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A B S T R A C T

Osteogenesis imperfecta (OI) type I caused by the null allele of COL1A1 gene is in the majority in clinical OI
cases. Currently, heterozygous Mov-13 mice generated by virus insertion in the first intron of col1a1 is the
exclusive model to modulate OI type I, in spite of the gradually recovered bone mineral and mechanical
properties. A newly designed heterozygous col1a1±365 OI mouse was produced in the present study by partial
exons knockout (exon 2-exon 5, 365 nt of mRNA) using CRISPR/Cas9 system. The deletion resulted in generally
large decrease in type I collagen synthesis due to frameshift mutation and premature chain termination, closely
mimicking the pathogenic mechanism in affected individuals. And the strain possessed significantly sparse
mineral scaffolds, bone loss, lowered mechanical strength and broken bone metabolism by 8 and 20weeks
compared to their littermates, suggesting a sustained skeletal weakness. Notably, the remarkable down-reg-
ulation of Yes-associated protein (YAP), one of the key coactivator in Hippo signaling pathway, was first found
both in the femur and adipose derived mesenchymal stem cells (ADSCs) under osteogenic differentiation of
col1a1±365 mice, which might be responsible for the reduced osteogenic potential and brittle bones. Still,
further research was needed in order to illuminate the underlying mechanism.

1. Introduction

Osteogenesis imperfecta (OI), also known as brittle bone disease, is
a congenital disorder with the skeletal system mainly affected.
Individuals suffering from OI often manifest low bone mass and re-
current fractures [1]. Weight-bearing bones especially femurs tend to
be susceptibly involved. About 85% OI patients are caused by auto-
somal dominant mutations in COL1A1 or COL1A2 gene which encodes
procollagen α1 (pro-α1(I)) or pro-α2(I) chain of type I collagen [2].
Among them, OI type I (the mild type according to Sillence classifica-
tion) resulted from null mutation of COL1A1 is the most common type
in clinical practice [3,4].

OI was first associated with collagen abnormality in early 1980s [5].
Great progress in genomic approaches effectually accelerated the un-
derstanding of OI in the last few decades. Previous studies including
ours indicated that nonsense mediated decay (NMD) due to premature
termination codons caused by COL1A1 null mutation was primarily
responsible for OI type I [4,6–8]. The degradation of mutant transcripts

and quantitative loss of collagen reduced bone mass and strength, re-
sulting in the mild form of OI. Besides the genetic screening, animal
models especially OI mice also contributed a lot in related research.

To date, heterozygous Mov-13 mouse (MOV 13+/−) proposed in
1992 is the only model to stimulate the phenotype of OI type I [9]. The
strain was generated by Moloney murine leukemia virus (M-MuLV)
insertion in the first intron of col1a1 to prevent RNA polymerase
binding and further block transcription initiation [10]. The hetero-
zygotes produced about 50% less but structurally normal type I col-
lagen and manifested bone brittleness [11]. Jeffrey B. et al demon-
strated an unexpected improvement of bending strength in 8-week old
mice probably due to osteoblasts proliferation and collagen synthesis
increase on the periosteal surface of long bones [12]. And by 15weeks,
the load-bearing capacity and mineralization returned to normal level
[12]. Although the skeletal adaptation of Mov-13 mice is somewhat
similar to the performance of adolescent and adult patients, to further
explore the molecular mechanism and seek novel possible targets, the
model with stable phenotype is still important and necessary.
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Here, we reported a newly designed col1a1 knockout (col1a1±365)
OI mouse with exon 2- exon 5 (365 nt of mRNA) deletion by CRISPR/
Cas9 system. The partial exons knockout resulted in frameshift muta-
tion and premature chain termination, closely mimicking clinical cases
of OI type I [8]. The heterozygous col1a1±365 mice harbored an ob-
vious femoral collagen reduction accompanied with significantly sparse
mineral scaffolds, low bone mass and load strength by 8 and 20weeks
when compared with their normal litters, suggesting a sustained ske-
letal weakness. But similar to Mov-13 mice, none of spontaneous frac-
tures were found by 20weeks. Notably, the remarkable down-regula-
tion of Yes-associated protein (YAP), one of the core members in Hippo
signaling, was first found both in femurs and adipose derived me-
senchymal stem cells (ADSCs) under osteogenic induction of
col1a1±365 mice. The significance of Hippo pathway in osteogenesis
and bone homeostasis has aroused wide concern and increasing evi-
dence indicates that it plays a pivotal role in osteoclasts and osteoblasts
balancing in postnatal bone remodeling [13]. YAP and TAZ combina-
torially promote bone development through regulation of osteoblast
activity, matrix quality and osteoclastic remodeling [14]. And Jin-Xiu
Pan et al reported that conditionally knocking out YAP in bone marrow
derived mesenchymal stem cells (BMSCs) reduced cell proliferation and
osteoblast differentiation and the YAPOcn-Cre mice suffered from a tra-
becular bone loss [15]. In other words, reduced YAP protein levels di-
rectly/causally contributes to the weakened osteogenesis and brittle
bones, which might exert the same effect on col1a1±365 mice. Still,
further research to uncover the underlying mechanism was required.

