Southern University of Science

and Technology.

2.2. Micro-computerized tomography (uCT) analysis

Fixed non-demineralized femurs were used for pCT analysis using a Bruker pCT
(SkyScan 1172 Micro-CT, Bruker MicroCT) according to the standards of techniques
and terminology suggested by the American Society for Bone and Mineral Research?.
Briefly, femurs were scanned at 60 kV, 100 pA, 926 ms with a resolution of 10 um. A
region of interest (ROI) of 1.5 mm length starting from 0.5 mm proximal to the distal
growth plate was analyzed for trabecular measurements and a ROI of 1.0 mm length of
mid-femoral cortical bone was analyzed for cortical bone analysis. All key parameters
including the BMD, bone volume/tissue volume fraction (BV/TV), trabecular number

(Th.N), trabecular separation (Th.Sp) and cortical thickness (Crot.Th) were analyzed.

2.3. Mineral apposition rate (MAR), mineralizing surface per bone surface (MS/BS),
and bone formation rate (BFR) determination

Calcein double labeling experiment was performed as we previously described*®>2,
Briefly, mice were injected intraperitoneally with calcein (Sigma, cat# C0875) at a
dosage of 20 mg/kg at 7 and 2 days before sacrifice. Femurs were isolated and fixed
with 70% ethanol, then non-demineralized femurs were embedded with Osteo-Bed
Bone Embedding kit (Sigma, cat# EM0200) following the manufacturer’s instruction
and sectioned at 5 pum. Images were captured using a fluorescence microscope
(Olympus-BX53) and used for the MAR, MS/BS, and BFR evaluation as previously
described®®.

2.4. Colony forming unit-fibroblast (CFU-F) assay and Colony forming unit-osteoblast
(CFU-OB) assay

The CFU-F and CFU-OB assay were conducted as we previously described®®. Bone
marrow nucleated cells isolated from 5-month-old mice were seeded in a 12-well plate

at a cell density of 1 x 10° cells/well. For CFU-F assay, the cells were cultured in the



Mouse MesenCult Proliferation Medium (STEMCELL Technologies, cat# 05513) for
14 days, then Giemsa staining (Sigma, GS500) was performed according to the
manufacturer’s protocol. For CFU-OB assay, the cells were cultured in differentiation
medium (i.e., a-MEM containing 10% fetal bovine serum (FBS), 50 pg/mL L-ascorbic
acid and 2 mmol/L pg-glycerophosphate) for 21 days, then alizarin red staining was

performed.

2.5. In vitro and in vivo osteoclast differentiation assay

In vitro osteoclast formation assay was performed as we previously described®.
Tartrate-resistant acid phosphatase (TRAP) staining of decalcified tibia sections from
both control and K2KO mice was performed as we previously described*®. The

osteoclast surface and osteoclast number were measured as we previously described®®.

2.6. In vitro osteoblastic and adipogenic differentiation of bone marrow stromal cells
(BMSCs)

Primary BMSCs, isolated from femurs and tibias of 5-month-old mice, were cultured
as we previously described®. BMSCs were seeded in 6-well plate at the density of 5 x
10° cells/well and cultured in osteogenic medium (i.e., a-MEM containing 10% FBS
and 50 pg/mL ascorbic acid) for 7 days followed by quantitative real-time RT-PCR
(RT-gPCR) analysis or Western blot (WB) analysis to determine the expression of
osteogenic genes, or alkaline phosphatase (ALP) staining. For in vitro adipogenic
differentiation assay, the above primary BMSCs were cultured with adipogenic
differentiation medium (MesenCult Adipogenic Differentiation Kit, Stemcell
Technologies) for 7 days, followed by RT-gPCR or WB analyses, or cultured for 14
days, followed by oil red O (Sigma, 01391-250ml) staining as we previously

described®.

2.7. RT-gPCR and WB analyses

RT-gPCR analysis was performed as previously described®. 1 ug of RNA, isolated
using the RNeasy Mini Kit (Qiagen, Cat#74104) according to the manufacturer’s
instruction, was reverse transcribed after being denatured, in a reaction system with a
total volume of 25 pL containing 100 pmol of random hexamers (Applied Biosystem,
Foster, CA, USA) and 12.5 U MultiScribe reverse transcriptase (Applied Biosystem,
Foster, CA, USA). RT-qPCR analysis was used to determine the relative mRNA levels



using the SYBR Green kit (Bio-Rad Laboratories Inc, Germantown, MD, USA). The
MRNA levels of each detected gene were normalized to Gapdh expression. The DNA
sequences of primers used for RT-gPCR in this study are listed in Supporting
Information Table S1. WB analysis was performed as previously described®®. Briefly,
protein samples were fractionated on a 10% SDS-PAGE gel and transferred onto
nitrocellulose membranes (Schleicher & Schuell, Keene, NH, USA). The membrane
was blocked using 5% nonfat milk in Tris-buffered saline/Tween 20 buffer, after that,
the membrane was firstly probed with primary antibodies, then secondary antibodies
with the conjugation of horseradish peroxidase, finally the membrane was visualized
using a Western Blotting Detection Kit (GE Healthcare, cat#: RPN2106). Primary and
secondary antibodies used in this study are listed in Supporting Information Table S2.

2.8. ELISA assay of serum procollagen type 1 amino-terminal propeptide (P1NP),
collagen type I cross-linked C-telopeptide 1 (CTX1), FABP4, insulin

ELISA assay was conducted as we previously described. Briefly, serum samples were
isolated from blood collected from control and K2KO mice. Serum P1NP, CTX1,
FABP4 and insulin were measured by using PINP ELISA kit (Immunodiagnostic
Systems Limited, cat# AC-33F1), CTX1 ELISA kit (Immunodiagnostic Systems
Limited, cat# AC-06F1), FABP4 ELISA kit (Beyotime Limited, cat# SEKH-0169-96T),
and insulin ELISA kit (Beyotime Limited, cat# SEKH-0219-96T), respectively,

according to the manufacturers’ instructions.

2.9. Immunohistochemistry (IHC) and immunofluorescence (IF) staining

IHC and IF staining were performed as we previously described. For IHC staining, 5
um sections were stained with indicated antibodies or control normal 1gG using the
EnVision+System-HRP (DAB) kit (Dako North America Inc, Carpinteria, CA, USA)
according to the manufacturer’s instruction®. The following antibodies were used for
IHC staining in this project: osterix (OSX) and phosphorylated insulin receptor
substrate-1 (pIRS1). For IF staining, 5 um paraffin sections were stained with indicated
antibodies as we previously described*>"°8, The following antibodies were used for IF
staining in this project: osteocalcin (OCN) and insulin. The fluorescence signal was

acquired by Nikon Confocal A1R system under 20x objective lens.

