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A B S T R A C T   

Gain-of-function mutations in the low-density lipoprotein receptor-related protein 5 (LRP5) can cause high-bone- 
mass (HBM) phenotype, with 19 identified mutations so far. The A242T mutation in LRP5 has been found in 9 
families, making it one of the most prevalent mutations. However, the correlation between the A242T mutation 
and HBM phenotype remains unverified in animal models. This study aimed to investigate the bone properties in 
a new transgenic mouse model carrying the LRP5 A241T missense mutation, equivalent to A242T in humans. 
Heterozygous Lrp5A241T mice were generated using CRISPR/Cas9 genome editing. Body weight increased with 
age from 4 to 16 weeks, higher in males than females, with no difference between Lrp5A241T mice and wild-type 
control. Micro-CT showed slightly longer femur and notably elevated trabecular bone mass of the femur and fifth 
lumbar spine with higher bone mineral density, bone volume fraction, and trabecular thickness in Lrp5A241T mice 
compared to wild-type mice. Additionally, increased cortical bone thickness and volume of the femur shaft and 
skull were observed in Lrp5A241T mice. Three-point bending tests of the tibia demonstrated enhanced bone 
strength properties in Lrp5A241T mice. Histomorphometry confirmed that the A241T mutation increased bone 
formation without affecting osteoblast number and reduced resorption activities in vivo. In vitro experiments 
indicated that the LRP5 A241T mutation enhanced osteogenic capacity of osteoblasts with upregulation of the 
Wnt signaling pathway, with no significant impact on the resorptive activity of osteoclasts. In summary, mice 
carrying the LRP5 A241T mutation displayed high bone mass and quality due to enhanced bone formation and 
reduced bone resorption in vivo, potentially mediated by the augmented osteogenic potential of osteoblasts. 
Continued investigation into the regulatory mechanisms of its bone metabolism and homeostasis may contribute 
to the advancement of novel therapeutic strategies for bone disorders.   

1. Introduction 

Low-density lipoprotein receptor-related protein 5 (LRP5), a member 
of the low-density lipoprotein receptor family, has been demonstrated to 
function as a regulator of bone mass [1,2]. Gain-of-function mutations in 
LRP5 caused high bone mass (HBM) phenotypes, characterized by 
elevated bone mineral density, increased cortical thickness, enhanced 
bone hardness, and reduced susceptibility to bone fracture [2–5]. 

Conversely, these mutations are less likely to be implicated in disorders 
affecting the retina, heart, and other physiological systems, which are 
more commonly associated with loss-of-function mutations [6,7]. The 
overall presentation of LRP5 HBM mutations was found to be benign, 
while the neurological complications (presented in 19.4 % of the pa
tients [8]) primarily arose from excessive bone formation [9]. Several 
studies have found that LRP5 HBM mutations may decrease suscepti
bility to osteoporosis-related to menopause and disuse atrophy, and 
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decrease bone resorption of maxillary edentulous ridge bone [10,11]. 
They can also rescue osteogenesis imperfecta (OI) and bone dysplasia 
resulting from STAT3 deficiency [12,13]. Additionally, LRP5 HBM 
mutations have been observed to delay the increase of postprandial 
blood glucose and improve glycemic control in insulin-deficient mice, 
potentially through enhanced glycolysis [14]. These findings suggest 
that further investigation into LRP5 HBM mutations might hold promise 
for therapeutic application in conditions such as osteoporosis, OI, and 
diabetes. 

A total of 19 LRP5 missense mutations have been documented as 
being associated with HBM since the initial identification of the first 
mutation G171V [3,5]. A242T (c.724G > A, p.Ala242Thr), one of the 
most common LRP5 gain-of-function mutations, has been found in 9 
families [8,9,15,16]. Alongside the notable presence of markedly 
elevated bone mass, none of them exhibited concurrent retinal or car
diac complications. Notably, the majority of them displayed elongated 
mandibles and torus palatinus, with one individual presenting with 
asymmetrical mandibular enlargement [9], frontal bossing, a flat nasal 
bridge, and hypertelorism [8], suggesting it may also serve as a model 
for studying craniomaxillofacial development. 

Conditional knock-in mice carrying Lrp5 G171V or A214V have been 
generated using the Cre/loxP system and homologous recombination, 
and have verified that these mutations, G171V and A214V, induced 
HBM in the mouse model [17,18]. However, the correlation between the 
A242T mutation and HBM phenotype remains unverified in animal 
models. 

The mechanism of bone metabolic regulation is extremely complex, 
and the previous studies based on the existing transgenic mouse models 
revealed the involvement of the classical Wnt/β-catenin signaling 
pathway [9,18], the regulation of glucose metabolism and fatty acid 
metabolism [14,19,20] for enhancing bone formation in LRP5 HBM 
mice, providing crucial mechanistic insights for understanding and 
treating bone diseases. 

In this study, we generated a new transgenic mouse model with the 
Lrp5 A241T mutation, corresponding to the A242T mutation in humans, 
using CRISPR/Cas9 genome editing techniques. Then we investigated 
the phenotypic manifestation of increased bone mass and decreased 
osteoclastic activity of Lrp5A241T mice in vivo. Moreover, we evaluated 
the osteogenic capacity of osteoblasts with A241T mutation and osteo
clast activity in vitro. Our findings confirmed that the Lrp5 A241T mu
tation led to high bone mass in animal models. The Lrp5A241T mice could 
serve as a model to further study mechanisms causing the HBM in 
human from the perspective of bone metabolism, homeostasis and so on, 
which might contribute to the advancement of novel therapeutic 

strategies for bone disorders. 

