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Abstract

Background: Current osteoporosis (OP) therapies predominantly suppress osteoclastic bone resorption, highlighting a critical unmet
need for anabolic strategies that directly stimulate bone formation. Meteorin-like (Metrnl) is a recently identified adipokine whose role
in bone metabolism remains poorly defined and controversial. This study systematically investigated the expression profile, physio-
logical function, and molecular mechanism of Metrnl in skeletal biology. Methods: An integrated approach combining clinical bone
marrow specimen analysis, proteomics, single-cell RNA sequencing, and conditional genetic ablation mouse models was utilized. Skele-
tal phenotypes were evaluated via Micro-CT and bone histomorphometry. Intracellular molecular interactions were determined through
co-immunoprecipitation and transcriptional activity assays. Results: Clinically, Metrnl expression was significantly diminished in bone
marrow samples from postmenopausal women with OP, suggesting potential relevance to human disease. In mice, Metrnl was predomi-
nantly expressed in osteoprogenitor cells, and its expression declined progressively with age. Unexpectedly, systemic knockout (n = 6 per
group) of Metrnl resulted in a marked increase in trabecular bone mass (bone volume to total volume ratio [BV/TV]: 4.11 £0.08% vs. 3.89
+0.12%, p < 0.01) and bone formation rate (Bone formation rate per bone surface [BFR/BS]: 0.50 + 0.03 vs. 0.38 + 0.03 um/day*100,
p < 0.05) without affecting osteoclast activity. This anabolic phenotype was fully recapitulated in osteoblast-specific (Ocn-Cre) and
osteoprogenitor-specific (Prx1-Cre) conditional knockout mice (n = 6 per group), which both exhibited significantly higher BV/TV (4.13
+0.06% and 4.04 + 0.05%, respectively) compared to controls (3.88 + 0.08%; p < 0.001 and p < 0.01, respectively), establishing a cell-
autonomous inhibitory role of Metrnl in osteogenesis. Mechanistically, intracellular Metrnl directly interacts with the scaffold protein
Receptor for activated C kinase 1 (Rackl), thereby disrupting the PKC-0—Rack1l complex, reducing Brain and Muscle ARNT-Like 1
(Bmall) phosphorylation, and facilitating its nuclear translocation. This process subsequently upregulates transcription of the circadian
clock gene Cryptochrome 2 (Cry2), thereby suppressing osteoblast differentiation. Conclusions: Collectively, these findings identify
Metrnl as a previously unrecognized negative regulator of bone formation and uncover a Rack1-PKCo-Bmall-Cry2 signaling axis that
links circadian regulation to osteogenesis. These results establish a conceptual framework for targeting Metrnl-mediated pathways in the
development of anabolic therapies for OP.
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1. Introduction in conditions characterized by severe bone loss or impaired
osteogenic capacity, such as senile OP [4,5]. Furthermore,
prolonged bisphosphonate administration has been associ-
ated with serious adverse effects, including atypical frac-
ture nonunion and osteonecrosis of the jaw, and emerging
evidence suggests potential deterioration of bone strength
[6,7,8]. Consequently, the development of novel anabolic
agents that promote bone formation represents an urgent un-
met medical need. Key scientific challenges in the OP re-
search include enhancing osteogenic differentiation of bone
marrow mesenchymal stem cells (BMSCs), deciphering the
regulatory networks governing their lineage differentiation
commitment, and sustaining osteoblastic activity and sur-
vival.

The global demographic shift toward population aging
has been accompanied by a progressive increase in the inci-
dence of osteoporosis (OP). Current therapeutic agents for
OP, such as bisphosphonates and anti-RANKL monoclonal
antibodies, predominantly act by inhibiting osteoclastoge-
nesis or suppressing osteoclastic bone resorption activity
[1]. However, pharmacological interventions that directly
promote bone formation remain substantially underdevel-
oped, with teriparatide being one of the few clinically avail-
able agents with a well-characterized osteogenic mecha-
nism [2]. Long-term reliance on anti-resorptive therapies
may adversely affect physiological bone remodeling [3].
Moreover, these agents often demonstrate limited efficacy
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Osteoblasts (OBs), which arise from preosteoblastic
cells, are responsible for collagen synthesis and bone min-
eral secretion, thereby facilitating bone growth and remod-
eling. Preosteoblastic cells predominantly reside in the
bone marrow and periosteum, originate from BMSCs, and
mediate bone formation and repair. The differentiation of
BMSCs into functionally competent osteocytes proceeds
through sequential stages, during which BMSCs progres-
sively commit to osteoprogenitor cells (Alp"Collal®) and
subsequently differentiate into OBs (Alp™ Collal*™*) [9].
Mature OBs (Ocn™) secrete collagenous and mineralized
bone matrix and subsequently become embedded as ma-
ture osteocytes, which gradually undergo apoptosis under
various physiological and pathological stimuli [10]. There-
fore, impaired BMSC differentiation reduces the commit-
ment of preosteoblastic cells and OBs, ultimately leading
to decreased bone mass [11]. Osteoblastogenesis and os-
teoblastic function are orchestrated by an intricate network
of cytokines across diverse physiological contexts. Pro-
osteogenic cytokines, including interleukin-10, interleukin-
11, interleukin-18, interferon-y, cardiotrophin-1, and on-
costatin M, promote osteoblast formation and functional
activity [12,13,14,15,16]. Conversely, anti-osteogenic cy-
tokines, such as TNF-a, TNF-B, IL-1a, IL-4, IL-7, IL-12,
IL-13, IL-23, IFN-a, IFN-B, leukemia inhibitory factor,
and ciliary neurotrophic factor, suppress osteoblastogene-
sis and associated functions [17,18,19,20]. Osteoblast for-
mation is also regulated by multiple signaling pathways,
including Wnt, parathyroid hormone (PTH), bone morpho-
genetic protein (BMP), transforming growth factor-B (TGF-
B), fibroblast growth factor (FGF), and Hedgehog signaling
[10,21,22].

Meteorin-like (Metrnl) was initially identified as an
adipokine with crucial cardiovascular regulatory functions
and was therefore designated as Subfatin [23]. Addition-
ally, due to its considerable amino acid sequence homology
with the neurotrophic factor Meteorin, it was also termed
Meteorin-like [23]. Metrnl is currently recognized as a se-
cretory protein, as demonstrated by Jergensen et al. [24]
through overexpression of His-tagged Metrnl in HEK293F
cells and its detection in the culture supernatant. Sub-
sequent studies have detected Metrnl in various biologi-
cal fluids, including blood, intestinal secretions, and syn-
ovial fluid [25,26]. With respect to its secretion mecha-
nism, Miao et al. [27] proposed that Metrnl is primar-
ily secreted via the signal peptide-mediated classical endo-
plasmic reticulum-Golgi secretion pathway [28]. Previous
studies indicate that circulating Metrnl predominantly orig-
inates from vascular endothelial cells; however, the spe-
cific cellular source of Metrnl within the bone marrow os-
teogenic microenvironment remains unclear [29]. Current
functional studies of Metrnl have primarily concentrated on
cardiovascular, metabolic, and inflammation-related fields.
Li et al. [29] reported that Metrnl promotes adipogenesis
and alleviates insulin resistance in adipocytes through au-

tocrine or paracrine mechanisms. Lee et al. [30] demon-
strated that exercise-induced Metrnl enhances skeletal mus-
cle glucose uptake via phosphorylation of AMP-activated
protein kinase (AMPK). Reboll et al. [31] reported that
Metrnl serves as a high-affinity ligand for the KIT receptor
tyrosine kinase, mediating angiogenic effects in human en-
dothelial cells through KIT-dependent signaling pathways.
In a murine myocardial infarction model, Metrnl facilitated
infarct repair by selectively expanding the population of
KIT-expressing endothelial cells within the infarct zone.

Research on Metrnl in bone metabolism remains lim-
ited. Gong et al. [32] reported that immunohistochemical
staining revealed robust Metrnl expression in hypertrophic
chondrocytes and OBs lining the trabecular bone surface.
Additionally, Gong et al. [32] demonstrated that Metrnl
overexpression in the MG63 cell line suppressed osteogenic
differentiation under osteogenic induction conditions. Sub-
sequent studies have suggested a potential regulatory role
for Metrnl in skeletal tissues. For instance, Invernizzi et
al. [33] suggested that Metrnl may modulate bone-muscle
crosstalk following spinal cord injury, thereby potentially
influencing bone remodeling and muscle regeneration [34].
Huang et al. [35] investigated the role of Metrnl in skele-
tal development and fracture healing using murine models.
Their findings revealed that during development, Metrnl
was expressed in the perichondrium and primary ossifica-
tion centers. Metrnl knockout did not alter skeletal pa-
rameters in utero, at birth, or during postnatal growth.
At 6 weeks of age, Metrnl-deficient mice exhibited body
length, body weight, tibial length, femoral length, bone vol-
ume/total volume (BV/TV), trabecular number, trabecular
thickness, and cortical thickness comparable to those of
control littermates. In 4-month-old mice, Metrnl deficiency
did not modify femoral bone strength, and the authors fur-
ther reported that Metrnl promoted osteoblast differentia-
tion . These conclusions contradict the findings of Gong
et al. [32], highlighting that the precise role of Metrnl in
skeletal development and bone metabolism remains to be
fully elucidated. Numerous key scientific questions remain
unresolved, including the primary cellular source of Metrnl
in bone, the target cell types through which it exerts reg-
ulatory effects, the consequences for skeletal growth and
metabolism, and the underlying molecular mechanisms in-
volved. Addressing these issues requires rigorous experi-
mental validation using integrated cellular and in vivo ap-
proaches.

Therefore, in this study, we employed a multidimen-
sional and integrative approach to systematically decode
the role of Metrnl in skeletal biology. By leveraging
high-throughput proteomics and single-cell RNA sequenc-
ing (scRNA-seq), we first identified the age-related de-
cline of Metrnl and its precise enrichment within the pre-
osteoblast population. To achieve high-resolution spatial
validation, multiplex immunofluorescence labeling (TSA)
was utilized to visualize the co-localization of Metrnl within
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the osteogenic niche. Furthermore, through the genera-
tion of global and cell-specific conditional knockout murine
models, we uncovered an unexpected cell-autonomous in-
hibitory role of Metrnl in bone formation. To elucidate
the underlying molecular architecture, we integrated co-
immunoprecipitation (Co-IP) with advanced molecular dy-
namics (MD) simulations and computational modeling,
which collectively identified a novel Metrnl-Rack1 physi-
cal interaction. These innovative methodologies allowed us
to characterize the previously unrecognized Metrnl-Rack1-
PKCo-Bmall-Cry2 signaling axis, providing a refined con-
ceptual framework for targeting circadian-coupled path-
ways in the development of anabolic therapies for osteo-
porosis.