2.10. AAV-Rec2-CasRx-sgK2 construction and injection



CasRx mediated RNA editing was designed and performed as previously described®®.
For sgRNA screening, 5 sgRNAs targeting mouse Kindlin-2 mRNA was constructed
into pXR003 and co-transfected with pXR001 to evaluate RNA editing efficiency.
SgRNA4  (5'-ACGTGTCTTTGAAAGTGCACCAG-3') and sgRNA5 (5
TAGTACTTGAATCGGAGCAGCAA-3') were used for further study according to
their high knockdown efficiency. AAV-Rec2 carrying a CasRx gene under Adipoq
promoter and sgRNA4 under U6 promoter was synthesized by Vigene Biosciences
(Jinan, Shandong, China). For in vivo study, 3-month-old WT C57BL/6 mice were
intraperitoneally injected with AAVs at a dose of 1 x 101° vg/mouse in 150 pL of AAV
dilution buffer®. After 2 months of injection, mice were sacrificed for further

evaluation.

2.11. DNA constructs and transfection

We obtained the negative control and mouse-specific Kindlin-2 siRNAs from Suzhou
GenePharma Co., Ltd. (Suzhou, China). The mouse negative control siRNA sequence
is: 5-UUCUCCGAACGUGUCACGUTT-3', the mouse Kindlin-2 siRNA sequence is:
5-GCUUCUAUGCAGAGC GCUUTT-3".

2.12. Human serum samples

Serum samples from healthy individuals and OP patients were obtained in Nanjing
Drum Tower Hospital (Nanjing China) with procedures approved by the ethics
committee of the Drum Tower Hospital (IRB No: 2021-192). Written informed
consents were provided by all participants. Bone mineral density of the participates was
measured, those with T scores < —2.5 were assigned to the OP group, and those with T
scores > —1 were assigned to the control group® (Supporting Information Table S3).
Those participates with other metabolic diseases, including diabetes, arthritis,

osteonecrosis, etc., were excluded from this study.

2.13. Statistical analyses

Mice used in this study were grouped randomly. Unpaired Student’s t test (two groups)
or one-way ANOVA, and two-way ANOVA (multiple groups), followed by Tukey’s
post hoc test as appropriate, were used for data analysis. Results are expressed as mean
+ standard deviation (SD), as indicated in figure legends. Differences with P < 0.05

were considered of statistically significance.
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3. Results

3.1. Deleting Kindlin-2 in adipocytes dramatically increases systemic bone mass and
improves bone mechanical properties in mice

To study the age-related change and HFD-related change in adipocyte Kindlin-2, we
firstly determined its expression in white adipose tissue (WAT) from young (5-month-
old) and aged (18-month-old) mice, normal chow diet (NCD) fed and HFD fed mice.
IF staining revealed that Kindlin-2 expression was markedly up-regulated in
epididymal WAT (eWAT) and inguinal WAT (iWAT)) from aged or HFD fed mice
(Supporting Information Fig. SIA-S1C) who had lower bone mass than young or NCD
fed mice (Fig. S1D-S1F). These results indicate that decreased bone mass is
accompanied by elevated Kindlin-2 expression in white adipose tissue during aging and
HFD. These results aroused our interest in investigating the role of adipocyte Kindlin-
2 in maintaining bone homeostasis. For this purpose, we generated Kindlin-
2% Adipog-Cre mice (hereafter referred to as K2KO). WB analysis revealed that
Kindlin-2 expression in eWAT from K2KO mice was significantly reduced, but not in
bone tissue, compared with that of control mice (Fig. S1G). uCT analysis of distal
femurs, calvariae and vertebrae revealed a high bone mass phenotype of both genders
and different ages of K2KO mice compared with that of control mice (Fig. 1A-J). The
BMD and BV/TV of distal femurs in male K2KO mice were increased by 39.67% and
57% respectively at 5 months of age, 55% and 90% respectively at 12 months of age
(Fig. 1B and C). The bone mass increase was even more significant in female K2KO
mice. The BMD and the BV/TV of distal femurs in female K2KO mice were increased
by 128% and 203%, respectively, at 5 months of age compared with control littermates
(Fig. 1B and C). Both genders of K2KO mice displayed markedly increased Th.N (Fig.
1D), and drastically decreased Th.Sp (Fig. 1E). A significant increase of Cort.Th was
observed in distal femurs of both genders of K2KO mice, it was increased by 14% in
male mice and 25% in female mice at 5 months of age (Fig. 1F). Kindlin-2 loss also
caused a significant increase of bone mass in calvariae (Fig. 1G and H) and vertebrae
(lumber spine (L4)) (Fig. 11 and J). uCT analysis revealed that, in male mice at 5 and
12 months of age, the BV/TV of calvariae was increased by 15%and 13%, respectively,
82% and 32% in vertebrae, respectively. In female mice at 5 months of age, the BV/TV
of calvariae and vertebrae was increased by 34% and 155%, respectively (Fig. 1H and

J). Since bone mass increase is much more obvious in female mice, we only used female



mice in the following experiments of this study to minimize the use of mice and keep
consistency.

There is a tight crosstalk between muscle tissue and bone tissue, the strength of
skeletal muscle could affect bone mass profoundly®?®. Therefore, we tested the
gripping power of the front paws of 5-month-old mice. Results showed that Kindlin-2
deletion in adipocyte slightly increased the gripping power but with no significance
(Supporting Information Fig. S2B) at this age with similar body weight (Fig. S2A).

We applied the 3-point bending tests on femurs of 5-month-old control and K2KO
mice to examine whether Kindlin-2 loss in adipocytes affects the mechanical properties
of bone tissue (Fig. 1K). As presented in Fig. 1, femurs from K2KO mice had higher
maximum load (Fig. 1L) and stiffness (Fig. 1N) with no alterations in maximum
displacement (Fig. 1M) than control mice. The average maximum load of femurs from
5-month-old control mice was 18.2 N, and this number was increased to 25.3 N,
increased by 39%. The average stiffness was 79.7 N/mm in control mice and 120.1
N/mm in K2KO mice, increased by 63.7%.