2. Materials and methods 

2.1. Generation of transgenic mice 

This study generated the heterozygous mice with Lrp5 A241T 
missense mutation (Lrp5A241T, referred to as A/+) utilizing the CRISPR/ 
Cas9 system and homologous recombination as previously described 
[21]. Briefly, Cas9 mRNA, single guide RNA (sgRNA) targeting the exon 
4 of the Lrp5 gene, and donor DNA were mixed and injected into the 
cytoplasm of zygotes of the C57BL/6J mice. The sequences for sgRNA 
and donor DNA are TTTGCCCTGACACTCTCTGG (sgRNA) and 
TGCCTGTTTCCTACCTACTGCAGGCA
GAAGGTGGTGGAGGGCAGCCTCACTCATCCTTTTACCCTGA
CACTCTCTGGGGACACACTCTACTGGACAGACTGGCA
GACCCGCTCCATCCACG (donor DNA). Cas9 protein was expressed in 
the cell instantaneously, and cut specific site at Lrp5 DNA exon 4 under 
the guidance of sgRNA, which can effectively reduce the off-target effect 
of CRISPR gene editing (Fig. 1A). Meanwhile, in order to prevent sgRNA 
from guiding Cas9 to cut donor DNA twice, donor DNA was introduced 
synonymous mutations (CAC to CAT, Fig. 1B) without changing the 
corresponding histidine. Then, the zygotes were transplanted into 
pseudopregnant female mice, and the offspring were propagated to 
obtain the sequence-validated Lrp5A241T F0 generation. Next, F0 gen
eration Lrp5A241T mice were hybridized with wild-type (WT) mice to 
obtain the F1 generation of heterozygote mice confirmed by genetic 
identification. The genotypes of all the transgenic mice were determined 
by polymerase chain reaction (PCR) followed by DNA sequencing 
(Fig. 1C-D). DNA was isolated from mouse tails. The sequences of PCR 
primer were 5′-AGTGAGGAGAGTGTGCTTGC-3′ (Forward, also served 
as sequent primer) and 5′-TGGCTCAGCACTTGGATGTC-3′ (Reverse) to 
yield PCR products of 324 bp in length. The heterozygous transgenic 
mice (A/+) and their WT littermates (referred to as +/+) were utilized 
for the subsequent experiments. All animal experiments were performed 
with the approval of the Institutional Animal Care and Use Committee of 
Zhejiang University. 

2.2. Assessment of bone properties 

Both male and female mice in the A/+ and +/+ groups were 
euthanized at 4, 8, 12, and 16 weeks of age by overdose injection of 
anesthetics (n ≥ 5 in every group). After body weight (g) was measured, 
the skull, femurs, and lumbar spine were collected and fixed in 4 % 

Fig. 1. Generation of HBM-causing Lrp5A241T knock-in mice. (A) A schematic diagram of the targeting genotype construction strategy for Lrp5 A241T alleles using 
CRISPR/Cas9 genome editing and homologous recombination. (B) The sequence information of donor DNA compared with wild type. (C, D) The genotype of all the 
transgenic mice were determined by PCR, northern blot, and DNA sequencing. +/+, wild-type mice. A/+, Lrp5A241T heterozygote mice. 
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paraformaldehyde for 24 h, then immersed in a solution of 75 % alcohol 
until scanning. The femurs of 8- and 16-week-old mice were then 
decalcified by decalcifying solution with 0.5 M EDTA for 14 days for 
further histological analysis. Tibiae of 16-week-old male mice were 
harvested, kept in saline (NaCl 0.9 %), and temporarily stored at − 20 ◦C 
for subsequent three-point bending experiments. 

2.3. Micro-computed tomography 

The fully fixed skull, femurs, and lumbar spine were scanned using 
high-resolution micro-computed tomography (μCT; U-CT-XUHR, 
Netherlands). The scanning parameters were set to 50 kV, 0.21 mA and 
75 ms. Datasets were reconstructed at a resolution of 50 pixels per mm 
(20 μm/pixel) using MILabs Rec 10.16 software. Analysis of the recon
structed data was performed with the Imalytics Preclinical Software 
version 2.1. Femur length was measured between the proximal and 
distal metaphysis. The region of interest (ROI) was selected according to 
previously reported methods. In the analysis of trabecular bone, the 
bone volume fraction (BV/TV, %), bone mineral density (BMD, g/cm3), 
and trabecular bone thickness (Tb.Th, mm) were measured in the region 
starting about 0.5 mm below the femoral distal growth plate and for a 
length of 1.5 mm [22]. The BV/TV, BMD and Tb.Th of the fifth lumbar 
vertebral body were also measured [23]. Furthermore, analysis of 
femoral cortical structure was conducted in a 1.0-mm mid-diaphyseal 
region, and calvaria cortical structure was assessed in two 3.0 mm ×
2.0 mm rectangle located 1.0 mm rostral to the sagittal suture in parietal 
bone (3.0 mm × 2.0 mm × 2). The average cortical thickness (Ct.Th, 
mm) and total cortical bone volume of ROI (Ct.V, mm3) of the calvarium 
and femoral mid-shaft were also quantified [23,24]. 

2.4. Mechanical properties analysis by three-point bending test 

The biomechanical properties of the tibia were analyzed by three- 
point bending tests performed on an Instron 5967 universal test ma
chine (Instron, America). After thawed at room temperature, the tibiae 
were placed horizontally on two lower sample supports located 6 mm 
apart, with the anterior surface facing upward. The pressing force was 
applied vertically to the midshaft of the tibia with a 2 mm/min loading 
rate using the Instron Bluehill 3 system until tibia fracture occurred. The 
recorded load-displacement curve was analyzed to determine the values 
of ultimate load and stiffness. The ultimate load was determined as the 
maximum load (N) achieved before fracture, which is synonymous with 
whole-bone strength. The stiffness, the units of load per displacement 
(N/mm), was determined by calculating the slope of the linear region of 
the load-displacement curve before failure [25,26]. 