2. Methods
2.1 Cell Culture

MC3T3-E1 cells (Cell Bank of the Chinese Academy
of Sciences, SCSP-5218) at passages 4-10 were cultured in
a-minimum medium (a-MEM, 12561072, Gibco, Grand Is-
land, NY, USA) supplemented with 10% fetal bovine serum
(FBS, 10099, Gibco, Grand Island, NY, USA) under stan-
dard conditions (37 °C, 5% CO,). The cells were authen-
ticated by STR profiling(Supplementary Material 1) and
regular mycoplasma testing consistently yielded negative
results.

2.2 Western Blot (WB)

Total proteins were extracted from cultured cells us-
ing RIPA lysis buffer (Sigma Aldrich, 20-188) supple-
mented with 1% phenylmethylsulfonyl fluoride (PMSF;
Sigma Aldrich, 10837091001). Protein concentrations
were quantified using a BCA Protein Assay Kit (Bey-
otime, PO012S) according to the manufacturer’s protocol,
and equal amounts of protein (30 pg per lane) were re-
solved by SDS-PAGE. Electrophoresis was performed at
90 V for approximately 20 min, followed by 120 V un-
til the dye front reached the bottom of gel. Proteins were
transferred onto polyvinylidene difluoride (PVDF) mem-
branes using a wet transfer system at 200 mA, with trans-
fer time adjusted according to protein molecular weight.
Membranes were blocked with 5% skim milk for 2 h at
room temperature (5% bovine serum albumin was used for
phosphorylated proteins), and then incubated overnight at
4 °C with primary antibodies diluted in Tris-buffered saline
containing 0.1% Tween-20 (TBST) according to the man-
ufacturer’s instructions with gentle agitation. After three
washes with TBST (10 min each), membranes were incu-
bated with species-specific horseradish peroxidase (HRP)-
conjugated secondary antibody (1:10,000 in TBST) for 1
h at room temperature. Following three additional TBST
washes, protein bands were visualized using an enhanced
chemiluminescence system and images were captured with
the Tanon 5200 Multi Chemiluminescent Imaging System
(Tanon Science & Technology, Shanghai, China). The
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densitometric analysis of the bands was performed us-
ing ImagelJ software (version 1.53, National Institutes of
Health, Bethesda, MD, USA). The relative expression lev-
els of target proteins were normalized to the gray value
of the internal control (B-Actin). All experiments were
performed with at least three independent biological repli-
cates. Primary antibodies included anti-B-Actin (Cell Sig-
naling Technology, 4970, 1:3000), anti-Metrnl (Abcam,
ab235775, 1:1000), anti-Rackl (Cell Signaling Technol-
ogy, 5432, 1:1000), anti-HA (Cell Signaling Technology,
3724, 1:3000), anti- FLAG (Cell Signaling Technology,
14793, 1:1000), Anti-PKC-a (Cell Signaling Technology,
59754, 1:1000), anti- Bmall (Cell Signaling Technology,
14020, 1:1000), anti- Clock (Cell Signaling Technology,
5157, 1:1000), anti-Cry2 (sigma-Aldrich, SAB1300079,
1:1000). HRP-conjugated secondary antibodies were ob-
tained from Boster (anti-rabbit IgG, BA1055; anti-mouse
IgG, BA1050; both at 1:5000).

2.3 Quantitative Real-Time Polymerase Chain Reaction
(ORT-PCR)

Total RNA was extracted from cells using TRIzol
Reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. The purity and concentration
of RNA were determined using a NanoDrop 2000 spec-
trophotometer (Thermo Fisher Scientific). Subsequently, 1
pg of total RNA was reverse-transcribed into complemen-
tary DNA (cDNA) using the PrimeScript™ RT Master Mix
(Takara Bio, Shiga, Japan). Quantitative real-time PCR was
performed on an ABI 7500 Real-Time PCR System (Ap-
plied Biosystems, CA, USA) using the TB Green® Premix
Ex Taq™ II (Tli RNaseH Plus) kit (Takara Bio). The reac-
tion mixture (20 pL) consisted of 10 pL of TB Green Pre-
mix, 0.8 puL of each forward and reverse primer (10 pM),
0.4 uL of ROX Reference Dye, 2 uL of cDNA template,
and 6 pL of ddH2O. The thermal cycling conditions were
as follows: initial denaturation at 95 °C for 30 s, followed
by 40 cycles of 95 °C for 5 s and 60 °C for 34 s. GAPDH
served as an internal control, and relative gene expression
levels were calculated by the 2~ 22CT method. Primer se-
quences are listed in Table 1.

2.4 GST Pull-Down

Recombinant GST-HA-Metrnl (bait) or Flag-Rackl
(prey) were expressed and purified as described in Sec-
tion 2.17. Approximately 5-10 pg of the GST-tagged bait
protein was immobilized on pre-equilibrated glutathione-
sepharose 4B beads for 2 hours at 4 °C. After washing to
remove unbound proteins, equimolar amounts of the Flag-
tagged prey protein were added and incubated overnight at
4 °C with gentle rotation. The beads were then washed
five times with pre-cooled PBST buffer to eliminate non-
specific binding. Finally, the bound complexes were eluted
by boiling in 1x SDS loading buffer for 10 minutes and an-
alyzed via Western blot using anti-HA and anti-Flag anti-
bodies to verify the direct binding.
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Table 1. Primers used in qPCR.

Genes Forward primer Reverse primer

Gapdh AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA
Ctsk CTCGGCGTTTAATTTGGGAGA TCGAGAGGGAGGTATTCTGAGT
Trap CTGGAGTGCACGATGCC AGCGACA TCCGTGCTCGGCGATGGACCAGA
V-ATPase-d2 AAGCCTTTGTTTGACGCTGT TTCGATGCCTCTGTGAGATG
Alp CCAACTCTTTTGTGCCAGAGA GGCTACATTGGTGTTGAGCTTTT
Collal CCCAGAGTGGAACAGCGATT ATGAGTTCTTCGCTGGGGTG
Ocn GAGGGCAATAAGGTAGTGA ACAGA AAGCCATACTGGTTTGATAGCTCG
Runx2 TTCTCCAACCCACGAATGCAC CAGGTACGTGTGGTAGTGAGT
Metrnl TCTGTGGAGTGGATGTACCCA CCGCACCAACAGTCTTAGTTC
Cry2 CACTGGTTCCGCAAAGGACTA CCACGGGTCGAGGATGTAGA

2.5 Extraction of Mouse BMSCs and BMMs

Bone marrow cells were isolated from the femurs and
tibias of 6-8-week-old C57BL/6 mice. Briefly, marrow
was flushed with a-MEM, filtered (70 pm), and centrifuged
(300 xg, 5 min). For BMSCs, cells were cultured in a-
MEM/10% FBS for 48 h, after which non-adherent cells
were removed. Adherent cells were expanded for 7-10
days. For bone marrow—derived macrophages (BMMs),
cells were cultured in complete a-MEM medium contain-
ing 30 ng/mL macrophage colony-stimulating factor M-
CSF for 5-7 days. All primary cells, including BMSCs
and BMMs, were validated for their identity by surface
marker analysis using flow cytometry. The standard hi-
erarchical gating strategy was applied to evaluate cell pu-
rity. Briefly, total events were initially gated on a forward
scatter area (FSC-A) vs. side scatter area (SSC-A) plot to
isolate the cell population and exclude cell debris. Single
cells were subsequently selected by gating on FSC-Height
(FSC-H) vs. FSC-Area (FSC-A) to exclude cell dou-
blets. Within the single-cell gate, BMSCs were identified
as CD90"CD105"double-positive cells, yielding a purity
of 90% (Supplementary Fig. 1A). Concurrently, BMMs
were identified and characterized as CD11b"F4/80" double-
positive cells, yielding a purity of 91.4% (Supplementary
Fig. 1B).

2.6 Osteoblastic Differentiation and ALP/AR-S Staining

MC3T3 cell line or BMSCs were seeded in 24-well
plates (2 x 10* cells/well) and cultured with osteogenic
induction medium (o-MEM, 10% FBS, 50 pg/mL ascor-
bic acid, 10 mM B-glycerophosphate, 100 nM dexametha-
sone). After 14 days of induction, cells were fixed with 4%
paraformaldehyde (PFA) and subjected to alkaline phos-
phatase (ALP) staining using a commercial kit (Beyotime,
C3206). ALP activity was measured using ALP activity
detection kits (Jiancheng Biotech, A059-2-2) and calcu-
lated according to the manufacturer’s directions. For min-
eralization analysis, cells were stained with 2% Alizarin
Red S (pH 4.2) for 30 min at room temperature. The
results were obtained with an optical microscope. Sub-
sequently, cetylpyridinium chloride monohydrate solution

(Sigma-Aldrich, C0732) was added to extract the dye, and
the absorbance (562 nm) was measured with a microplate
reader (Infinite M200 Pro NanoQuant; Tecan Group Ltd.,
Mainnedorf, Switzerland).

2.7 Osteoclastogenesis and TRAP Staining

BMMs (3 x 10* cells/well) were cultured in 48-well
plates with 30 ng/mL M-CSF (R&D Systems, #416-ML)
and 50 ng/mL RANKL (R&D Systems, #462-TEC) for os-
teoclast induction. On day 8, cells were fixed with 4% PFA
and subjected to TRAP staining (Sigma-Aldrich, 387A) ac-
cording to the manufacturer’s protocol. After incubation at
37 °C for 30-60 min, TRAP-positive multinucleated cells
(>3 nuclei) were counted under microscopy, with semi-
quantitative analysis performed using Image].