Collectively, these results demonstrate that adipocyte Kindlin-2 functions as a
crucial regulator of bone homeostasis.

Insert Fig. 1

3.2. Kindlin-2 loss markedly increases osteoblast formation and bone-forming activity
while has relatively mild effects on osteoclast formation and bone resorption

Since bone homeostasis is maintained by the balance between osteoclast-mediated bone
resorption and osteoblast-mediated bone formation, we investigated osteoclast
formation and bone resorption in vivo and in vitro firstly. The result of TRAP staining
of tibial sections revealed that Kindlin-2 loss had no significant effect on osteoclast
formation in vivo both in 5-month-old and 12-month-old mice, indicated by similar
osteoclast number/bone perimeter (Oc.Nb/BPm) and osteoclast surface/bone surface
(Oc.S/BS) in both primary and secondary spongiosa bones (Supporting Information Fig.
S3A-S3E). ELISA assay of the serum levels of the CTX1, derived from type I collagen
during in vivo osteoclast mediated bone resorption, showed a slight but significant
increase of average value in K2KO group (Fig. S3F), this could be due to an increase
in the total number of osteoclasts. In vitro osteoclast differentiation assay displayed that
the number of multinucleated TRAP positive osteoclasts was similar in both control

and K2KO groups (Fig. S3G and S3H), indicating that the capacity of bone marrow



monocytes (BMMs) differentiating into osteoclasts was not much changed by Kindlin-
2 loss in adipocytes. Thus, Kindlin-2 deletion in adipocytes has no obvious effect on
osteoclast formation and bone resorption.

We next investigated whether osteoblast formation and function were altered by
Kindlin-2 loss. The calcein double labeling experiments revealed a significant increase
in osteoblast bone-forming activity in vivo of K2KO mice, indicated by dramatic
increases in MAR, MS/BS, and BFR in the femoral metaphyseal cancellous bones and
cortical bones (Fig. 2A-G). Von Kossa staining of undecalcified femoral sections
displayed marked increases in osteoid volume/tissue volume (OV/TV) and mineralized
BV/TV of the cancellous bones of K2KO mice compared with control mice (Fig. 2H-
J). ELISA assay showed a significant increase of PLNP (an in vivo marker of osteoblast
bone-forming activity) in serum of K2KO mice compared with that of control mice (Fig.
2K). The number of cuboidal osteoblasts that are active for bone formation on trabecula
surfaces was greatly increased in K2KO mice compared with control littermates, while
the number of flat osteoblasts which are inactive for bone formation was not obviously
changed (Fig. 2L-N). IHC staining revealed that the number of OSX-positive cells (i.e.,
pre-osteoblasts) located on the tibial metaphyseal cancellous bone surface was
drastically increased in K2KO mice relative to that in the control mice (Fig. 20 and Q).
The results of IF staining showed that the number of OCN-positive cells (i.e., mature
osteoblasts) was also significantly increased by Kindlin-2 loss in adipocytes (Fig. 2P
and R). Thus, Kindlin-2 deletion in adipocytes significantly increases osteoblast
differentiation and bone formation.

Insert Fig. 2

3.3. Kindlin-2 loss increases osteogenic while decreases adipogenic differentiation of
BMSCs

To determine the underlying mechanism(s) for increased osteoblast formation in K2KO
mice, we performed the CFU-F assays and CFU-OB assays using freshly flushed out
primary bone marrow cells from 5-month-old K2KO mice and control littermates.
Results showed that Kindlin-2 loss dramatically increased the numbers of CFU-F (Fig.
3A and B) and CFU-OB (osteoprogenitors) colonies (Fig. 3C and D) by 168% and
155%, respectively. RT-gPCR analyses using RNA isolated from bone tissues or fresh
bone marrow of control and K2KO mice revealed that the expression of osteogenic

genes, including Runx2, Osx, Collal, Alp, etc., were significantly elevated by Kindlin-



2 deletion (Fig. 3E and F). We further determined whether Kindlin-2 deficiency altered
the in vitro differentiation capacity of primary BMSCs. Results showed that the
mineralization (Fig. 3G and H) and osteoblast gene expression (Fig. 31-K) were both
greatly increased in K2KO group compared with those in control group, the expression
of RUNX2, OSX, ALP were all significantly increased both at RNA and protein levels.
In vitro adipogenic differentiation of BMSCs isolated from K2KO mice was severely
impaired compared with that of control mice as measured by Oil Red O staining (Fig.
3L and M). Consistently, Kindlin-2 loss dramatically decreased the mRNA expression
of adipogenic differentiation genes, including those encoding FABP4 and leptin, but
not PPARy or FAS (Fig. 3N). The protein level of FAS, PPARy, FABP4 and leptin,
were severely downregulated by Kindlin-2 loss revealed by WB analyses using protein
extracts isolated from BMSCs after being adipogenic-differentiated (Fig. 30 and P).
Furthermore, the number of adipocytes in bone marrow was also significantly reduced
in K2KO mice revealed by hematoxylin and eosin (H&E) staining (Fig. 3Q-S).
Insert Fig. 3

3.4. Kindlin-2 loss decreases FABP4 and increases insulin signaling

FABPA4, also known as aP2, a major target gene of PPARY**® negatively regulates
cell mass and function?®. WB analyses revealed that Kindlin-2 loss resulted in a
significant reduction of FABP4 in BMSCs after being adipogenic-differentiated (Fig.
3N-P). Based on this finding, together with the observation that the glucose tolerance
was slightly improved in both genders of K2KO mice at different ages compared with
that of control littermates (Supporting Information Fig. S4A), we next determined
insulin expression and insulin signaling in K2KO mice. As expected, ELISA assay
revealed a significant decrease of FABP4 (Fig. 4A) and a dramatic increase of insulin
in serum (Fig. 4B) obtained from K2KO mice compared with that of control group. IF
staining also displayed an increase of insulin expression in islet (Fig. 4C and D) in
K2KO mice. Consistent with the increased serum insulin level, IHC staining of tibial
cross sections showed drastically increased expression of pIRS1, a key member of
insulin signaling pathway, in K2KO mice (Fig. 4E and F). And as expected, the
phosphorylated ribosomal S6 kinase (pS6K), a key downstream factor of pIRS1, was
also significantly increased in K2KO bone tissues (Fig. 4E and G). What’s more,

treatment with serum from K2KO mice markedly increased pIRS1 and osteogenic



markers, including RUNX2, OSX, ALP, in in vitro osteogenic-differentiated BMSCs
compared with that of control group (Fig. 4H and 1).