2.5. Dynamic bone formation assay 

Fluorescent bone label calcein (20 mg/kg body weight, green) was 
injected intraperitoneally into 6.5-week-old A/+ and +/+ littermates (n 
= 4). After 7 days, alizarin complexone (20 mg/kg body weight, red) 
was injected intraperitoneally as well. All the mice were euthanized 3 
days later. Femurs were collected, fixed in 4 % paraformaldehyde for 24 
h, dehydrated by gradient alcohol, embedded in resin, and sectioned 
using a hard tissue sectioning and grinding system (EXAKT, Germany). 
Femur shaft sections were imaged using Keyence BZ-X800 (Keyence, 
Japan). The mineral apposition rate (MAR, μm/d) and mineralizing 
surface per bone surface (MS/BS, %) were measured using Image J 
software (Image J, version 2.14.0, USA). The bone formation rate (BFR, 
μm3/μm2/d) was calculated as MAR × MS/BS, according to previous 
studies [27]. 

2.6. Histological analysis 

After decalcification in 0.5 M EDTA, the femurs of 8- and 16-week- 
old mice were dehydrated, embedded in paraffin, and cut into 3-μm- 

thick sections along the long axis of the femurs. Masson staining was 
performed to visualize the tissue structure, differentiating the newly 
formed immature bone in blue from the mature bone in red. Immuno
histochemical staining for osteogenic marker osteocalcin (OCN) was 
performed [28]. After blocked with endogenous peroxidase blocker and 
non-specific staining blocking agent, the slides were incubated with 
OCN antibody (1:200 dilution, DF12303, Affinity) at 4 ◦C overnight. 
Then the slides were subsequently incubated with biotin-labeled goat 
anti-rabbit IgG and streptavidin antibiotic protein-peroxidase solution, 
rinsed with 3,3′-diaminobenzidine (DAB) color development, and re- 
stained using hematoxylin. The tartrate-resistant acid phosphatase 
(TRAP) staining combined with a hematoxylin counterstain was con
ducted to identify osteoclasts in the trabecular region of the distal femur. 
The histological images were taken by microscope (Olympus BX53, 
Japan) and analyzed using Image J. The mean amount of newly formed 
bone tissue and mutant bone tissue in the trabecular bone area was 
determined. The numbers of the OCN-positive osteoblasts and TRAP- 
positive multinucleated cells on bone surface were counted, then oste
oblast number per bone surface (N.Ob/BS, mm− 1) and the osteoclast 
number per bone surface (N.Oc/BS, mm− 1) were calculated. 

2.7. Primary osteoblast extraction and culture 

6-week-old Lrp5A241T and WT male mice were sacrificed, and the 
femur and tibia were collected to obtain primary osteoblasts using a 
modified method [29]. In brief, the bone was cleaned of adhering tissues 
and bone marrow carefully. The samples were washed with Phosphate- 
Buffered Saline (PBS) and cut into small pieces. The bone fragments 
were digested in a collagenase solution, containing 15 % fetal bovine 
serum (FBS, Gibco, USA) and 0.25 % type II collagenase (Sigma, 
German) in Minimum Essential Medium Eagle-Alpha Modification 
(α-MEM, Gibco, USA), for an hour at 5 % CO2, 37 ◦C. Then the samples 
were filtered with a 400-mesh cell sieve, the filtrate was collected and 
centrifuged at 1200 rpm for 3 min to obtain cell precipitation. Finally, 
the cells were resuspended using α-MEM supplemented with 15 % FBS, 
1 % penicillin/streptomycin (P/S, 100 U/mL penicillin and 0.1 mg/mL 
streptomycin), transferred to a culture dish, and cultured at 5 % CO2 and 
37 ◦C in a humidified incubator. The medium was refreshed every two 
days. The cells were detached with trypsin-EDTA (0.25 %) and were 
passaged into fresh culture plates upon reaching 80 % confluence. Os
teoblasts at passages 2–5 were utilized for subsequent experiments. 

2.8. Osteogenic differentiation of osteoblasts 

The osteogenic induction experiment was conducted as previously 
described [30]. The cells were subjected to an osteogenic medium for 
durations of 3 or 7 days. The medium consisted of α-MEM supplemented 
with 15 % FBS, 1 % P/S, 10 nM β-Glycerol phosphate disodium salt 
hydrate (Aladdin, China), 100 nM dexamethasone (Sigma, German), and 
50 μg/mL L-Ascorbic acid (Aladdin, China). The medium was refreshed 
every 48 h. 

2.9. Quantitative real-time PCR (RT-qPCR) 

After 7 days of osteogenesis, RT-qPCR was performed to detect the 
expression levels of LRP5 and osteogenic-related genes. Total mRNA was 
extracted using Trizol® reagent and was prepared for cDNA synthesis 
using reverse transcriptase. RT-qPCR was carried out using TB Green® 
Premix Ex Taq™ (TaKaRa, Japan) in the 384 Real-Time PCR System 
(Bio-Rad, USA). In this study, the 2-ΔΔCt method was employed for sta
tistical analysis of RT-qPCR results and the values of mRNA expression 
level were presented as fold-change relative to the WT group. Briefly, 
ΔCt is equal to the difference in Ct (target gene) and Ct (the reference 
gene, GAPDH), then ΔΔCt was obtained by subtracting the ΔCt of 
mutant group from the average of ΔCt of the WT group. Finally, the 2- 

ΔΔCt was calculated to obtain the relative expression of the target gene 
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[31–33]. Osteogenic differentiation-related genes including alkaline 
phosphatase (ALP), collagen type I alpha 1 (Col1a1), runt-related tran
scription factor 2 (Runx2), osterix (SP7), and OCN were analyzed. The 
sequences of the primers are listed in Table 1. 