2.8 Immunofluorescence (TSA)

Bone samples were fixed in 4% PFA and decalcified in
0.5 M EDTA prepared in phosphate-buffered saline (PBS)
containing 0.1% PFA. Paraffin-embedded specimens were
sectioned at 4—-6 pum, deparaffinized, and subjected to anti-
gen retrieval using a commercial retrieval solution (Histova
Biotechnology, BoneRetrival-M, BRMS5L) at 72 °C for 4—
6 h. For multiplex immunofluorescence labeling, sections
were sequentially incubated with primary antibodies for
2 h, followed by polyHRP-conjugated secondary antibod-
ies and TSA fluorescence detection (Histova Biotechnol-
ogy, NECC7100). Between staining cycles, antibody com-
plexes were gently stripped using an elution buffer (His-
tova Biotechnology, ABCCC30) at 37 °C for 20-30 min.
This process was repeated until 2-3 targets were labeled
with their respective fluorophores. Primary antibodies in-
clude anti-Bmall (MedChemExpress, HY-P80033, 1:200),
anti-Metrnl (Abcam, ab235775, 1:200), anti-Rackl (Ab-
clonal, A2560, 1:100), anti-Ocn (Servicebio, GB11233,
1:500), anti-Cry2 (sigma-Aldrich, SAB1300079, 1:100),
anti-PDGFRa (ABclone, A2103, 1:100), anti-Scal (R&D
Systems, AF1226, 1:100), and anti-Prx (ZEN BIO, 250163,
1:100).
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2.9 Ethical Statement

The animal experiments in this study were reviewed
and approved by the Animal Welfare and Ethics Commit-
tee of the Department of Laboratory Animal Science, Fudan
University (Approval No. 2023-DWYY-22JZS). The study
was carried out in accordance with the ARRIVE guidelines
(Supplementary Material 2). The ethics for human sam-
ple collection were reviewed and approved by the Ethics
Committee of the Fifth People’s Hospital of Shanghai (Ap-
proval No. 2022020). Detailed clinical characteristics of
the study participants, as well as the specific inclusion and
exclusion criteria, are provided in Supplementary Mate-
rial 3.

2.10 Enzyme-Linked Immunosorbent Assay

Blood samples were collected from mice via retro-
orbital bleeding after an overnight fast (12 h) to minimize
metabolic variability. Serum was obtained by centrifuga-
tion at 3000 rpm for 15 min at 4 °C and stored at —80
°C. Serum biomarkers of bone metabolism, including f3-
CTX and PI1NP, were measured using ELISA kits (Cusabio,
CSB-E12775m and CSB-E16211m). Serum Metrnl levels
were measured using the mouse Metrnl ELISA kit (Cus-
abio, CSB-EL013718MO). For the assays, serum samples
were diluted 1:5 for PINP and B-CTX, and 1:2 for Metrnl
measurements, to ensure results fell within the linear range
of the standard curves. All assays were performed with six
independent biological replicates per group (n = 6), with
three technical replicates per sample. Procedures were con-
ducted strictly according to the manufacturer’s protocols.

2.11 Alcian Blue-Alizarin Red Staining of Fetal Mouse
Skeletons

Fetal mice at embryonic day 12.5 (E12.5) to postna-
tal day 0 (PO) were harvested with tail snips retained for
genotyping and fixed in 95% ethanol for 5 days. Following
fixation, skin and visceral organs were carefully dissected
away under a stereomicroscope, and specimens were dehy-
drated in acetone for 7 days. Skeletons were then stained
in Alcian Blue-Alizarin Red solution (50 mL per embryo;
0.03% Alcian Blue 8GX and 0.005% Alizarin Red S in 95%
ethanol containing 1% glacial acetic acid) for 2-3 days at
room temperature with daily monitoring of staining inten-
sity. After staining, specimens were cleared in 20% glyc-
erol for approximately 7 days until skeletal structures were
clearly visualized through transparent soft tissues, and sub-
sequently stored long-term in 50% glycerol at 4 °C.

2.12 Donor Recruitment and Samples Storage

Bone marrow cavity supernatant samples were col-
lected from 10 female patients who underwent femoral frac-
ture surgery at Shanghai Fifth People’s Hospital between
2022 and 2023. The cohort included five young women
with normal bone mass and five elderly women diagnosed
with OP. Samples were stored at —80 °C until batch analy-
sis.
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2.13 Animals

Metrnl knock-out (Metrnl”") mice and wild-type
(Metrnl™") controls on a C57BL/6] background were
generated using CRISPR/Cas9 genome editing technol-
ogy in collaboration with the Cyagen Biosciences Inc.
(Suzhou, China). To generate conditional Metrnl knock-
out mice, Metrnl™*/Fox mice were constructed by targeting
exon (F: 5-TCTCTTTGTTGTGTACCCTTAGGA-3' R:
5'-CCTCTGGGATGTCACAGCTTTATG-3") with flank-
ing loxP sites via homologous recombination. These mice
were crossed with Ocn-Cre (osteoblast-specific), Ctsk-
Cre (osteoclast-specific), or Prx1-Cre (osteoprogenitor-
specific) transgenic lines to achieve cell-type-specific
Metrnl deletion. Metrnl"¥Fl*Cre+ offspring served as
conditional knockouts, while Metrnlf'©/FloxCre- littermates
were used as controls. Genotypes were confirmed by
PCR analysis of tail DNA using primers specific for loxP
sites and Cre recombinase. For group allocation, a strict
method of randomization was applied; mice were randomly
assigned to their respective experimental groups using a
computer-generated random number table. Potential con-
founders, such as cage location, baseline body weight, and
the sequential order of Micro-CT or mechanical testing
measurements, were rigorously minimized by balancing lit-
termates across cages and processing all skeletal tissue sam-
ples in a randomized sequence. To ensure data integrity,
specific inclusion and exclusion criteria were established a
priori: only healthy mice with verified genotypes reaching
the targeted milestones (8 weeks or 24 months of age) were
included in the final analysis, while any animals exhibiting
unintended severe systemic infections or non-experimental
premature death were excluded. In practice, no animals or
data points were excluded from the final statistical analy-
sis. For all surgical interventions and dynamic bone la-
beling, mice were anesthetized via intraperitoneal injec-
tion of pentobarbital sodium (50 mg/kg). Animals were
monitored daily for welfare, and humane endpoints were
pre-established based on persistent weight loss or abnor-
mal grooming behavior; at the experimental conclusion, eu-
thanasia was performed via carbon dioxide (CO,) inhala-
tion followed by cervical dislocation. The core sample size
(n = 6 per group) was determined a priori based on esti-
mated effect sizes from our previous bone metabolism pilot
studies and a statistical power analysis (power = 0.80, o =
0.05) to guarantee adequate sensitivity for detecting signifi-
cant differences in the primary outcome measure, trabecular
bone volume fraction (BV/TV). The specific pathogen-free
facility with a 12 h light/dark cycle and controlled temper-
ature and humidity was used to house mice. All procedures
were approved by the Institutional Animal Care and Use
Committee of Fudan University.

2.14 Micro-CT Analysis

Femurs were immersed in 75% ethanol at 4 °C and
scanned with a Bruker Skyscan 1176 micro-CT system
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(Bruker, Kontich, Belgium). The scanning parameters were
set as follows: X-ray source voltage of 50 kV, source cur-
rent of 180 pA, and a 0.5 mm aluminum filter for beam
hardening reduction. Images were acquired with an expo-
sure time of 950 ms, a rotation step of 0.400° over a 180°
rotation, and a frame averaging of 2. The image pixel size
(voxel resolution) was 6.48 um using 2 X 2 camera bin-
ning. The raw projection data were reconstructed using
NRecon software (version 1.7.4, Bruker microCT, Kontich,
Antwerp, Belgium) based on the Feldkamp algorithm, with
a beam hardening correction of 33%, a ring artifact correc-
tion of 6, and a smoothing level of 1. DataViewer soft-
ware (Bruker) was used for image pre-processing. The re-
gion of interest (ROI) was defined as the area starting 0.5
mm distal to the growth plate and extending for 100 slices.
For bone segmentation, a global thresholding method was
applied in CTAn software (Bruker) to distinguish mineral-
ized bone from soft tissue and calculate structural indices.
3D reconstructions were performed using CTvox software
(Bruker). Parameters analyzed included bone mineral den-
sity (BMD), bone volume to total volume ratio (BV/TV),
bone surface-to-volume ratio (BS/TV), trabecular number
(Tb.N), trabecular separation (Tb.Sp), trabecular thickness
(Tb.Th), and trabecular pattern factor (Tb.pf). Investiga-
tors performing micro-CT were blinded to the genotypes
and group allocations using double-blinded sample coding.

2.15 Bone Histology and Histomorphometry

For dynamic histomorphometric analysis, calcein
green (15 mg-kg™' body weight) was injected intraperi-
toneally into 12-week-old Metrnl** and Metrnl”~ mice,
followed by a second injection 7 days later. Mice were
sacrificed at 14 weeks of age. After fixation in 10%
formaldehyde for 3 days, undecalcified femurs were de-
hydrated in increasing concentrations of ethanol, cleared
in xylene and embedded in methyl methacrylate (MMA).
Mineral apposition rate (MAR) was analyzed for each sam-
ple using BIOQUANT OSTEO Image Analysis Software
(version 2022, BIOQUANT Image Analysis Corporation,
Nashville, TN, USA). Static histomorphometric parame-
ters of bone volume over total bone (BV/TV), osteoclast
number (OC.N/BS), and osteoclast surface per bone sur-
face (OC.S/BS) were acquired from PFA-fixed, paraffin-
embedded, decalcified bone sections stained with H&E or
TRAP. Histological images were captured using an Eclipse
TS100 light microscope (Nikon Corporation, Japan) and
analyzed using ImageJ] software (NIH, Bethesda, MD,
USA). Investigators performing histological measurements
were blinded to the genotypes and group allocations using
double-blinded sample coding.