We also tested if FABP4 has a direct role on osteoblast formation. WB displayed
that osteogenic differentiation of BMSCs was not affected by recombinant mouse

FABP4 (rmFABP4) represented by unaltered expression of osteogenic marker genes,

including RUNX2, OSX and ALP (Fig. 4J and K).

We then compared the serum level of FABP4 and insulin in OP patients (7-scores
<-2.5) and normal control (7-scores > —1). Results showed that serum level of FABP4
was significantly increased (Fig. 4L) while insulin level was decreased in OP patients
(Fig. 4M), indicating the potential correlation between the serum levels of FABP4,
insulin, and bone mass in human beings.

Insert Fig. 4

3.5. Increased FABP4 expression by rosiglitazone activation of PPARy reverses the
high bone mass phenotype of K2KO mice

Since FABP4 is a major target gene of PPARy, PPARy activation increases FABP4
expression. If Kindlin-2 loss increased bone mass through decreased FABP4 expression,
then increased FABP4 expression through PPARy activation by synthetic ligand
rosiglitazone should be able to reverse at least partially the high bone mass in K2KO
mice. Therefore, we administered 3-month-old mice with rosiglitazone (30 mg/kg/day)
or vehicle (1% carboxymethylcellulose in saline) daily, by oral gavage for 1 month®®¢7,
As expected, results of uCT analysis displayed a decrease of bone mass in control mice
after rosiglitazone treatment. The high bone mass phenotype caused by Kindlin-2
deletion was reversed by rosiglitazone treatment (Fig. 5A—C). Rosiglitazone treatment
did not change Kindlin-2 and FAS (Supporting Information Fig. S8A) but significantly
increased PPARy expression in WAT in both groups (Fig. 5D-F). Furthermore, the
decreased serum FABP4 level in K2KO mice was also reversed by rosiglitazone
treatment examined by ELISA assay (Fig. 5G). And as expected, the increased insulin
level both in serum (Fig. 5H) and in islet (Fig. 51 and J) were decreased by rosiglitazone
treatment revealed by ELISA assay and IF staining. Furthermore, the increased pIRS1
in bone tissues in K2KO mice was also largely reversed by rosiglitazone treatment (Fig.
5K and L).



Numerous studies have revealed a positive relationship between insulin signaling
and bone mass 74 Taken together, the above results demonstrate that adipocyte
Kindlin-2 modulates bone mass at least partially through regulating FABP4/insulin
signaling, and increased insulin signaling caused by decreased FABP4 makes crucial

contribution to the high bone mass of K2KO mice.

3.6. Kindlin-2 controls PPARy and FABP4 expression through modulating FAS protein
level in adipocytes
Next, we determined how Kindlin-2 loss in adipocytes decreases FABP4 expression.
Since PPARy controls FABP4 expression, and deletion of Kindlin-2 in adipocytes
resulted in dramatically decreased PPARy expression (Fig. 30 and P, Fig. 5D and F),
we tested if Kindlin-2 regulates FABP4 expression through modulating PPARy. We
firstly conducted co-immunoprecipitation (co-1P) assays using antibodies against
Kindlin-2 and PPARy respectively. However, we were not able to demonstrate an
interaction between Kindlin-2 and PPARy (Supporting Information Fig. S5A and S5B),
indicating that Kindlin-2 modulates PPARy expression indirectly.
Insert Fig. 5

FAS, encoded by Fasn, is the lone enzyme for de novo lipogenesis’, and is critical
for PPARy activation and expression’®. Results showed that the protein level but not
MRNA level of FAS was dramatically reduced by Kindlin-2 loss in BMSCs after being
adipogenic-differentiated (Fig. 3N-P), and FAS was downregulated in K2KO eWAT
revealed by IF staining (Fig. S8A). It is reported that FAS deletion in adipocyte results
in reduced adipocyte size 28, Indeed, the decreased FAS expression by Kindlin-2 loss
also decreased white adipocyte size and resulted in smaller adipocyte (Supporting
Information Fig. S6A and S6B), however, the cell size of brown adipocyte tissue (BAT)
was not much changed by Kindlin-2 loss (Fig. S6C). We next determined if Kindlin-2
controls PPARy and FABP4 expression through modulating FAS expression in
adipocytes. Kindlin-2 knockdown by siRNA markedly decreased FAS, PPARy and
FABP4 protein level. The decrease of PPARy and FABP4 protein level caused by
Kindlin-2 knockdown could be blocked by FAS overexpression (Fig. 6A). Kindlin-2
overexpression elevated FAS, PPARy and FABP4 protein level. The increase of PPARy
and FABP4 protein level caused by Kindlin-2 overexpression could be blocked by FAS



inhibitor C75"7 (Fig. 6B). The above results defined a novel Kindlin-2/FAS/
PPARy/FABP4 axis in adipocyte in vitro.

3.7. Kindlin-2 modulates FAS stabilization through regulating its ubiquitination
Results of IF staining of 3T3-L1 preadipocytes using antibodies against Kindlin-2 and
FAS revealed that both Kindlin-2 and FAS were widely distributed all over the
cytoplasm. A strong colocalization of Kindlin-2 and FAS was observed in the
cytoplasm (Fig. 6C). We next determined if Kindlin-2 interacts with FAS by
performing co-IP assays using whole-cell extracts isolated from 3T3-L1 preadipocytes.
Results showed that a strong signal of FAS protein could be detected in the Kindlin-2
immunoprecipitates, vice versa (Fig. 6D), indicating an interaction of the endogenous
Kindlin-2 and FAS proteins. Same results were confirmed in HEK293T cell line
(Supporting Information Fig. S7TA and S7B). We then determined if Kindlin-2
knockdown affects FAS protein stability by conducting the cycloheximide (CHX)
experiments. We found that KINDLIN-2 knockdown dramatically promoted the FAS
protein degradation in 3T3-L1 preadipocytes (Fig. 6E and F). MG132 treatment
resulted in dramatically increased FAS accumulation and blocked the decrease of FAS
caused by Kindlin-2 knockdown (Fig. 6G and H), indicating that FAS is degraded
mainly through the proteasomal degradation pathway. Next, we determined whether
KINDLIN-2 can modulate the proteasome-mediated degradation of FAS protein by
analyzing the polyubiquitination level of FAS protein. Results displayed that
KINDLIN-2 overexpression greatly decreased the level of FAS polyubiquitination in
HEK293T cells (Fig. 61).