2.10. Western blotting (WB) 

The expression levels of LRP5 were quantified at day 0 and day 7 of 
osteogenic induction using WB. The levels of osteogenesis-related pro
teins, including Col1a1, Runx2, and SP7, were measured after 7 days of 
osteogenesis. Additionally, total-β-catenin and nuclear β-catenin were 
measured as well. Osteoblasts were lysed with RIPA buffer (Genstar, 
China) containing 1 % phenylmethanesulfonyl fluoride (PMSF, Beyo
time, China) at 4 ◦C for 30 min. Subsequently, the samples were sub
jected to centrifugation at 4 ◦C and 12,000 rpm for 30 min, and the 
resulting supernatant was collected as the total protein. Cellular nuclear 
proteins were extracted with Nucleoprotein Extraction Kit (Thermo 
Scientific, USA). 20 μg of protein samples were separated using the so
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
technique and transferred onto 0.45 μm polyvinylidene difluoride 
(PVDF) membranes (Merck, Ireland). After blocked with 5 % skimmed 
milk powder in Tris-buffered saline containing 0.1 % Tween-20 (TBST), 
the membranes were incubated overnight at 4 ◦C with primary anti
bodies diluted in primary antibody diluent, with specific details pro
vided in Table 2. Next, the membranes were incubated with HRP- 
conjugated secondary antibodies, which were diluted in TBST contain
ing 5 % skimmed milk, for 1 h at room temperature. Finally, the bands 
were exposed to enhanced chemiluminescence reagent (Millipore, USA), 
imaged and analyzed using ChemiDoc XRS+ Imaging System with 
Image Lab Software (Bio-Rad, USA). The relative expression levels of 
total proteins, including LRP5, Col1a1, β-catenin, Runx2, and SP7, were 
calculated using GAPDH as reference, while the relative expression level 
of nuclear β-catenin was calculated using H3 as reference. Then the 
value of the WT group was set to 1, and value of A/+ group was 
normalized to the WT group. 

2.11. ALP staining assays 

Osteoblasts from passage 3 were cultured in 12-well plates for ALP 
staining assays at day 0 without any additional treatment, and at oste
ogenic day 3. Osteoblasts were fixed in 4 % PFA and washed three times. 
For ALP staining assay, osteoblasts were stained using the BCIP/NBT 
Alkaline Phosphatase Color Development Kit (Beyotime, China) as per 
the manufacturer’s instructions. 

2.12. Osteoclast differentiation assay 

Mouse bone marrow-derived macrophages (BMMs) were obtained as 
previously described [34,35]. Briefly, total bone marrow cells were 
isolated from the femurs and tibias of 6-week-old WT and Lrp5A241T 

mutant male mice, and cultured for 24 h in α-MEM supplemented with 
10 % FBS. Next day, the non-adherent cells were collected and cultured 
in α-MEM supplemented with 10 % FBS and 30ng/mL M-CSF for 3 days. 
The attached cells were considered as BMMs. Subsequently, BMMs were 
harvested and seeded with 7 × 103 cells per well in a 96-well plate in the 

presence of 30ng/mL M-CSF and 100 ng/mL RANKL to induce osteoclast 
differentiation and cultured for 7 days. The media and cytokines were 
changed every 2–3 days. For TRAP staining assay, cells were fixed with 
4 % paraformaldehyde for 15 min and then stained with TRAP staining 
solution according to the manufacturer’s directions. TRAP-positive 
multinucleated cells containing more than three nuclei and red cytosol 
were identified as osteoclasts. The palate wells were scanned and 
imaged using Keyence BZ-X800. The number of osteoclasts per well (N. 
Oc/well) and the osteoclast area were counted using Image J. 

2.13. Osteoclastic bone resorption assay 

The resorptive function of the mature osteoclasts derived from the 
RANKL-differentiated BMMs was analyzed on sterile bovine bone slices 
[36]. Bone slices were soaked in fresh 75 % ethanol overnight and then 
switched to fresh medium. BMMs were seeded onto bone slices at 1 ×
104 cells per well in a 96-well plate. The cells were cultured with 30ng/ 
mL M-CSF and 100 ng/mL RANKL for 10 days. Then all the cells were 
removed from the bone slices, and the resorption pits were visualized 
under a scanning electron microscope (Nova Nano 450). The total area 
of resorption pits was quantified and compared using Image J. 

2.14. Statistical analysis 

The data were presented as mean ± standard deviation (SD). Three- 
way analysis of variance (three-way ANOVA) with Bonferroni’s multiple 
comparisons test was used to determine the effect of genetype, sex, and 
age on the weight and bone mass of mice. Two-way ANOVA was used to 
determine the effect of genotype and age on mature bone area, N.Ob/BS, 
and N.Oc/BS, as well as the effects of genotype and osteogenic induction 
on LRP5 protein expression level. Statistical significance between 
mutant and WT groups was determined using an unpaired Student’s t- 
test. Statistical analyses were carried out using the SPSS statistics pro
gram (Version 26.0, SPSS Inc., USA) and GraphPad Prism 9.4.0 software 
(GraphPad Software, San Diego, CA, USA). Data with P < 0.05 were 
considered statistically significant. All cell experiments were indepen
dently repeated at least three times. 