2.16 Single-Cell Bioinformatics Analysis

To systematically map the expression profile of Metrnl
within the bone marrow microenvironment, we performed
a targeted search of the NCBI Gene Expression Omnibus

(GEO) database. The GSE132151 dataset was specifi-
cally selected based on the following criteria: (1) it pro-
vides high-resolution single-cell transcriptomic profiling of
the non-hematopoietic cell compartment in mouse bone
marrow; (2) it comprehensively captures the continuous
differentiation spectrum of the osteogenic lineage, rang-
ing from mesenchymal stem cells (BMSCs) to mature os-
teoblasts; and (3) it includes well-defined clusters of adi-
pogenic progenitors, allowing for the assessment of Metrnl
in the context of bone-fat lineage commitment. Data from
5107 cells were normalized and subjected to graph-based
clustering using the Louvain algorithm. The top 20 prin-
cipal components (PCA) and 2000 highly variable genes
were used for downstream analysis. Cells were clus-
tered into five populations (BMSC, osteoblast progeni-
tor, pre-osteoblast, adipocyte progenitor, pre-adipocyte) via
UMAP, and Metrnl expression across clusters was visual-
ized using violin plots.

2.17 Plasmid Construction and Recombinant Protein
Production

2.17.1 Plasmids for Mammalian Cell Expression and
Lentivirus Production

The helper plasmids for lentiviral production included
psPAX2 and pVSVG. The transfer vectors used were
pLKO.1-puro, pLKO.1-hygro, PCDH-puro, PCDH-hygro,
and PCDH-neo. For gene knockdown, three short hairpin
RNAs (shRNAs) targeting mouse Metrnl were commer-
cially synthesized and cloned into the Agel/EcoRI sites of
the pLKO.1-puro vector: Shl: 5'-CCGGCACGCTTTAG
TGACTTTCAAACTCGAGTTTGAAAGTCACTAAAG
CGTGTTTTTTG-3' Sh2: 5'-CCGGGCTTCCAGTATGA
GCTGATGACTCGAGTCATCAGCTCATACTGGAAG
CTTTTTTG-3' Sh3: 5'-CCGGGCTTCCAGTATGAGCT
GATGACTCGAGTCATCAGCTCATACTGGAAGCTT
TTTG-3".

For overexpression, the full-length coding sequences
(CDS) of mouse Metrnl, Rackl, and Cry2 were amplified
using PrimeSTAR® Max DNA Polymerase (Takara) and
inserted into the PCDH series vectors via EcoRl/BamH1
sites. All constructs were verified by Sanger sequencing.

2.17.2 Plasmids for Prokaryotic Protein Expression

To generate recombinant proteins for GST pull-down
assays, the mouse Metrnl CDS (with an HA tag) was cloned
into the pGEX-4T-1 vector to produce the GST-HA-Metrnl
bait. The Rackl CDS (with a Flag tag) was cloned into the
pET-28a vector to produce the Flag-Rack1 prey.

2.17.3 Recombinant Protein Expression and Purification

The recombinant plasmids were transformed into Es-
cherichia coli BL21 (DE3). Cultures were grown in LB
medium containing 100 pg/mL ampicillin or 50 pg/mL
kanamycin at 37 °C with shaking at 220 rpm until the ODg
reached 0.6-0.8. Protein expression was induced with 0.5
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mM IPTG at 16 °C for 16 h. Cells were harvested by cen-
trifugation (5000 xg, 15 min, 4 °C) and resuspended in Ly-
sis Buffer (ice-cold PBS, 1% Triton X-100, 1 mM PMSEF,
and protease inhibitor cocktail). The suspension was lysed
via sonication (work 3 s, stop 5 s, power 200 W, total 15
min) and cleared by centrifugation (12,000 xg, 30 min, 4
°Q).

For purification: GST-HA-Metrnl: The supernatant
was incubated with Glutathione Sepharose 4B beads (GE
Healthcare) at 4 °C for 2 h. Bound proteins were washed
five times with PBST and eluted with Elution Buffer (50
mM Tris-HCI, pH 8.0, containing 20 mM reduced glu-
tathione). Flag-Rack1: The supernatant was incubated with
Anti-FLAG® M2 Affinity Gel (Sigma-Aldrich) at 4 °C for
4 h. Bound proteins were eluted with 3xFlag peptide (150
pg/mL).

Protein concentration was determined using a BCA
Kit (Beyotime). The quality and purity were validated
by 10% SDS-PAGE followed by Coomassie Brilliant Blue
staining.

2.18 Mechanical Testing

The femur was subjected to a three-point bending test
using an Instron 5967 universal testing machine (Instron
Corp, 5967). After applying a preload of 0.01 N, contin-
uous loading was performed at a rate of | mm/min until
fracture, and the maximum load was measured.

2.19 Co-Immunoprecipitation (IP)

For in vitro co-immunoprecipitation (co-IP) assays,
HA- or FLAG-tagged proteins were produced in HEK293T
cells (Cell Bank of the Chinese Academy of Sciences,
SCSP-502) transfected by Lipofectamine 2000 with corre-
sponding plasmids. For in vivo co-IP, BMSCs were isolated
and cultured from wild-type (WT) mice. Total cell lysates
were incubated overnight at 4 °C with antibodies or normal
IgG (Santa Cruz Biotechnology Inc., sc-2027) as a control.
Antibody-antigen complexes were precleared with Protein
A/G PLUS-Agarose (Santa Cruz Biotechnology Inc., sc-
2003). After several washes, samples were boiled and ana-
lyzed by immunoblot.

2.20 Computational Modeling and Molecular Dynamics
Simulation

The 3D structures of Metrnl[/PKC-a and Rack1 were
retrieved from the AlphaFold Protein Structure Database.
Protein-protein docking was performed using the ZDOCK
(Fast Fourier Transform-based protein docking) algorithm
to predict the potential binding modes. The top-ranked
poses were evaluated based on their ZDOCK scores and bi-
ological relevance. To further analyze the 2D interaction
patterns (including hydrogen bonds and hydrophobic inter-
actions) at the Metrnl-Rack] interface, the Ligplot (version
2.2, University College London, London, UK) software
was employed. The final complex structure was visualized
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and pre-processed using PyMOL (v2.5) for subsequent sim-
ulations. MD simulations were conducted using the Gro-
macs 2022.04 package with the Amber14sb force field. The
complex was centered in a cubic box with a minimum dis-
tance of 1.0 nm from the box edges and solvated with the
TIP3P water model. To mimic physiological conditions,
Na* and CI” ions were added to neutralize the system and
achieve a final salt concentration of 0.15 M. The system
underwent energy minimization using the steepest descent
algorithm. For equilibration, the system was subjected to a
temperature gradient from 300 K to 325 K. Subsequently,
NVT (canonical) and NPT (isothermal-isobaric) ensemble
equilibrations were performed for 500 ps each. Finally, a
100 ns production MD run was executed at a constant tem-
perature (310 K or as specified) and 1 bar pressure. The
integration time step was set to 2 fs, and long-range elec-
trostatic interactions were treated using the Particle Mesh
Ewald (PME) method. To quantify the binding affinity be-
tween Metrnl, PKC-a and Rackl1, the binding free energy
(AGpinding) Was calculated using the MM/PBSA (Molecular
Mechanics Poisson-Boltzmann Surface Area) method via
the gmx-mmpbsa tool. A total of 100-500 snapshots were
extracted from the stable production trajectory (last 20 ns).
The total binding free energy was calculated as the sum of
the gas-phase molecular mechanical energy (Agmy ) and the
solvation free energy (AGgoly): AGpinding = Apmm + AGsoly —
TAS, where Agyy includes electrostatic and van der Waals
interactions, and AGs,p, comprises polar and non-polar sol-
vation components. Trajectory analysis, including RMSD,
RMSF, and Hydrogen Bond (HBOND) counts, was per-
formed using GROMACS built-in tools. Structural snap-
shots and molecular animations were generated using Py-
MOL and VMD (Visual Molecular Dynamics). All statisti-
cal plots and data visualizations were prepared using Graph-
Pad Prism 8.0.2.

2.21 Proteomic Analysis of Bone Marrow Cytokines

To identify differentially expressed cytokines asso-
ciated with osteoporosis, bone marrow supernatant sam-
ples from 5 young women and 5 elderly women with OP
were subjected to tandem mass tag (TMT)-based quantita-
tive proteomic analysis. Briefly, proteins were extracted
and quantified using a BCA Protein Assay Kit (Beyotime).
Samples (100 pg each) were reduced with 10 mM DTT,
alkylated with 50 mM IAA, and digested overnight with
trypsin (Promega). The resulting peptides were labeled
using TMTpro 16plex Reagent Kits (Thermo Fisher Sci-
entific) and fractionated by high-pH reverse-phase HPLC.
Fractions were analyzed by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) using a Q Exactive HF-X
mass spectrometer coupled to an EASY-nLC 1200 system
(Thermo Fisher Scientific). Raw data were processed us-
ing Proteome Discoverer software (version 2.4). The pro-
teomic analysis and mass spectrometry services were per-
formed with the assistance of APTBio (Shanghai, China).
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Fig. 1. Expression profile of Metrnl in bone and its expression changes during osteogenic and osteoclastic differentiation. (A)
Heatmap displaying differentially expressed genes in bone marrow cytokines from 5 young women without osteoporosis and 5 elderly
women with osteoporosis (OP). (B) Immunohistochemical (IHC) detection of Metrnl expression in the tibiae of mice at different ages (4,
12, and 48 weeks). Scale bar: 100 um. (C) Single-cell RNA sequencing (scRNA-seq) analysis showing clustering of non-hematopoietic
cell populations in the bone marrow. (D) Violin plots illustrating Metrnl expression levels across different cell sub-populations. (E)
Immunofluorescence (IF) staining showing the co-localization of Metrnl with the osteoblast marker Ocn. Arrows indicate Metrnl+/Ocn+
cells. Scale bar: 50 um. (F) Immunofluorescence staining showing the co-localization of Metrnl with osteoblast precursor markers
Platelet-derived growth factor receptor alpha (PDGFRa), Stem cells antigen-1 (Sca-1), and Paired related homeobox 1 (Prx1). Arrows
indicate Metrnl+ cells. Scale bar: 50 um. (G) In vitro osteogenic differentiation assays assessed by Alkaline Phosphatase (ALP) and
Alizarin Red S (ARS) staining. (H) Quantitative analysis of ALP activity and ARS absorbance during osteogenic induction. (I,J) Western
blot and qPCR detection of Metrnl protein and mRNA expression levels during osteogenic differentiation. (K) In vitro osteoclastic
differentiation assay assessed by Tartrate-resistant acid phosphatase (TRAP) staining. Scale bar: 200 pm. (L,M) Western blot and gPCR
examination of Metrnl expression changes during osteoclast differentiation. Statistical significance: *p <0.05, **p <0.01, ***p <0.001,