Collectively, these results suggest that Kindlin-2 regulation of PPARy expression
is FAS dependent. Kindlin-2 loss promotes proteasome-mediated degradation of FAS
protein, leading to decreased PPARy activation and FABP4 expression, which finally
increases insulin secretion (Fig. 6J). Thus, PPARy and FABP4 functions downstream
of FAS. Rosiglitazone treatment increased PPARy activation without changing FAS
expression (Supporting Information Fig. S8A), further demonstrating the above
conclusion.

Insert Fig. 6

3.8. FAS inhibitor C75 treatment increases bone mass of C57BL/6 mice



To further verify the mechanisms established in this study, we injected 3-month-old
WT C57 mice with FAS inhibitor C75 intraperitoneally every 3 days for 1 months, at a
dose of 10 mg/kg. The body weight was not changed by C75 treatment (Supporting
Information Fig. SOA). The mass of iIWAT and eWAT were significantly decreased by
C75 treatment, while the mass of BAT was not affected (Fig. S9B). uCT analysis of
distal femurs showed that the bone mass in mice treated with C75 was greatly elevated
compared with vehicle group (Fig. 7A). Both BMD (Fig. 7B) and BV/TV (Fig. 7C)
were significantly increased in C75 treated group compared with control group. H&E
staining also revealed an increase of trabecular bone mass in mice treated with C75 (Fig.
S9C). Serum level of PINP was also greatly increased by C75 treatment revealed by
ELISA assay (Fig. 7F). IF staining demonstrated an elevated signal of OCN in bone
tissues of mice with C75 treatment compared with control group (Fig. 7D and E). IF
staining of eWAT revealed significant decrease of FAS, PPARy and FABP4 while
Kindlin-2 expression was not altered by C75 treatment (Fig. 7G and H). The decrease
of FABP4 was further demonstrated by ELISA assay of the serum (Fig. 71). These
results suggest that FAS functions upstream of PPARy and FABP4, downstream of
Kindlin-2. IF staining of the islet (Fig. 7J and K) and ELISA assay of the serum (Fig.
7L) both displayed the increase of insulin level. Accordingly, pIRS1 expression in bone
tissues of mice treated with C75 was greatly elevated (Fig. 7M and N). Since myeloid
cells also express low level of FAS, we examined if osteoclast formation is affected by
C75 treatment. TRAP staining of tibiae sections displayed that osteoclast formation was
not affected by C75 treatment (Fig. S9D). To determine the biosafety of the
concentration of C75 used in this study, we examined the histological changes of heart,
kidney, liver, lung and spleen by H&E staining. Results showed that all organs
examined showed normal tissue and cell structure after C75 treatment compared with
that of control group (Fig. S9E), suggesting that the concentration of C75 used in this
study is of great biosafety in mice. Collectively, intraperitoneal injection of FAS
inhibitor C75 phenocopies the effect of Kindlin-2 deletion in adipocytes and increases
bone mass, indicating that FAS is a potential therapeutic target and C75 is a potential
drug for the treatment of diseases with bone loss, including OP.

Insert Fig. 7

3.9. AAV-CasRx mediated RNA editing of KINDLIN-2 in adipocytes increases bone
mass of WT C57BL/6 mice



To further determine whether the mechanisms of this study have a potential
translational significance, we then determined if KINDLIN-2 knockdown via AAV
increases bone mass®. Rec2 is an adipose targeting AAV serotype which improves the
tissue specificity through restricting the off-target transduction in liver®®. We first
screened five sgRNAs for their efficiency in CasRx mediated RNA editing of Kindlin-
2 in 3T3-L1 preadipocytes. Results showed that co-transfection of a vector containing
CasRx gene with sgRNAs 4 and 5 that target Kindlin-2 mRNA, resulted in 78.4% and
77.3% (n = 3 repeats) reduction of Kindlin-2 protein respectively (Supporting
Information Fig. S10A and S10B). We next examined whether Kindlin-2 knockdown
in adipocytes in vivo by using CasRx-induced RNA editing could increase bone mass.
We constructed AAV-Rec2-CasRx-sgK2 (Rec2-sgK2) driven by the Adipog promotor
to knockdown Kindlin-2 through RNA editing specifically in adipose tissue, and AAV-
Rec2-CasRx-sgNC (Rec2-sgNC) carried an sgRNA that has no known targeting gene
as a control. The design of Rec2-sgK2 is illustrated in Fig. 8A. Next, we tested the
effect of Rec2-sgK2 on bone mass accrual. 3-month-old C57BL/6 mice were
intraperitoneally injected with Rec2-sgK2 or Rec2-sgNC. After 2 months, mice were
sacrificed, and specimens were collected. Kindlin-2 knockdown efficiency in WAT and
other organs was evaluated by WB. Results showed that Rec2-sgK2 injection
dramatically decreased Kindlin-2 expression in eWAT, but not in other tissues (Fig.
S10C and S10D). Kindlin-2 knockdown reduced eWAT mass (Fig. S10F) without
affecting the body weight (Fig. S10E) at this time point. uCT analysis of distal femurs
showed a significant increase of bone mass (Fig. 8B), BMD (Fig. 8C) and BV/TV (Fig.
8D) were both significantly increased in Rec2-sgK2 treated mice compared with that of
Rec2-sgNC treated mice. H&E staining also displayed an increase of trabecular bone
in tibiaec from Rec2-sgK2 treated mice (Fig. S10G). Serum level of PINP was also
greatly increased in Rec2-sgK2 treated mice revealed by ELISA assay (Fig. 8E),
suggesting increased in vivo osteoblast-mediated bone formation activity. IF staining
displayed a significantly enhanced signal of OCN in bone tissues of Rec2-sgK2 treated
mice, indicating that osteoblast formation was promoted (Fig. 8F and G). Rec2-sgK2
treatment also dramatically reduced the level of FAS, PPARy, FABP4 in eWAT (Fig.
8H and 1). Decreased serum level of FABP4 (Fig. 8J) and increased expression of
insulin evaluated by ELISA assay (Fig. 8M) or by IF staining (Fig. 8K and L), together
with strengthened pIRS1 signal in bone tissues (Fig. 8N and O), indicated the elevated

insulin signaling in mice treated with Rec2-sgK2. Collectively, these results



demonstrate that adipocyte KINDLIN-2 is a potential therapeutic target and AAV-
mediated RNA editing is a potential strategy for OP treatment.
Insert Fig. 8

4. Disscussion

In this study, by using a strategy that combines gain- and loss-of function approaches,
we for the first time demonstrate that Kindlin-2 through its expression in adipocytes
plays a crucial role in controlling bone homeostasis. Specific inhibition of Kindlin-2 in
adipocytes dramatically increases bone mass of distal femurs, vertebrae and calvariae,
both in cancellous and cortical bones. Furthermore, the mechanical properties of long
bones are significantly improved by Kindlin-2 deletion.