Table 1 
Primer sequence used for RT-qPCR.  

Gene Forward primer (5′ to 3′) Reverse primer (5′ to 3′) 

LRP5 GAGCGAGGGTACATGTACTTTA CACAGCTTTCGATTCGCTTTAG 
ALP CATGACATCCCAGAAAGACACC CCTGGTAGTTGTTGTGAGCGTAAT 
Col1a1 ATGTGCCACTCTGACTGGAA TCCATCGGTCATGCTCTCTC 
Runx2 AGAGTCAGATTACAGATCCCAGG TGGCTCTTCTTACTGAGAGAGG 
SP7 GGAAAGGAGGCACAAAGAAGC CCCCTTAGGCACTAGGAGC 
OCN GGAGGGCAATAAGGTAGTGAACAG ATAGCTCGTCACAAGCAGGGT 
GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG  

Table 2 
Antibody information.  

Antibody Host species Company Catalogue Dilution 

LRP5 Rabbit CST D80F2 1:1000 
Col1a1 Rabbit CST E8I9Z 1:1000 
β-catenin Rabbit Proteintech 51067-2- 

AP 
1:1000 

Runx2 Rabbit Abcam ab92336 1:1000 
SP7 Rabbit Abcam ab209484 1:1000 
GAPDH Mouse Proteintech HRP-60004 1:1000 
H3 Rabbit Abcam ab176842 1:1000 
Secondary 

antibodies 
Goat anti- 
mouse 

Proteintech SA00001-1 1:5000 

Secondary 
antibodies 

Goat anti-rabbit Proteintech SA00001-2 1:5000  
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3. Results 

3.1. Inherited Lrp5 A241T mutation increases bone mass 

In general, there were no significant differences in body size 
observed between Lrp5A241T mice and their WT control littermates (P =
0.6205 for weight). Body weight increased with age, with males 
exhibiting significantly higher mean values than females (Fig. 2A-B, 
Table S1). The bone samples collected in the experiment displayed 
similar overall shapes, with no indications of bone malformations 
(Fig. 2C for femur shape, other bone images not shown). The femur 
length was found to be significantly affected by age, sex, and genotype 
(Fig. 2D, Table S2) by three-way ANOVA. However, there was no sig
nificant difference in femur length between WT and Lrp5A241T mice of 
identical sex and age. 

The BV/TV, BMD, and Tb.Th of the distal femoral metaphysis were 
significantly affected by age, sex, and genotype (Fig. 3A-D, Table S3). 
Specifically, at 4 weeks of age, there was no difference between WT and 
Lrp5A241T mice, while Lrp5A241T mice exhibited notably higher BV/TV 
and BMD, as well as thicker trabecular bone in the distal femur starting 
from 8 weeks. The Tb.Th in Lrp5A241T mice showed a marked increase 
with age and gradually stabilizing after 12 weeks. Additionally, bone 
mass in the lumbar vertebrae significantly increased with age. 
Compared to the WT mice, Lrp5A241T mice displayed higher BV/TV and 
Tb.Th from as early as 4 weeks of age, while BMD showed a slight in
crease at 4 weeks and a significant difference was observed thereafter 
(Fig. 3A, E-G, Table S4). Overall, Lrp5A241T mice have significantly 
enhanced trabecular bone mass and architecture in the distal femur and 
the fifth lumbar spine. 

Moreover, our study revealed a significant increase in cortical 
thickness and volume of the femur shaft and cranium in Lrp5A241T mice 
compared to WT mice, with both parameters gradually increasing with 
age in both groups (Fig. 4A-F, Table S5–6). Notably, Lrp5A241T mice 

exhibited a higher rate of increase with age, displaying a nearly 2-fold 
rise in cortical thickness from 4 to 16 weeks of age, whereas a roughly 
60 % increase in the WT group (Fig. 4E, Table S6). The three-point 
bending assay of the tibia indicated significantly higher ultimate load 
and stiffness in 16-week-old Lrp5A241T male mice than in the WT control 
(Fig. 4G-J). 

Overall, mice with Lrp5 A241T alleles had increased bone mass and 
strength, consistent with the human patient phenotypes. 

3.2. Lrp5 A241T expression increase bone formation and reduce 
resorption activities in vivo 

To further determine changes in bone formation in Lrp5A241T mice, 
we performed calcein/alizarin red double labeling assay in 8-week-old 
male mice. Notably, the Lrp5A241T mice exhibited significantly higher 
bone formation rate on both surfaces compared to the WT mice. Both the 
Lrp5A241T and WT mice showed extensive osteogenesis with MS/BS 
exceeding 80 % on the endosteal surface, with a significantly higher 
MAR in Lrp5A241T mice than in WT mice, leading to a notably greater 
BFR in the Lrp5A241T mice. On the periosteal surface, Lrp5A241T mice 
showed both elevated MAR and MS/BS compared to WT mice, resulting 
in a significantly increased BFR (Fig. 5A-G). It was observed in Masson 
staining that the thicknesses of distal femoral trabecula and cortical 
bone in Lrp5A241T mice were higher than in the WT group, which was 
consistent with μCT morphological characteristics. Meanwhile, more 
mature bone in red was observed in Lrp5A241T mice with the difference 
being more significant at 16 weeks old, indicating more osteoid staining 
and faster bone maturation in the mutant group (Fig. 5H-J). However, 
immunostaining for OCN, a marker of osteogenic activity [28], found 
that the number of osteoblasts in the A/+ group was significantly higher 
than in the wild-type group at 16 weeks, while no difference was 
observed at 8 weeks (Fig. 5K-L), suggesting the Lrp5 A241T mutation 
did not have a significant impact on the number of osteoblasts. 