“ns” indicates no statistical significance (p > 0.05). Error bars represent the mean + Standard Deviation (SD), n = 6 per group.
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Fig. 2. Changes in bone mass and mechanical properties in global Metrnl knockout mice. (A) Schematic of the Metrnl knockout
strategy via CRISPR-Cas9 technology. (B) qRT-PCR validation of Metrnl expression in various tissues of Metrnl” mice. (C) IHC
staining confirming the absence of Metrnl in the bone tissue of Metrnl”” mice. Scale bar: 100 um. (D) Alcian Blue-Alizarin Red staining
showing the whole-mount skeletons of Mesrnl”" mice and Metrnl™* mice. Scale bar: 1mm. (E) Body weight measurements of mice
from 4 to 16 weeks of age. (F) Micro-CT scans showing 3D reconstructions of the distal femur, trabecular bone, femoral cross-sections,
and mid-diaphysis cortical bone. Scale bar: 1 mm. (G) Bone morphometric parameters, including BV/TV, BS/TV, Tb.Th, Tb. N, Tb.Sp,
and Tb. Pf. (H) Bone Mineral Density (BMD) measurements for Metrnl”" mice and Metrnl™* mice. (I) Three-point bending test results
for Metrnl” mice and Metrnl** mice. (J) Calcein double labeling experiment. Scale bar: 50 pm. (K) Quantitative analysis of Mineral
Apposition Rate (MAR) and Bone Formation Rate (BFR/BS) in Metrnl” mice and Metrnl”* mice. (L) Von Kossa staining of the fourth
lumbar (L4) vertebrae. Scale bar: 500 pm. (M) Bone mass parameter analysis of Von Kossa-stained L4 vertebrae, including BV/TV,
Tb.Th, Tb. N, and Tb. Sp. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, “ns” indicates no statistical significance (p >

0.05). Error bars represent the mean + SD, n = 6 per group.
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2.22 Data Analysis

All statistical analyses were performed using Graph-
Pad Prism 8.0.2. The Shapiro-Wilk test was used to verify
the normality of data distribution, and Levene’s test was
employed to assess the equality of variances. Quantita-
tive data are presented as the mean + standard deviation
(SD). Comparisons between two groups were conducted us-
ing Student’s ¢-test, while one-way or two-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test was
applied for comparisons among multiple groups. Statistical
significance levels are represented as *p < 0.05, **p <0.01,
and ***p < 0.001.

3. Results

3.1 Metrnl Is Highly Expressed in Osteoblast Precursors
and Closely Associated With Osteogenic Differentiation
and OP

To identify molecules potentially involved in OP,
we performed proteomic profiling of bone marrow cy-
tokines from 5 young women and 5 elderly women with
OP. Thirty differentially expressed factors were identified,
among which Metrnl significantly declined in the osteo-
porotic group, indicating a potential association with OP
pathogenesis (Fig. 1A). To characterize its expression in
bone tissue, we examined C57BL/6 female mice at 4, 12,
and 48 weeks, representing juvenile, adult, and aged stages.
High Metrnl expression was observed in the bones of 4- and
12-week-old mice (higher at 12 weeks), predominantly lo-
calized to hypertrophic chondrocytes in the growth plate,
trabecular bone surfaces, and periosteum—anatomical re-
gions enriched in osteogenic cells. In contrast, 48-week-old
mice exhibited markedly reduced Metrnl expression, with
only residual signal at the junction between hypertrophic
zone and trabecular bone, and negligible periosteal stain-
ing (Fig. 1B). This age-dependent decline coincided with
reduced osteogenic cell abundance in aged mice.

To confirm Metrnl expression in the osteogenic lin-
eage, we performed multicolor immunohistochemistry
(TSA). Ocn+ cells are used as markers of OBs. Metrnl
showed substantial co-localization with Ocn, particularly
in nascent trabecular bone beneath the hypertrophic zone
where abundant OBs reside, indicating high Metrnl expres-
sion on trabecular surfaces (Fig. 1E). These data indicate
abundant Metrnl expression in osteogenic cells and its close
association with osteogenic differentiation.

To examine Metrnl expression in the osteogenic mi-
croenvironment, we analyzed dataset GSE132151. Bone
marrow cells were clustered into five major populations:
bone mesenchymal stem cells (BMSC), osteoblast progen-
itors, pre-OBs, adipocyte progenitors, and pre-adipocytes
(Fig. 1C). Metrnl expression was highest in pre-OBs (Fig.
ID). Multicolor immunohistochemistry further demon-
strated co-localization of Metrnl with osteoblast precur-
sors (PDGFRa+Scal+Prx+) (Fig. 1F). Primary bone
marrow-derived mesenchymal stem cells (BMSCs) were
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subjected to osteogenic induction, confirmed by ALP activ-
ity and Alizarin Red absorbance (Fig. 1G,H). Both Metrnl
mRNA and protein levels progressively increased during
osteogenic induction (Fig. 1LJ). Conversely, in primary
bone marrow macrophages (BMMs) undergoing osteoclast
induction (Fig. 1K), Metrnl expression declined at both
transcriptional and translational levels (Fig. 1L,M). Col-
lectively, these results demonstrate that Metrnl is associ-
ated with OP and is preferentially expressed in osteoblast
precursor populations during osteogenic differentiation.

3.2 Global Metrnl Knockout Increases Bone Mass

Global Metrnl knockout mice were generated using
the CRISPR-Cas9 system (Fig. 2A). qRT-PCR and im-
munohistochemistry confirmed the absence of Metrnl ex-
pression in the evaluated tissues, including the heart, liver,
adipose tissue, skeletal muscle, and bone marrow (Fig.
2B,C), including bone. Alcian blue-Alizarin red staining of
neonatal mice showed earlier posterior fontanelle closure in
Metrnl”- mice, with no differences in skeletal size or length
(Fig. 2D). Body weight was comparable between geno-
types from 4 to 16 weeks (Fig. 2E), indicating no apparent
differences in embryonic skeletal development or postnatal
weight gain.

Micro-CT analysis of 12-week-old female femurs
showed significantly increased trabecular bone mass in
Metrnl”~  mice, with elevated trabecular number and
thickness, while cortical bone remained unaffected (Fig.
2F). Histomorphometric analysis revealed increased bone
volume/tissue volume (BV/TV), bone surface/tissue vol-
ume (BS/TV), trabecular thickness (Tb.Th), and trabecu-
lar number (Tb.N), along with reduced trabecular separa-
tion (Tb.Sp) and trabecular pattern factor (Tb.Pf) (Fig. 2G).
BMD was significantly higher in Metrnl”~ mice (Fig. 2H).
Three-point bending tests demonstrated enhanced maxi-
mum load-bearing capacity (Fig. 2I), indicating improved
biomechanical properties. Calcein double labeling revealed
increased mineral apposition rate (MAR) and bone forma-
tion rate (BFR/BS) (Fig. 2J,K). Von Kossa staining of L4
vertebrae showed consistent changes in mineralized trabec-
ulae (Fig. 2L,M). These data demonstrate that Metrnl de-
ficiency is associated with increased trabecular bone mass
and elevated bone formation parameters.

3.3 Enhanced Osteogenic Differentiation in Global Metrnl
Knockout Mice

To elucidate mechanisms underlying the bone pheno-
type, we examined osteogenic and osteoclastic differenti-
ation in vivo and in vitro. Ocn immunostaining of tibial
sections from 12-week-old females showed increased Ocn+
area and cell numbers in Metrnl”- mice, whereas TRAP
staining showed no significant change in TRAP+ signals
(Fig. 3A). Osteoblast number/bone perimeter (N.Ob/B.Pm)
and osteoblast surface/bone surface (Ob.S/BS) were signif-
icantly elevated, while osteoclast parameters (N.Oc/B.Pm

&% IMR Press


https://www.imrpress.com

>
o

*kk

£

-

N
S
S

Ob.S/BS(mm™)

Ocn

N.Ob/B.Pm(mm

/s - &
Metrnl*’* Metrnl ™ Metrnl"’* Metrnl”

ns

[ — ‘T" 30 — A245 ns
‘ E ‘I-E 20 f !
R E 2
| £ Es
§ o 8.,
|t % 0 a
o © 0.5
4 o
Z 0.0
Metrnl*"* Metrnl™ Metrnl*’* Metrnl ™
) 5. 0d 14 od 14
165 ns .
C A16 i iy LI \I'E T2 = Metrnl** _* 150 @ Metrnl**
—El o € 157 H S B Metrnl™ 3‘? B Metrnl” _*
= 14 9 © £E
5™ S S I S E
£ 13- N B
£ . < Q1o SS
o . = 12 . x < S =
= 12 T g o Q9 s
- Q ad = = = 05 &‘ 2
o : & & § 2
10- 0.0 0
<
£ = od  14d od  14d
S = =
& L
& ALP ARS
E g . WA g i+ H E Metrnl** T
2 B Metrnl ,, 2 B Metrnl K] e " * H B Metrnl*™* e
< B Metrnl™ Lo e B Metrnl™ § 00 sctrnl < o 154 B Metrnl” I
7 g< ) zx
E €3¢ S g 310
(&) ‘s [v4
® [ ) 50 o o
2 202 £ 206 s
K s 5 ko
© T ] ©
4 (4 4 ¢ °
0od 14d od 14d od 14d
F ns 40 ns I
Metrnl**
Lo
w
e 20
©
8
o
2 Q X Q
Q> Q> &
& &
Trap CtsK V-ATPase d2
c € s c
S st 8 -
A —_ ﬁ e o . g“ B Metrnl**,,,
£ £ 10 £ >E S 20 Metrnl"‘l_‘
2 os 205 2 0s 55 28
2 2 2 o8 & 10
8 - 5 15 £
& oo & oo 2 o0 <35 9%
X Q <\" X {\x Q = g o
Q N X
& & N, & ¢ od  14d