One major finding of this study is the demonstration that Kindlin-2 plays key roles
in adipose tissue regulating bone homeostasis. Several lines of evidence from the
current study support this notion. First, Kindlin-2 expression increases in WAT in an
age-related manner and is accompanied by decreased bone mass. Second, specific
Kindlin-2 deletion in adipocytes increases bone mass and improves mechanical
properties of bone tissue. Finally, Kindlin-2 knockdown in adipose tissue via
intraperitoneal injection of AAV-Rec2-CasRx-sgK2 increases bone mass in WT
C57BL/6 mice. These findings provide strong evidences that Kindlin-2 in adipocytes
could be a potential therapeutic target for bone loss related diseases, such as OP.

In this study, we demonstrate that adipocyte Kindlin-2 regulates bone homeostasis
by controlling FAS-dependent PPARjy-mediated FABP4 expression and insulin
signaling. First, the protein level of FAS, a critical enzyme for de novo lipogenesis
which is important for PPARy activation and its downstream FABP4 expression’®78-80,
is significantly reduced by Kindlin-2 deletion. Consistently, expression of PPARy and
FABP4 are dramatically decreased, and insulin signal in both serum and islet in K2KO
mice are accordingly elevated. The markedly elevated insulin signaling pathway in
bone tissues demonstrated by enhanced pIRS1 and pS6K signals at least partially
explains the high bone mass phenotype of K2KO mice based on the well characterized
positive effects of insulin signaling pathway in promoting bone mass and bone
mechanical property®®71738182 Second, BMSCs treated with serum obtained from
K2KO mice show elevated insulin signaling and increased osteogenic differentiation

capacity compared with that of control group, further demonstrating that insulin



signaling is strengthened in K2KO mice. Finally, PPARy activation by rosiglitazone
reverses the decreased FABP4 and increased insulin expression, and thus reverses the
high bone mass phenotype of K2KO mice. Interestingly, consistent with these findings,
serum level of FABP4 is increased and insulin is decreased in OP patients revealed by
ELISA assay in this study.

Notably, in the present study, we identify Kindlin-2 as a crucial factor controlling
PPARy expression through modulating FAS protein stability in adipocytes for
maintenance of bone homeostasis by in vivo and in vitro studies. First, both K2KO mice
and Rec2-sgK2 treated mice show decreased level of FAS, PPARy and FABP4 and
increased bone mass. Second, FAS inhibitor C75 treatment reduces PPARy and FABP4
protein level while Kindlin-2 expression is unaltered in eWAT, and bone mass is
increased. Third, PPARy activation by rosiglitazone increases PPARy and FABP4
expression but not Kindlin-2 or FAS expression and reverses the high bone mass
phenotype of K2KO mice. Finally, in vitro studies show that the decrease of PPARy
protein caused by KINDLIN-2 knockdown in 3T3-L1 preadipocytes is blunted by FAS
overexpression, and the increase of PPARy by Kindlin-2 overexpression is reversed by
FAS inhibition. Thus, we demonstrate the axis of Kindlin-2/FAS/ PPARy/FABP4 in
adipose tissue that is critical for maintaining bone homeostasis.

We define a mechanism through which Kindlin-2 deletion reduces FAS protein
level in adipocytes. Results show that Kindlin-2, through its interaction with FAS,
stabilizes FAS protein by inhibiting its polyubiquitination and degradation. Loss of

Kindlin-2 accelerates FAS polyubiquitination and degradation.

5. Conclusions

In summary, the current study for the first time demonstrates the role of Kindlin-2 in
adipocytes in  maintaining  bone  homeostasis  through  modulating
FAS/PPARy/FABP4/insulin axis. This pathway may of great clinical significance for
the prevention and treatment of low bone mass related diseases, such as OP. First, RNA
editing of Kindlin-2 in adipose tissue via intraperitoneal injection of Rec2-sgK2
increases bone mass of C57BL/6 mice, indicating that adipocyte Kindlin-2 is a potential
target and Rec2-sgK2 treatment iS a potential strategy for OP treatment. Second,
intraperitoneal injection of FAS inhibitor C75%, also significantly increases bone mass
of WT C57BL/6 mice. FAS inhibitors have been reported with potential clinical

application prospects, including the treatment of cancers, nonalcoholic steatohepatitis,



sepsis, etc.”>3-%5_Our study lays the foundation for the use of C75 for the treatment of
diseases associated with bone loss.

We must acknowledge that there are several limitations in this study. First, while
our results show that Kindlin-2 loss accelerates the proteasome degradation of FAS
mediated by ubiquitination, it remains to be determined which E3 ligase is required for
FAS ubiquitination. Second, in current study, the long-term positive effect of Rec2-
sgK2 and FAS inhibitor C75 on bone mass accrual remains to be determined. Third, it
remains to be determined if adipocyte Kindlin-2 knock-in mice can lead to the same
conclusion of this study. Although the in vitro cell experiments show that Kindlin-2
knockdown or overexpression in 3T3-L1 preadipocytes lead to opposite results, i.e.,
Kindlin-2 knockdown leads to decreased while Kindlin-2 overexpression leads to
increased protein level of FAS, PPARy and FABP4, we still cannot conclude that
Kindlin-2 overexpression in adipocyte could result in bone mass loss in mice. We plan

to conduct these experiments in our future study.
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Figure captions