Fig. 2. Body size characterization of Lrp5A241T knock-in mice. (A) A photograph showing similar body size of +/+ and A/+ male mice at 12 weeks old. (B) Total body 
weight of +/+ and A/+ mice of both sex at different weeks of age. (C, D) The femur length of +/+ and A/+ mice of both sex at different weeks of age. Data are shown 
as individual values and error bars represent mean ± SD. Sample size for each group are annotated on bars. Statistical differences were determined using three-way 
ANOVA, with significance denoted by ##P < 0.01 and ####P < 0.0001; $P < 0.05, $$P < 0.01, $$$P < 0.001, and $$$$P < 0.0001 indicate differences between male 
and female mice with matched genotype and age; NS means no significant difference. +/+, wild-type mice. A/+, Lrp5A241T heterozygote mice. F, female mice. M, 
male mice. SD, standard deviation. ANOVA, analysis of variance. 
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In addition, TRAP staining of the distal femur tissue showed fewer 
osteoclasts on the trabecular surface represented by N.Oc/BS in 
Lrp5A241T mice compared to the WT group, indicating reduced bone 
absorption activity in vivo (Fig. 6A-C). Subsequent in vitro experiments 
on osteoclast induction revealed that BMMs from Lrp5A241T mice 
exhibited a higher propensity to differentiate into multi-nucleated 
TRAP-positive osteoclasts (Fig. 6D-E), with no discernible differences 
in osteoclast area per well or area of bone resorption (Fig. 6F-H). 

Overall, the mutation did not yield a significant impact on osteoclast 
activity in vitro. 

These findings suggested that the expression of Lrp5 A241T pro
moted bone formation and reduced resorption activities in vivo, poten
tially through modulation of the osteogenic capability of osteoblasts 
rather than alterations in osteoblast number or osteoclast activity. 

Fig. 3. The cancellous bone characterization of Lrp5A241T knock-in mice. (A) Representative μCT images of the distal femur and fifth lumbar vertebrae obtained from 
male and female mice with different Lrp5 genotypes at 8 and 16 weeks of age. (B-D) The BV/TV, BMD, and Tb.Th of the distal femoral metaphysis of +/+ and A/+
mice at various time points. (E-G) The BV/TV, BMD, and Tb.Th of the fifth lumbar vertebrae of +/+ and A/+ mice at various time points. Data are shown as in
dividual values and error bars represent mean ± SD. Sample size for each group are annotated on bars. Statistical differences were determined using three-way 
ANOVA, with significance denoted by ##P < 0.01 and ####P < 0.0001; $P < 0.05, $$P < 0.01, $$$P < 0.001, and $$$$P < 0.0001 indicate differences between 
male and female mice with matched genotype and age; *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 indicate differences compared with sex- and age- 
matched wild-type group; NS means no significant difference. +/+, wild-type mice. A/+, Lrp5A241T heterozygote mice. F, female mice. M, male mice. BV/TV, the 
percentage of trabecular bone volume in the total volume. BMD, the bone mineral density. Tb.Th, trabecular thickness. SD, standard deviation. ANOVA, analysis 
of variance. 
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3.3. Enhanced osteogenic capability of osteoblasts expressing Lrp5 A241T 

To explore the underlying causes responsible for the enhanced 
osteogenic capacity of Lrp5A241T mice, we analyzed the osteogenic 
ability of Lrp5A241T osteoblasts compared to the WT group. Since the 
main differences in bone mineral density and cortical thickness mainly 
appeared after 4 weeks of age, we extracted osteoblasts from 6-week-old 
mice for further studies. 

As shown in Fig. 7A, the morphology of isolated osteoblasts was 
spindle-shaped, triangular, or polygonal, with protuberances. They were 
identified by ALP staining [37], and Lrp5A241T osteoblasts displayed 
deeper ALP staining than the WT control (Fig. 7B). The expression of 
LRP5 in the osteoblasts from Lrp5A241T mice was higher than that in the 
osteoblasts from WT mice (Fig. 7C-D). 

After osteogenic induction, Lrp5A241T osteoblasts expressed higher 
ALP at day 3 (Fig. 7B). The western blotting results indicated that the 

Fig. 4. The cortical bone mass and mechanical characterization of Lrp5A241T knock-in mice. (A) Representative μCT images of femoral shaft obtained from +/+ and 
A/+ male mice at 16 weeks old. (B, C) The average Ct.Th and total Ct.V of femoral shaft (1.0 mm) of +/+ and A/+ mice. (D) Representative μCT images of calvarium 
obtained from +/+ and A/+ female mice at 12 weeks old. (E, F) The average Ct.Th and total Ct.V of parietal bone (3.0 mm × 2.0 mm × 2) of +/+ and A/+ mice. (G) 
A schematic diagram of the three-point bending experiment on tibia. (H) The representative load-displacement curve of +/+ and A/+ male mice tibia at 16 weeks 
old. (I, J) Bio-mechanical properties of whole tibia from +/+ and A/+ male mice at 16 weeks old by three-point bending assay. Data are shown as individual values 
and error bars represent mean ± SD. Sample size for each group are annotated on bars. Statistical differences in cortical bone mass were determined using three-way 
ANOVA, with significance denoted by ####P < 0.0001; $$P < 0.01 and $$$$P < 0.0001 indicate differences between male and female mice with matched genotype 
and age; *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 indicate differences compared with sex- and age-matched wild-type group; NS means no significant 
difference; Statistical differences in bio-mechanical properties of tibia were determined using unpaired Student’s t-test, with significance denoted by ****P < 0.0001. 
+/+, wild-type mice. A/+, Lrp5A241T heterozygote mice. F, female mice. M, male mice. Ct.Th, cortical thickness. Ct.V, cortical bone volume. SD, standard deviation. 
ANOVA, analysis of variance. 
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expression levels of LRP5 were increased after 7 days of osteogenic in
duction, and LRP5 protein expression levels in Lrp5A241T osteoblasts 
were significantly higher than WT osteoblasts (Fig. 7D). The A241T 
mutation resulted in a significant upregulation of mRNA levels for LRP5 
and osteogenic genes including ALP, Run2, SP7, and OCN, as well as a 