Fig. 3. Effects of global Metrnl knockout on osteogenic and osteoclastic differentiation. (A) Ocn IHC and TRAP staining of tibial
sections from 12-week-old female mice. Arrows indicate Ocn+ or TRAP+ cells. Scale bar: 100 um. (B) Histological parameter analysis
for Ocn and TRAP staining, including N.Ob/B.Pm, Ob.S/BS, N.Oc/B.Pm, and Oc.S/BS. (C) ELISA detection of serum bone metabolism
markers PINP and B-CTX. (D) ALP and ARS staining of in vitro BMSC osteogenic induction at Day 0 and Day 14. (E) gqRT-PCR
analysis of osteogenic marker mRNA levels at Day 0 and Day 14. (F) TRAP staining and F-actin ring staining of in vitro BMM osteoclast
induction. Scale bar: 100 um. (G) Analysis of osteoclast number (OC.number) and area (OC.area). (H) qRT-PCR analysis of osteoclast
differentiation marker mRNA levels. (I) TRAP staining of calvarial bone from 6-week-old mice. (J) ALP and ARS staining of calvarial
osteoblasts at Day 0 and Day 14. Statistical Significance: *p < 0.05, ***p < 0.001, “ns” indicates no statistical significance (p > 0.05).
Error bars represent the mean + SD, n = 6 per group.
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and Oc.S/BS) remained unchanged (Fig. 3B). Serum bone
metabolism markers showed elevated PINP in Metrnl”-
mice with no difference in B-CTX (Fig. 3C), confirming en-
hanced bone formation. In vitro, BMSCs from 4-week-old
mice exhibited stronger osteogenic capacity upon Metrnl
knockout, as evidenced by intensified ALP and Alizarin
Red staining (Fig. 3D). mRNA levels of osteogenic mark-
ers at day 14 corroborated these findings (Fig. 3E). Os-
teoclast differentiation from BMMs showed no genotypic
differences in TRAP staining, F-actin rings, cell number,
or area (Fig. 3F,G), and mRNA expression levels of osteo-
clast markers were comparable (Fig. 3H). Because calvarial
bones develop via intramembranous ossification, calvarial
osteoclasts and OBs were further examined. TRAP stain-
ing revealed no difference in osteoclast numbers (Fig. 3I).
Calvarial OBs isolated by collagenase digestion showed en-
hanced mineralization in Metrnl”~ mice (Fig. 3J). These
results demonstrate that Metrnl deficiency is associated
with enhanced osteogenic differentiation without detected
changes in osteoclastogenesis.

3.4 Osteoblast-Specific Metrnl Deletion Increases Bone
Mass

To assess the cell-specific contribution of Metrnl,
we generated Metrnl"F° mice and crossed them with
Ocn-Cre, Ctsk-Cre, or PrxI-Cre drivers to achieve cell-
specific deletion (Fig. 4A). Micro-CT reconstruction re-
vealed increased bone mass and trabecular number in
MetrnlFlox/FloxOcpCre and Metrnlf'o/Flox prx [€re mice, but
not in Metrnl™"o¥/Flox CskCr¢ mice (Fig. 4B,C). Serum PINP
was elevated in conditional knockouts with no B-CTX dif-
ference (Fig. 4D). Histomorphometry confirmed elevated
BV/TV, BS/TV, Tb. Th, and Tb. N, along with re-
duced Tb.Sp and Tb.Pf in osteoblast- and osteoprogenitor-
specific knockouts, whereas no significant changes were
observed in MetrnloFloxCtsk mice (Fig. 4F). His-
tology showed expanded trabecular bone area, increased
Ocnt OBs, and elevated N.Ob/B.Pm and Ob.S/BS in
MetrnlFo¥/Flox OcpCre and MetrnlF'o¥/Flox Py €7 mice, while
osteoclast parameters remained unchanged (Fig. 4E,G).
Calcein labeling showed increased MAR and BFR/BS in
Metrnl"FloxQcp© and Metrnl'o¥Flox Pry 1€ mice (Fig.
4H,I). Thus, Metrnl deletion in osteoblast lineage cells en-
hances bone formation without affecting osteoclasts, con-
firming its cell-autonomous role.

3.5 Metrnl Regulates Osteogenic Differentiation Via
Intracellular Pathways

As a secreted protein, Metrnl can act through extra-
cellular receptor-mediated mechanisms as well as intracel-
lular pathways. To compare extracellular and intracellu-
lar effects of Metrnl, Metrnl knockdown and overexpres-
sion MC3T3 cell lines were generated. Overexpression
inhibited osteogenic differentiation, while knockdown en-
hanced mineralization (Fig. 5A,B). To evaluate the ex-
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ogenous effects of Metrnl, MC3T3 cell lines were di-
rectly treated with recombinant Metrnl protein at indicated
gradient concentrations (0, 100, 500, and 1000 ng/mL)
as shown in (Fig. 5C,D). Notably, intracellular overex-
pression showed stronger inhibitory effects than recombi-
nant protein treatment, suggesting a dominant intracellular
pathway. To rigorously test this, signal peptide-deficient
Metrnl overexpression mutants incapable of classical ER-
Golgi secretion were constructed (Fig. 5E). ELISA con-
firmed profoundly diminished secretion from the mutant,
while Western blot showed markedly increased intracel-
lular accumulation (Fig. 5F,G). Four MC3T3 groups
were compared: signal peptide-deficient Metrnl-OE, wild-
type Metrnl-OE, control vector, and vector+rMetrnl (500
ng/mL). Osteogenic induction revealed comparable inhi-
bition between intracellular Metrnl variants, both signifi-
cantly stronger than extracellular recombinant protein (Fig.
5H,I). These data establish that Metrnl exerts potent intra-
cellular effects and prompted our investigation of its intra-
cellular signaling mechanism.

3.6 Metrnl Interacts With Rackl During Osteogenic
Differentiation

We examined whether intracellular Metrnl functions
through protein-protein interactions (Fig. 6A). Using
3xFlag-tagged Metrnl in Co-IP assays followed by silver
staining, a prominent band at 35-55 kDa was detected, cor-
responding to Metrnl-Flag (Fig. 6B). Mass spectrometry
identified 30 proteins, among which Rack! (32 kDa) was
detected with multiple unique peptides (Fig. 6C). Accord-
ing to UniProt database, Rackl is a cytosolic scaffold pro-
tein, making it a candidate Metrnl interactor. The interac-
tion between Metrnl and Rackl was rigorously validated
through multiple approaches. First, exogenous Co-IP in
HEK293T cells co-transfected with Flag-Metrnl and HA-
Rackl demonstrated that both proteins could reciprocally
pull down each other (Fig. 6E). To confirm this interac-
tion under physiological conditions, endogenous Co-IP was
performed in BMSCs using anti-Metrnl and anti-Rack1 an-
tibodies. The results confirmed that endogenous Metrnl and
Rack1 formed a stable complex in BMSCs (Fig. 6D). Im-
munofluorescence (IF) staining further revealed that both
Metrnl and Rackl were predominantly localized in the cy-
toplasm, showing significant spatial co-localization (Fig.
6F). Consistent with these cellular findings, IF analysis
of decalcified tibial sections from 12-week-old C57BL/6
mice showed that Metrnl and Rackl were co-expressed
in the nascent trabecular bone region below the growth
plate, particularly in cells attached to the trabecular sur-
face (Fig. ©6L), confirming the spatial relevance of this
interaction in vivo. To determine whether the interaction
is direct, we performed a GST pull-down assay using re-
combinant proteins, which confirmed the direct physical
binding between Metrnl and Rackl (Fig. 6K). To further
explore the structural basis of this interaction, molecular
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Fig. 4. Effects of osteoblast-specific Metrnl deletion on bone mass and cellular differentiation. (A) Schematic of the gene construct
and Cre-mediated mating strategy for Metrnl™*""* mice. (B) Micro-CT 3D reconstructions showing the distal femur and trabecular
bone of Metrnl™ " Cre-, Metrnl™™* Ocn and Metrnl™ "% Prx1€", and Metrnl™*""°* Ctsk“ mice. Scale bar: 1 mm. (C) Bone
Mineral Density (BMD) measurement results. (D) ELISA detection of serum bone metabolism markers PINP and B-CTX. (E) H&E
staining, Ocn IHC, and TRAP staining of tibial sections. Scale bar: 100 pm. (F) Bone morphometric parameter analysis, including
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N.Ob/B.Pm, Oc.S/BS, and N.Oc/B.Pm. (H) Calcein double labeling experiment showing Mineral Apposition Rate (MAR) and Bone
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Fig. 5. Investigation of the molecular mechanism of Metrnl in osteogenic differentiation. (A) Effects of Metrnl knockdown and
overexpression on osteogenic differentiation in MC3T3 cells, showing ALP and ARS staining. (B) qRT-PCR analysis of osteogenic
marker mRNA levels following Metrnl knockdown and overexpression. (C) Effects of various concentrations of recombinant Metrnl
protein on MC3T3 osteogenic differentiation (ALP and ARS staining). (D) qRT-PCR analysis of osteogenic marker mRNA levels
after treatment with different concentrations of recombinant Metrnl. (E) Schematic of the Metrnl signal peptide function, showing the
difference between Metrnl with and without the signal peptide in the secretory pathway. (F) ELISA measurement of Metrnl secretion
levels in the culture supernatant of different cell lines. (G) Western blot analysis of intracellular Metrnl expression levels in different
cell lines. (H) Osteogenic differentiation of MC3T3 cells under different Metrnl overexpression conditions (ALP and ARS staining). (I)
qRT-PCR analysis of osteogenic marker mRNA levels across treatment groups. Data are presented as Mean = SD; Statistical significance:

*p <0.05, **p < 0.01, ***p < 0.001, “ns” indicates no statistical significance (p > 0.05). Error bars represent the mean = SD.
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docking and molecular dynamics (MD) simulations were
conducted. The Metrnl-Rackl complex reached a stable
state during a 100 ns simulation, as evidenced by the Root
Mean Square Deviation (RMSD) and hydrogen bond anal-
ysis (Fig. 6G-I). Structural modeling identified the binding
interface, and computational alanine scanning suggested
that Ser160 in Rackl is a critical residue for the interaction,
with a predicted binding free energy change (AAGyinding) of
7.51 kcal/mol upon mutation (Fig. 6J). Collectively, these
data demonstrate that Metrnl directly binds to Rack1, poten-
tially forming a functional signaling platform in bone tissue.