Figure 1 Adipocyte-targeted deletion of Kindlin-2 dramatically increases bone mass.
(A) Three-dimensional (3D) reconstruction from pCT scans of the distal femurs of
K2KO mice and Con mice with the indicated sexes and ages. Scale bar, 1 mm. (B)—(F)
Quantitative analyses of BMD, BV/TV, Tb.N, Tb.Sp and Cort.Th of distal femurs of
K2KO mice and Con mice with the indicated sexes and ages. n = 10, 5-month-old
female K2KO mice; n = 5 mice in the remaining groups. (G) 3D reconstruction from

uCT scans of the whole calvaria from control and K2KO mice (top figures). Scale bar,

1



1 mm. pCT cross-section view of the suture of pariental and interpariental bones
(middle figures). Scale bar, 1 mm. pCT analysis of the ROI of 2 x 2 mm? area in the
center of the parietal bone (bottom figures), which is highlighted in red square. Scale
bar, 500 um. (H) Quantitative analyses of BV/TV of pCT data of calvaria ROI in K2KO
and control mice. n =5 for each group. (I) pCT scans of L4 spinal vertebral body bone.
Scale bar, 1 mm. (J) Quantitative analyses of BV/TV of uCT data of vertebral body
bone. n = 5 for each group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001,
versus controls. One-way ANOVA, followed by Tukey multiple comparisons post test.
(K) Representative force-displacement curve for femurs from control and K2KO mice.
(L)~(N) Quantification data of maximum load, maximum displacement, and stiffness
for the femurs from control and K2KO mice. n = 8 for each group. Bone samples were
from 5-month-old female mice. *P < 0.05, **P < (0.01, ***P <0.001, ****P <(0.0001,
versus controls. Student’s 7 test. Results are expressed as the mean + standard deviation

(SD).



Figure 2 Kindlin-2 loss strikingly increases osteoblast differentiation and bone
formation in vivo. (A)—(G) Calcein double labeling experiment. Representative images
of femoral sections from 5-month-old K2KO and control mice (A). Scale bar, 100 um
and 50 pm. Sections of nondemineralized femurs of 5-month-old K2KO and control
mice were used for measurements of MAR (B, E), bone formation rate (BFR) (C, F)
and MS/BS (D, G) for metaphyseal trabecular bones (A, top figures) and cortical bones

(A, bottom figures). n = 6 in each group. (H)—(J) Von Kossa staining of



nondemineralized femoral sections. Representative images of femoral sections from 5-
month-old K2KO and control mice (H). Scale bar, 1 mm and 100 um. Quantification
of von Kossa positive area (I) and osteoid volume/total volume (OV/TV). n = 6 in each
group. (K) ELISA assay of serum level of procollagen type 1 amino-terminal propeptide
(PINP). Sera from 5-month-old control and K2KO mice were used for ELISA assay
for PINP. n = 7 mice in control group, n = 8 mice in K2KO group. (L) Representative
images of H&E staining of femur trabecular bones of 5-month-old K2KO and control
littermates. Yellow arrows indicate cuboidal osteoblasts and green arrows indicate flat
osteoblasts. Quantification of OB. No./BS (M) and OB. S/BS (N). n = 5 mice for each
group. Scale bar, 100 um. (O) IHC staining of OSX. Tibial sections from 5-month-old
control and K2KO mice were subjected to IHC staining for OSX expression. Scale bar,
500 pm, 100 um. (Q) Quantification analysis of (O). n = 5 mice per group. (P) IF
staining of OCN. Tibial sections from 5-month-old control and K2KO mice were
subjected to IF staining for OCN expression. Scale bar, 500 um, 100 um. (R)
Quantification analysis of (P). n = 8 mice per group. *P < 0.05, **P < 0.01, ***P <
0.001, ****P <(0.0001 versus controls. Student’s ¢ test. Results are expressed as mean

+ SD.



Figure 3 Kindlin-2 loss increases osteogenic while decreases adipogenic differentiation
of BMSCs. (A) CFU-F assays determined by Giemsa staining. (B) The number of CFU-
F was scored under a microscope. n = 5 mice per group. (C) CFU-OB assays. (D) The
number of CFU-OB was scored under a microscope. n = 5 mice per group. (E) RT-
qPCR analyses using RNA samples isolated from fresh bone tissues. ****P < 0.0001,
versus controls, Student’s ¢ test. n = 5 mice per group. (F) RT-qPCR analyses using
RNA samples isolated from fresh bone marrows. n =5 mice per group. (G) ALP staining.
(H) Quantification analysis of (G). ***P < 0.001, versus controls, Student’s ¢ test. n =

5 mice per genotype. The results are expressed as the mean + SD. (I) RT-qPCR analyses.
5



RNA samples were isolated from primary BMSCs after being induced for osteoblastic
differentiation for 7 days in vitro. n = 5 mice per group. (J, K) WB analyses. Protein
extracts were isolated from primary BMSCs after being induced for osteoblastic
differentiation for 7 days in vitro. n = 5 mice per group. (L, M) In vitro adipogenic
differentiation. Primary BMSCs isolated from 5-month-old control and K2KO mice
were cultured with adipogenic medium for 7 days, followed by oil red O staining (L),
RT-gPCR analyses (N) and WB analyses (O, P). Quantitative data for L (M) and O (P).
n = 5 biologically independent experiments. (Q) H&E staining. 5 um tibiae sections of
5-month-old control and K2KO male mice were subjected to H&E staining. Adipocyte
number (R) and marrow fat proportion (S) were calculated. n = 5 mice in each group.

*P<0.05, **P<0.01, ***P<0.001, ****P < 0.0001 versus controls, Student’s ¢ test.

Figure 4 KINDLIN-2 loss decreases FABP4 and increases insulin expression. (A, B)
6



ELISA assay of serum level of FABP4 and insulin. Sera from 5-month-old control and
K2KO mice were used for ELISA assay for FABP4 and insulin. » = 7 mice in each
group. (C) IF staining of insulin. Pancreatic sections from 5-month-old control and
K2KO mice were subjected to IF staining for insulin expression. Scale bar, 50 um. (D)
Quantification analysis of (C). n = 5 mice per group. (E) IHC staining of pIRS1 and
pS6K. Tibial sections from 5-month-old control and K2KO mice were subjected to IHC
staining of pIRS1 and pS6K. Scale bar, 50 pm. (F, G) Quantification analysis of (E). n
= 5 mice per group. (H, I) WB analyses. Protein extracts were isolated from primary
BMSC:s after being treated with serum obtained from control and K2KO mice. Serum
was from 5 mice per genotype. n = 5 biologically independent experiments. (J, K) WB
analyses. Protein extracts were isolated from primary BMSCs after being treated with
different doses of rmFABP4. n = 5 biologically independent experiments. (L) Serum
level of FABP4 was increased in OP patients revealed by ELISA assay. (M) Serum level
of insulin was decreased in OP patients revealed by ELISA assay. n = 20 for NC group,
n =9 for OP group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus

controls. Student’s ¢ test. Results are expressed as mean £ SD.