modest rise in Col1a1 expression without statistical difference (Fig. 7E). 
Western blot results were consistent with these findings (Fig. 7F-G). 
Moreover, the levels of β-catenin expression, a crucial element of the 
Wnt signaling pathway were found to be elevated in both the total 
protein level and the cell nucleus of the Lrp5A241T osteoblasts, suggesting 

Fig. 5. Histological characteristics of osteogenesis in Lrp5A241T knock-in mice. (A-G) Representative images of new bone formation assessed by calcein-alizarin red 
double fluorescein labeling at the femoral shaft from 8-week-old male mice in each group (n = 4). The MAR, MS/BS, and BFR on both the endosteal (B-D) and 
periosteal (E-G) surface were analyzed. (H-J) Masson staining of the distal femur from 8- and 16-week-old mice with high magnification views for trabecular bones (n 
≥ 4). The blue color indicates newly formed bone and the red color is mature bone tissue. The mean amount of mature bone tissue was determined under 10×
magnification. (K-L) Representive images of OCN immunohistochemistry in the distal femur bone sections of male mice (n = 4), OCN+ osteoblasts number on per 
bone surface were counted. Data are shown as individual values and mean ± SD. Statistical differences between two groups were determined using unpaired 
Student’s t-test, with significance denoted by **P < 0.01, ***P < 0.001 and ****P < 0.0001. Statistical differences in N.Ob/BS and mature bone area were 
determined using two-way ANOVA, with significance denoted by ##P < 0.01 and ####P < 0.0001; *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 indicate 
differences compared with age-matched wild-type group; NS means no significant difference. +/+, wild-type mice. A/+, Lrp5A241T heterozygote mice. F, female mice. 
M, male mice. TRAP, tartrate-resistant acid phosphatase staining. MAR, mineral apposition rates. MS/BS, mineralizing surface per bone surface. BFR, the bone 
formation rate. N.Ob/BS, osteoblast number per bone surface. SD, standard deviation. ANOVA, analysis of variance. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 
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activation of the Wnt signaling pathway. Therefore, the osteoblasts 
expressing Lrp5 A241T have enhanced osteogenic capacity compared to 
the WT osteoblasts. 

4. Discussion 

In this study, we initially generated the heterozygous mice carrying 
the Lrp5 A241T missense mutation using CRISPR/Cas9 genome editing. 
Comparative analysis between the mutant mice and wild-type mice 
revealed prominent enhancements in bone mineral density, cortical 
bone thickness, and bone strength, slightly longer femur length, while 
no significant disparities were observed in terms of body weight, and 
skeletal shape. These findings align with the phenotypic traits observed 
in human patients [9,15,16], thereby confirming the role of LRP5 A242T 
in humans and A241T in mice in promoting high bone mass. Addition
ally, the utilization of CRISPR/Cas9 technology demonstrated notable 
advantages, such as a short technological cycle and high efficiency in 
generating whole-body mutant knock-in transgenic mice. 

The difference in bone mass and higher bone formation caused by 
Lrp5 A241T mutation was mainly displayed over 4 weeks old. It was 
reported there was no difference in periosteal bone growth between 
Lrp5A214V mice and wild-type mice 33 days postnatally [38]. There was 
no significant difference in cortical thickness of femur and parietal bone 
at 4 weeks of age cranium in our study as well. This may be due to that 

both group mice maintained similar growth and development rates up to 
one month of age, while the mutant mice maintained a higher rate of 
bone deposition by osteoblasts in subsequent development, which was 
consistent with the results of calcein/alizarin red-double labeling assay. 
Moreover, noticeable osteogenesis on the periosteal surface was 
observed in Lrp5A241T mice femur shaft. Previous studies have also re
ported thickened cortical bone thickness of the femur involving both 
surfaces in the Lrp5G171V and Lrp5A214V mice [39]. Osteogenesis pref
erentially happened on the endocortical surface in the Lrp5G171V mice, 
whereas osteogenesis preferentially on the periosteal surface in the 
Lrp5A214V mice resulting in a significantly larger external diameter of the 
femur than wild-type control [39]. The radiographic examination of 
human patients with LRP5 gain-of-function mutations (G171V, R154M, 
A214T, A242T, etc.) also showed increased cortical thickness involving 
the endosteal surface [3,15,40,41]. Furthermore, the bone specimen 
from the patient with LRP5 mutation (p.G171_E172insGG) showed 
osteonal remodeling in the intracortical region, with higher calcium 
concentrations and higher heterogeneity of bone matrix mineralization, 
while no remodeling in the periosteal region [42]. Therefore, there 
might be some difference in the mechanisms of bone formation with 
different Lrp5 HBM mutations. Different LRP5 mutations might cause 
bone mass increase in varying degrees and various priority osteogenesis 
sites [9]. 