3.7 Metrnl Impairs Rackl-PKCa Binding and Suppresses
Bmall Phosphorylation

Previous studies have shown that Rackl, encoded by
Gnb2l1, is a seven WD-repeat scaffold that binds activated
PKCo and modulates downstream signaling [36,37,38].
Rack1-PKCa interaction has been reported to stimulate
Bmall phosphorylation, thereby inhibiting Clock-Bmall
transcriptional activity and downregulating Cry2 expres-
sion [39]. Given previous research demonstrated a nega-
tive regulatory role of Cry2 in BMSC osteogenic differen-
tiation, we investigated the effect of Metrnl on this signal-
ing axis [40,41,42]. We first performed a binding pocket
analysis using molecular docking and molecular dynamics
(MD) simulations. The structural modeling results revealed
a significant overlap between the PKCa binding pocket
on Rackl and the Metrnl-Rack1 interaction interface (Fig.
7A). Binding free energy calculations and surface occu-
pancy analysis demonstrated that Metrnl occupies the criti-
cal WD-domain pocket of Rack1, which is the essential site
for PKCa anchoring (Fig. 7B-D). Specifically, the pres-
ence of Metrnl generates significant steric hindrance, ef-
fectively obstructing PKCa from accessing its binding site
on Rackl. We further employed Western blotting (WB) to
examine the expression levels and phosphorylation status
of relevant proteins within this signaling pathway. Metrnl
overexpression did not alter Rackl or PKCa protein lev-
els but was associated with reduced Bmall phosphoryla-
tion and increased Cry2 expression (Fig. 7E), suggest-
ing Metrnl inhibits PKCo-mediated Bmall phosphoryla-
tion. Co-IP showed that Metrnl overexpression diminished
Rack1-PKCa and Bmal1-PKCa interactions (Fig. 7F), con-
sistent with reduced Bmall phosphorylation. Immunoflu-
orescence demonstrated that Metrnl overexpression pro-
moted Bmall nuclear translocation in BMSCs (Fig. 7G),
confirming Metrnl regulates PKCa-Bmall signaling.

3.8 Metrnl Promotes Cry2 Transcription Via Rackl to
Inhibit Osteogenesis

gRT-PCR in BMSCs transfected with increasing
Metrnl plasmid doses showed dose-dependent Cry2 upreg-
ulation. Co-transfection experiments revealed that Rackl
overexpression alone suppressed Cry2, while Metrnl over-
expression elevated Cry2. Simultaneous overexpression of
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both partially reversed the Rack1-mediated suppression of
Cry2 (Fig. 7H). Functional assays showed Rackl overex-
pression enhanced osteogenic differentiation, whereas Cry2
overexpression suppressed it (Fig. 71,J). Co-transfection of
Metrnl and Rackl in BMSCs demonstrated that Metrnl’s
inhibitory effect on osteogenesis was partially rescued by
Rack1 co-expression (Fig. 7K,L). These data establish that
Metrnl suppresses osteogenesis via Rackl-mediated Cry2
transcription. Tibial sections from 12-week-old Metrnl”-
mice showed increased P-Bmall, decreased Cry2, and ele-
vated Ocn expression (Fig. 7M), validating the pathway in
vivo.

4. Discussion

This study systematically elucidates Metrnl’s expres-
sion profile, functional role, and molecular mechanism in
bone metabolism, and identifies its clinical association with
age-related OP. Proteomic screening identified declined
Metrnl levels in elderly osteoporotic women, suggesting a
potential association with impaired bone formation during
age-related bone loss. This clinical observation provided
the foundation for subsequent mechanistic studies. In our
clinical cohort, while no significant differences were ob-
served in BMI or serum calcium levels, we noted a marked
reduction in 25(OH)D levels among elderly osteoporotic
patients. This clinical discrepancy suggests that vitamin D
deficiency may be an extrinsic factor influencing the os-
teogenic microenvironment. Although the present study
primarily focused on the intracellular Metrnl-Rack1-PKCa
signaling axis, we cannot exclude the possibility that sys-
temic vitamin D status modulates Metrnl expression. Given
that Metrnl acts as a bridge between metabolic signals and
bone homeostasis, the regulatory crosstalk between Vita-
min D and Metrnl warrants further investigation. In our fu-
ture research, we aim to systematically refine the upstream
regulatory mechanisms of Metrnl, specifically focusing on
whether vitamin D serves as a key transcriptional or en-
docrine driver of Metrnl expression in the context of skele-
tal aging.

In model organisms, Metrnl expression exhibited
marked age-dependence: abundant during active bone for-
mation (4—12 weeks) but declining in aged mice (48 weeks)
with compromised osteogenic function. This pattern, to-
gether with clinical data, supports a negative regulatory role
in bone homeostasis. Integration of scRNA-seq and im-
munohistochemistry precisely localized Metrnl to pro-OBs
and mature OBs. Functionally, global Metrnl knockout in-
creased trabecular bone mass, trabecular number/thickness,
mineralization rate, and biomechanical strength. This phe-
notype was recapitulated in Ocn-Cre and PrxI-Cre con-
ditional knockouts, but not in osteoclast-specific knock-
outs, establishing that Metrnl cell-autonomously inhibits
osteogenic differentiation without directly affecting osteo-
clasts. Mechanistically, we uncovered a dual-mode signal-
ing axis dominated by intracellular action. Metrnl directly
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Fig. 6. Interaction between Metrnl and Rackl1. (A) Schematic of the experimental workflow for screening Metrnl-interacting proteins
using Co-IP and mass spectrometry (MS) in MC3T3-E1 cells. (B) SDS-PAGE silver staining analysis of Flag antibody immunoprecipi-
tates from 3xFlag-Metrnl overexpressing cells. (C) Visualization of mass spectrometry data, including a Venn diagram of specific proteins
identified in the Flag group vs. IgG control, and a heatmap of selected candidate proteins. (D) Endogenous Co-IP analysis of Metrnl
and Rackl in bone marrow mesenchymal stem cells (BMSCs). (E) Exogenous Co-IP analysis of Flag-tagged Metrnl and HA-tagged
Rackl in transfected HEK293T cells. (F) Dual immunofluorescence staining of Metrnl (red) and Rackl (green) in MC3T3-E1 cells;
nuclei were counterstained with DAPI (blue). Scale bar: 20 um. (G-I) Molecular dynamics (MD) simulation parameter analysis over a
100 ns trajectory, including (G) Root Mean Square Deviation (RMSD), (H) Root Mean Square Fluctuation (RMSF), and (I) Hydrogen
Bond (HBOND) counts. (J) Structural modeling of the Metrnl-Rack1 docking complex and binding free energy changes (AAGbinding)
calculated for specific residue mutations (ASN159ALA, THR316ALA, and SER160ALA). (K) GST pull-down assay using recombi-
nant GST-HA-Metrnl and Flag-Rack] proteins. (L) Immunofluorescence analysis of Metrnl (green) and Rack1 (red) in decalcified tibial
sections of 12-week-old C57BL/6 mice, the white arrows indicate representative co-localization puncta. Scale bar: 50 um.

16 @IMR Press


https://www.imrpress.com

— C . RMSF-C § E

— RMSF (nm)
— RMSF-RM

1
0.
£o
2, Rack1
2
H
0.
. PKC-a
0 10 20 30 40 50 60 70 8 90 100 S 430 iz90! fato: 40 Iog0
Time (ns)
Res-ID Clock
Rack.etmi Rack-PKCa
Average Average
(kealimol) ) (kealimo) M Bmalt
VOWAALS 8349 304 VOWAALS 5073 o097
EEL 7347 302 EEL 3005 413
EPB 17602 219 EPB 30931 347 P-Bmal1
ENPOLAR 6325 282 ENPOLAR 3818 042
EDISPER 12056 481 EDISPER 7423 or
Cry2
GeAs 25605 656 ceAs 35128 350
osoLv 2423 32 osoLV 34535 344
TOTAL | 1462 375 ToTAL 588 077 B-Actin
F IP:  1g6  Rackt g6 PKCa G DAPIL

Relative expression level
of Cry2
ative expression level
of Cry2

I
LARA|L)
UL
it
Control Vector

B-Actin pActin & —
.
¢ o & ¢ 8 8 g T o 1o o 0 @ packt -
FEEE & & 3 ? ac
A KU Metrnl(ng of plasmid) Metrnl -
o o = s
3 8- [ 6
> > B Rack1-OE
150 T 3 H =
I 0d 14d 0d 14d T '—‘[ B Racki-OE I % & iy < [ .« ' Control vector
2 **  m Control vector g a8 <  Cry20F
7] 26w '—l = Cry2-0E gz, % 8
o] Rackl-OE 8% ES g
N D 2 2 2]
= el g £
2 S Tl
z ° <
i od  14d od 14d
By] -
- _ s .
1) E“’ B Rack1-OE g E B Rack1-OE
= S s = Control vector = << B Control vector
s B Cry2-0E g 254 m Cry2.0E
& 8w [ z3
Ze £ S,
£os s 2%
E 5 5
Tl
oo s e o

T o . P-Bmall/Cry2/Ocn
£ ok
B 15 M, = £ o

= . * REE

[ ok S r

S0 gre
= 0o

=5 -+ o g 1.0

T <5

s £ 0

° @

8 S oo

5 Rack1 - + - + Rack1

< Metrnl - & T Metrnl

e P-Bmall/Cry2/0

of Col1a1
Relative mRNA level

Relative mRNA level
Relative mRNA level

Rackl- + - + Rackl -+ - Rackl- + - + Rack1 -
Metrnl- -+ o+ Metrnl - -+ o+ Metrnl- -+ ¢ L