Figure 5 Rosiglitazone treatment reverses the high bone mass phenotype of K2KO
mice. 3-month-old K2KO and control mice were treated with rosiglitazone (30
mg/kg/day) or vehicle (1% carboxymethylcellulose in saline) daily, by oral gavage for
1 month, then samples were collected for the following assays. (A) 3D reconstruction
from pCT scans of the distal femurs. Scale bar, 1 mm. Quantitative analyses of BMD
(B) and BV/TV (C). n = 6 mice in each group. (D)—(F) IF staining of Kindlin-2 and
PPARy. (G, H) ELISA assay of serum level of FABP4 and insulin. n =4—6 mice per
group. (I) IF staining of insulin. Scale bar, 50 um. (J) Quantification analysis of (I). n =

6 mice per group. (K) IHC staining of pIRS1. Tibial sections were subjected to IHC



staining of pIRS1. Scale bar, 50 um. (L) Quantification analysis of (K). » = 5 mice per
group. *P <0.05, **P<0.01, ***P <0.001, ****P<0.0001 versus controls. Student’s

t test. *P < 0.05, #P < 0.01, P < 0.001, P < 0.0001 versus controls. Two-way

ANOVA. Results are expressed as the mean + SD.

Figure 6 Kindlin-2 controls PPARy and FABP4 expression through modulating
proteasome-mediated FAS degradation. (A) FAS overexpression blocks the decrease of

PPARy and FABP4 caused by KINDLIN-2 knockdown. siRNA for Kindlin-2 (siK2) or

9



negative control (siNC) and plasmid expressing FAS (OE FAS) were used to transfect
3T3-L1 preadipocyte, followed by WB. (B) FAS inhibitor C75 blocks the increase of
PPARy and FABP4 caused by Kindlin-2 overexpression. Plasmid expressing K2 (OE
K2) or negative control (OE NC) were used to transfect 3T3-L1 preadipocyte, followed
by WB. (C) IF staining. 3T3-L1 preadipocytes were used for double immunostaining
of KINDLIN-2 (green) and FAS (red), then visualized with confocal microscopy. Scale
bar, 5 um. (D) Co-IP assays. Cell lysates from 3T3-L1 preadipocytes were used for IP
and IB assays with the indicated antibodies for the detection of the endogenous
interaction between Kindlin-2 and FAS. (E, F) Cycloheximide (CHX) experiments.
HEK293T cells with and without siK2 were treated with CHX (100 pg/mL) for the
indicated times, followed by WB analyses. n = 3 biologically independent experiments.
*P<0.05, **P <0.01, ***P <0.001. One-way ANOVA, followed by Tukey multiple
comparisons posttest. (G, H) MG132 treatment experiment. HEK293T cells with and
without siK2 were treated with MG132 (10 umol/L) for 6 h, followed by WB. n =3
biologically independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001 versus control. Student’s ¢ test. “P < 0.05, P < 0.01, " P < 0.001, *#P < 0.0001
versus controls. Two-way ANOVA. Results are expressed mean + SD. (I) FAS
ubiquitination. HEK293T cells were transfected with the indicated plasmids. 48 h after
transfection, the cells were treated with MG132 (10 umol/L) for 6 h, followed by IB
assays. (J) Working model of this study. For IP assays, 200 ug of whole-cell extracts
from each group were used. Immunoprecipitates were resuspended in 50 pL buffer. 15
pL from each sample was loaded for SDS-PAGE, followed by IB assays. Protein
extracts (20 pg) were used for WB analyses from each input sample for (bottom input

panels). Data are representative of 5 biologically independent replicates.
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Figure 7 FAS inhibitor C75 treatment increases bone mass of C57BL/6 mice. 3-Month-
old WT C57BL/6 mice were intraperitoneally injected with FAS inhibitor C75 (10
mg/kg) or vehicle (corn oil) every 72 h for 1 month, then samples were collected for
the following assays. (A) 3D reconstruction from pCT scans of the distal femurs. Scale
bar, I mm. Quantitative analyses of BMD (B) and BV/TV (C). (D)—(E) IF staining of
OCN. (F) ELISA assay of serum level of PINP. (G, H) IF staining of KINDLIN-2, FAS,
PPARy, and FABP4 in eWAT. (I) ELISA assay of serum level of FABP4. (J, K) IF
staining of insulin expression. Scale bar, 50 um. (L) ELISA assay of serum level of
insulin. (M, N) IHC staining of pIRS1. Tibial sections were subjected to IHC staining
of pIRS1. Scale bar, 50 um. » = 5 mice for each group. *P < 0.05, **P < (.01, ***P <
0.001, ****P < 0.0001 versus controls. Student’s ¢ test. Results are expressed as the

mean + SD.
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Figure 8 AAV-CasRx mediated RNA editing of Kindlin-2 in adipocytes increases bone
mass of C57BL/6 mice. 3-Month-old WT C57BL/6 mice were intraperitoneally
injected with AAV-Rec2-CasRx-sgK2 (Rec2-sgK2) or AAV-Rec2-CasRx-sgNC (Rec2-
sgNC), 2 months later, samples were harvested for the following assays. (A) Diagram
depicting the construction of the specific AAV. (B) 3D reconstruction from pCT scans
of the distal femurs. Scale bar, 1 mm. Quantitative analyses of BMD (C) and BV/TV
(D). (E) ELISA assay of serum level of PINP. (F, G) IF staining of OCN. (H, I) IF
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staining of KINDLIN-2, FAS, PPARy, and FABP4 in eWAT. (J) ELISA assay of serum
level of FABP4. (K, L) IF staining of insulin expression. Scale bar, 50 um. (M) ELISA
assay of serum level of insulin. (N, O) IHC staining of pIRS1. Tibial sections were
subjected to IHC staining of pIRS1. Scale bar, 50 pm. » = 5 mice for each group. *P <
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus controls. Student’s ¢ test.

Results are expressed as the mean + SD
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