As trabecular bone was deposited below the growth plate by 

Fig. 6. Analysis of osteoclast activity in Lrp5A241T knock-in mice. (A) Representative images of TRAP activity staining of distal femur trabecular bone with high 
magnification views and (B-C) N.Oc/BS. comparation. (D-F) TRAP staining of cells from two group male mice. TRAP+ multinucleated cells containing more than 
three nuclei and red cytosol were counted and the osteoclast area were measured. The assay was repeated with cells obtained from three individual animal donors. 
(G-H) Resorption activity of OCs on bovine bone slices under SEM, and the total bone resorption pit area was measured. Data are shown as individual values and 
mean ± SD. Statistical difference in N.Oc/BS was determined using two-way ANOVA, with significance denoted by ##P < 0.01, ###P < 0.001 and ####P < 0.0001; 
*P < 0.05, **P < 0.01 and ***P < 0.001 indicate differences compared with age-matched wild-type group; Statistical differences between two groups were 
determined using unpaired Student’s t-test, with significance denoted by ****P < 0.0001; ns means no significant difference. +/+, wild-type mice. A/+, Lrp5A241T 

heterozygote mice. F, female mice. M, male mice. TRAP, tartrate-resistant acid phosphatase staining. OC, osteoclast. N.Oc/BS, osteoclast number per bone surface. 
SD, standard deviation. ANOVA, analysis of variance. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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osteoblasts [43], the osteoblast number on the trabecular bone surface 
were counted, but the LRP5 A241T mutation was found to have no 
significant effect on the osteoblast count. Histomorphometry analysis of 
Lrp5G171V mice has revealed a greater presence of active osteoblasts 
[44]. Previous study also reported the Lrp5G171V osteoblastic cells 
exhibit elevated proliferation rate and decreased apoptosis [45]. Those 
indicated that various LRP5 HBM mutations might have different effects 
on cell proliferation. Subsequent in vitro experiments revealed that 
Lrp5A241T osteoblasts exhibited enhanced osteogenic ability. The 
elevated level of total and nuclear β-catenin protein in Lrp5A241T oste
oblasts suggested enhanced activation of the Wnt signaling pathway, 
consistent with the previous finding that the heightened osteogenesis 
capacity may be due to augmented resistance to inhibition by DKK1/ 
SOST as a result of alteration in protein structure [9]. Several antibodies 
targeting sclerostin and DKK1 have been developed based on this 
mechanism, demonstrating efficacy in increasing bone mass, and 
Romozosumab has been approved by FDA [46,47]. However, there is 
concern that Romozosumab might increase the risk of major adverse 
cardiovascular event, possibly due to a compensatory increase in DKK1 
expression [48]. Developing antibodies that target the epitope of DKK1/ 
SOST involved in interaction with the first β-propeller domain of LRP5 
might reduce the potential side effects on other physiological systems, 
similar to the impact of LRP5 HBM mutations. Furthermore, the mech
anisms of LRP5 HBM may also involve increased glycolysis in osteoblasts 
facilitated by Rac1-mTORC2-AKT signaling [19] and enhanced fatty 
acid oxidation promoting osteoblast differentiation [20]. Further 
investigation of the mechanism about bone matebolism may help to 

identify new targets for therapeutic intervention. 
Histological analysis demonstrated a notable decrease in osteoclastic 

bone resorption activity in mutant mice. Consistently, prior studies have 
established that the Lrp5G171V and Lrp5A214V mice exhibit significantly 
less disuse- and ovariectomy-induced osteopenia than wild-type and 
Lrp5 knockout mice [49]. It was reported that there were no differences 
in osteoclast number and functional activity between 17-week-old male 
G171V mutant and control mouse calvariae [50]. An experiment on 
orthodontic tooth movement demonstrated that G171V and A214V male 
mice exhibited significantly lower osteoclast activity on the bone ab
sorption side than the wild type [51]. Additionally, a case study reported 
that the LRP5 R266C mutation may confer benefits in maintaining bone 
mass during prolonged glucocorticoid treatment [9]. However, the 
BMMs from Lrp5A241T male mice displayed enhanced osteoclast differ
entiation ability in vitro, without alternation of bone resorption activity, 
which potentially due to differences in the microenvironment. Another 
in vitro study revealed no significant difference in osteoclast differenti
ation ability of BMMs with Lrp5 G171V mutation from male mice 
compared to wild-type mice, while osteoclasts from female mutant mice 
exhibited significantly lower osteoclastogenic activity [36]. 

In conclusion, mice with LRP5 A241T mutation displayed high bone 
mass and quality indeed due to increased bone formation and reduced 
bone resorption in vivo. The underlying mechanisms of HBM are 
believed to involve the enhanced osteogenic potential of osteoblasts 
mediated by activation of the Wnt signaling pathway. 

Fig. 7. Characterization of osteoblasts. (A) Osteoblast morphology observed under white light. (B) ALP staining of the primary osteoblasts and osteoblasts after 
osteogenic differentiation for 3 days. (C, D) The protein expression of LRP5 in osteoblasts after osteogenic differentiation for 0 and 7 days. (E) The relative mRNA 
expression and (F, G) protein expression of osteogenesis-specific gene in osteoblasts after osteogenic differentiation for 7 days. (H-I) The relative protein expression of 
nuclear β-catenin in osteoblasts after osteogenic differentiation for 7 days. The assay was repeated with cells obtained from three individual animal donors. Data are 
shown as individual values and mean ± SD. Statistical differences between two groups were determined using unpaired Student’s t-test, with significance denoted by 
**P < 0.01, ***P < 0.001, and ****P < 0.0001. +/+, wild-type mice. A/+, Lrp5A241T heterozygote mice. F, female mice. M, male mice. SD, standard deviation. 
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