Fig. 7. Metrnl inhibits osteogenic differentiation by regulating the Bmall/Cry2 axis via a Rackl competitive binding mechanism.
(A) Molecular docking models of Rackl binding with Metrnl and PKCoa. (B) Root Mean Square Deviation (RMSD) curves during
100 ns simulations of Rackl binding with Metrnl/PKCa. (C) Root Mean Square Fluctuation (RMSF) analysis of key residues. (D)
Binding free energy (MM/GBSA) calculations for Rack1 binding with Metrnl/PKCa. (E) Western blot detection of Rack1, PKCa, Clock,
Bmall, P-Bmall, and Cry2 expression. (F) Co-IP analysis detecting the effects of Metrnl on the assembly of the Rack1/PKCo/Bmall
complex under different conditions. (G) Immunofluorescence detection of Bmall subcellular localization: Observation of the effect of
Metrnl overexpression on Bmall nuclear translocation in primary BMSCs. Scale bar: 20 um. (H) qRT-PCR detection of Cry2 mRNA
expression following treatment with gradient concentrations of Metrnl and combined Metrnl/Rack]1 treatment. (I) Assessment of the
effects of Rackl and Cry2 on osteogenic differentiation phenotypes via ALP staining, ARS staining, and quantitative analysis. (J)
qRT-PCR analysis of osteogenic marker mRNA levels across treatment groups. (K) Functional evaluation of Metrnl-Rack1 synergistic
regulation of osteogenesis: ALP and ARS staining and quantification in primary BMSCs following single or combined transfection with
Metrnl/Rack]1 plasmids. (L) Regulation of osteogenic gene expression by Metrnl and Rack1: qRT-PCR detection of osteogenic marker
transcription levels in various intervention groups. (M) Multiplex immunofluorescence (TSA) staining for P-Bmall, Cry2, and Ocn in
12-week-old mouse tibial sections. Scale bar: 50 pm. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, “ns” indicates no
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binds the scaffold protein Rackl, impairs PKCa-mediated
phosphorylation of the Clock-Bmall complex, promotes
Bmall nuclear translocation, enhances Cry2 transcription,
and ultimately suppresses osteogenesis.

The spatiotemporal expression pattern of Metrnl has
profound physiological implications. Its high expression
in juvenile to adult OBs, coinciding with bone accrual,
yet declines in aged mice, reflects a finely tuned negative
feedback mechanism. We propose that Metrnl may func-
tion as a “physiological brake” on bone formation: during
rapid bone growth, active osteogenic signals may upregu-
late Metrnl to prevent excessive bone deposition, while age-
related osteoblast attrition reduces Metrnl expression, al-
leviating its negative regulation. However, this relaxation
of feedback appears insufficient to counteract age-related
bone loss and may contribute to pathological progression.

Our clinical findings (reduced Metrnl) and genetic re-
sults (increased bone mass upon Metrnl deletion) present
an apparent biological contradiction that warrants in-depth
discussion. Since Metrnl functions as a negative regulator
of osteogenesis, its decline in osteoporosis (OP) would the-
oretically be expected to promote, rather than impair, bone
formation. However, we propose that this decline is a pas-
sive consequence of “source cell depletion” within the os-
teogenic niche. Given that Metrnl is precisely localized to
pre-osteoblasts and mature osteoblasts, the progressive ex-
haustion of the osteoblast lineage pool during skeletal aging
inevitably leads to a decline in total Metrnl bioavailability.
This phenomenon mirrors that of Sclerostin (SOST), a po-
tent Wnt antagonist and established negative regulator of
bone formation [43]. Clinical evidence has demonstrated
that in states of severe bone loss or extreme aging, serum
SOST levels can paradoxically decline—a shift that reflects
the depletion of the osteocyte/osteoblast population rather
than a pro-anabolic drive [44,45]. Consequently, the reduc-
tion of Metrnl in OP likely represents a failed compensatory
feedback mechanism: the bone microenvironment attempts
to alleviate inhibitory signals by lowering Metrnl levels,
yet this “relaxation of the brake” is insufficient to over-
come the fundamental impairment in the recruitment and
differentiation of osteoprogenitors associated with senes-
cence, which have already undergone a “cliff-like” reduc-
tion. This dual-edged nature indicates strict concentration-
and context-dependent regulation, requiring precise thera-
peutic targeting.

Conditional knockout strategies enhanced functional
specificity. While global knockout phenotypes are clear,
they cannot exclude systemic endocrine effects from other
Metrnl-expressing tissues. The recapitulation of pheno-
types in Ocn-Cre and Prx1-Cre models, which target ma-
ture OBs and early progenitors, respectively, confirms cell-
autonomous function in bone. Our findings differ from pre-
vious reports suggesting a pro-osteogenic role for Metrnl
but are consistent with studies indicating inhibitory ef-
fects [32,35]. Discrepancies likely stem from: (1) vari-
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able evidence strength—our multi-dimensional approach
(global/conditional knockouts, primary cells, tissue valida-
tion) versus overexpression or recombinant protein stud-
ies; (2) temporal windows—6 weeks (pre-plateau) versus
our 12-week (peak bone mass) analysis; and (3) our dis-
covery of the intracellular Rack1-rhythm pathway, which
may not be fully engaged by extracellular protein treat-
ment alone. Future studies using inducible knockouts (e.g.,
Dmp1-CreER) will address stage-specific functions.

A key mechanistic insight from this study is the dual-
mode signaling of Metrnl and its coupling to the Clock—
Bmall system. Regarding the existence forms of Metrnl
in bone, our study suggests a dual-localized pattern. Con-
trary to the conventional view of Metrnl as solely a secreted
factor [27,46], our data demonstrate dominant intracellu-
lar effects: signal peptide-deficient mutants, though non-
secreted, accumulate intracellularly and exhibit wild-type-
equivalent osteoinhibitory potency, while extracellular re-
combinant protein shows limited efficacy. We speculate
that Metrnl may exist in a dynamic equilibrium between its
nascent, intracellular form (acting as a signaling platform
with Rackl) and its secreted form (potentially acting via
autocrine/paracrine receptors). The robust intracellular ac-
cumulation observed in our Western blots and immunoflu-
orescence suggests that in the bone microenvironment, the
non-secreted or pre-secretory pool of Metrnl may be the
primary driver of its negative regulatory effects on bone
formation. Rackl, a seven-WD-repeat scaffold known for
PKC membrane translocation [36], is identified here as a
novel Metrnl intracellular effector. Metrnl binding likely
impairs Rack1-PKCa interaction via steric hindrance or
conformational changes, reducing Bmall phosphorylation.
Metrnl thus links to the circadian-bone metabolism axis.
The Clock-Bmall heterodimer, core to the transcriptional-
translational feedback loop, is regulated by phosphoryla-
tion. Phosphorylated Bmall is retained in the cytoplasm,
suppressing transcription and downregulating Cry2 [47,48].
Emerging evidence highlights the pivotal role of the circa-
dian clock system in maintaining bone homeostasis [49].
Central clock genes, particularly Bmall and Cry2, function
as intrinsic molecular oscillators that orchestrate the tem-
poral expression of osteogenic transcription factors [50].
Bmall has been identified as a positive regulator of bone
mass, with its deficiency leading to impaired osteoblast pro-
liferation and differentiation [51,52]. Conversely, Cry?2 acts
as a transcriptional repressor in the core clock loop, and
its dysregulation is closely associated with age-related bone
loss. Cry2 knockout mice exhibit increased bone mass, con-
sistent with our phenotype [42]. Our identification of the
Metrnl-Rack1-PKCa-Bmall-Cry?2 axis expands current un-
derstanding of the molecular links between circadian reg-
ulation and bone metabolism. In summary, our findings
position Metrnl as a pivotal metabolic determinant that or-
chestrates the skeletal response to circadian cues. By fine-
tuning the stability of Bmall and Cry2 through the Rack1-
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PKCa scaffold, Metrnl serves as a molecular link between
systemic metabolic status and the local molecular clock-
work within the bone microenvironment. Given its age-
related decline, Metrnl deficiency may lead to a ‘circadian
desynchrony’ in osteoblasts, rendering bone tissue less re-
sponsive to anabolic rhythmicity. Therefore, targeting the
Metrnl-mediated circadian interface offers a sophisticated
strategy to restore bone homeostasis in age-related osteo-
porosis.

This study has several limitations, including a rela-
tively small human cohort (n = 10) with a cross-sectional
design precluding causality, unknown in vivo Metrnl dy-
namics and half-life-limited spatiotemporal precision (e.g.,
local gene delivery during fracture healing), an unresolved
structural basis of Metrnl-Rackl interaction, and unex-
plored effects on broader circadian gene networks. Fu-
ture studies should validate Metrnl as a bone metabolism
biomarker, resolve its structure-function relationship, and
develop targeted interventions. Additionally, clinical data
in Supplementary Material 3 reveal a synchronized de-
cline in serum 25(OH)D levels within the elderly OP co-
hort. While the direct regulatory effect of vitamin D on
Metrnl transcription remains to be characterized, this ob-
served correlation suggests a potential ‘Vitamin D-Metrnl’
axis that warrants further exploration in the context of an-
abolic recovery in osteoporosis.

From a therapeutic perspective, the timing of Metrnl-
targeted interventions is crucial. Given that Metrnl levels
are already exhausted in typical senile OP patients due to
lineage depletion, further inhibition may yield diminishing
returns. Instead, Metrnl inhibitors may be ideally suited for
early-stage intervention, such as in perimenopausal women
before the “cliff-like” reduction of the osteogenic pool has
occurred. By neutralizing this physiological brake while the
progenitor reservoir is still relatively intact, it may be pos-
sible to maximize bone preservation. Conversely, in con-
ditions characterized by excessive bone formation, such as
osteosclerosis or heterotopic ossification, Metrnl or its ago-
nists could be leveraged to therapeutically suppress patho-
logical bone deposition by reinforcing its native negative
regulatory axis. Future directions include: (1) screening
small-molecule inhibitors of Metrnl-Rack]1 interaction; (2)
developing bone-targeted delivery systems; (3) exploring
synergism with existing OP drugs; and (4) validating ef-
ficacy in large animal models. Given Metrnl’s pleiotropic
roles, skeletal-specific targeting requires rigorous toxicol-
ogy assessment.

5. Conclusion

This study identifies Metrnl as a negative regulator
of bone formation through multi-level functional validation
and mechanistic investigation, and characterizes a Metrnl-
Rack1-PKCa-Bmall-Cry2 signaling axis involved in the
regulation of bone metabolism. Future studies should eval-
uate its potential as a biomarker in larger cohorts, elucidate
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the structural determinants underlying its molecular inter-
actions, and explore targeted therapeutic strategies for bone
metabolic diseases.
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