2. Materials and methods

2.1. Animals

The col1a1±365 mice (C57B/L6 background) were developed by
col1a1 knockout via CRISPR/Cas9 system and generated in Nanjing
Medical Research Institute of Nanjing University. In brief, Cas9 mRNA
and sgRNA targeting murine col1a1 gene (NM_007742.4) were co-in-
jected into zygotes. Cas9 endonuclease cleaved the sequence under the
direction of sgRNA and created a double-strand break (DSB) which
could be repaired and resulted in deletion of exon 2- exon 5 (1029 bp of
DNA, 365 nt of mRNA). Sanger sequencing confirmed the 1029 bp
knockout of heterozygotes.

Adult wild type (wt) C57BL/6 mice (8–10weeks old) were pur-
chased from the Laboratory Animal Center of the Academy of Military
Medical Science (Beijing, China). Male heterozygous mice were mated
to wild type females to provide sufficient transgenic mice. Mice were
kept and handled under specific pathogen free conditions in accordance
with the approval by Animal Care and Use Committee of Tianjin
Medical University (TMUaMEC 2017012). The mouse tail genome was
used to identify the genotype of progenies by Polymerase Chain
Reaction (PCR) 2 weeks after birth. The primers (Forward: CACCTAC
TGCGTAGGAGCCC, Reverse: CCCAACAGCCAGACTCTTCA) stretched
across the lost exons. The growing stats including height and weight of
col1a1±365 mice (n=30) and their normal littermates (n=30) were
recorded. The blood and femurs were harvested for further analysis post
sacrifice in different time points. Only male mice were used in the
present study.

2.2. Cells

Adipose derived mesenchymal stem cells (ADSCs) were isolated
from 6weeks old wt (ADSCswt) and col1a1±365 (ADSCs±365) mice as
described previously [16]. Cells from adipose tissues near the groin and
epididymis were adherently cultured in αMEM medium (Gibco) sup-
plemented with 20% fetal bovine serum (FBS, Gibco) and 5000 U/mL
penicillin/streptomycin (Gibco). The culture medium was replaced
every three days until cell confluent. Passage 3rd cells qualified by
fluorescence activated cell sorting (FACS) and differentiation capacity

detection were shown in the Supplemental Information (SI) in ac-
cordance with previous reports [17]. The osteogenic differentiation
ability was confirmed by alkaline phosphatase (ALP, Sigma-Aldrich)
staining and ALP enzymatic activity in the cultural supernatant was
examined by ALP Activity Detection Kit (Beyotime) of the two kinds of
ADSCs post 14 days' induction.

2.3. Micro-computed tomography (Micro-CT)

The femurs were harvested from 8 and 20weeks old col1a1±365

mice (n= 6) and their wt littermates (n=6). The whole bones were
scanned by micro-CT (SkyScan 1276) using the high resolution SkyScan
1174 V2 system operating at 50 kV, according to manufacturer's di-
rections. Trabecular bone parameters were measured in the distal me-
taphysis of the femurs. The region of interest was selected from the
proximal distal growth plate where the epiphyseal cap structure com-
pletely disappeared and continued for 150 slices toward the end of the
femur. Trabecular bone was separated from cortical bone with manu-
ally drawn contour lines. Cortical bone parameters were measured of
femur mid-diaphysis (at the middle position). Three-dimensional (3D)
reconstruction and viewing of images were conducted on CTAn soft-
ware (version 1.15.4). The trabecular bone parameters calculated based
on the scanning charts included bone volume/total volume (Tb. BV/
TV), bone surface area/bone volume (Tb. BS/BV), trabecular thickness
(Tb. Th), trabecular number (Tb. N) and trabecular spacing (Tb. Sp).
For cortical bones, the thickness and area were also measured (SI).

2.4. Dual-energy X-ray absorptiometry (DXA)

Bone mineral density (BMD; gram per square centimeter, g/cm2)
and bone mineral content (BMC; gram, g) data of wt (n= 8) and
col1a1±365 mice (n=8) were acquired using Faxitron Ultrafocus DXA
equipment (Faxitron Bioptics, USA) by 8 and 20weeks. During DXA
scanning, the mice were anesthetized by isoflurane inhalation, and the
BMD and BMC of the whole body were calculated by the scanner
software.

2.5. Bone biomechanics

The mechanical properties of femurs were measured by three-point
bending analysis on a Bose ElectroForce 3100 system (Bose, USA) when
mice were 8 and 20weeks old (n= 6 for each group). Prior to testing,
all bones were kept moist in gauze swabs infiltrated with PBS. The
femur was loaded to failure in the anterior-posterior direction with a
span length of 7mm at a constant displacement rate of 0.5mm/s until
failure occurred. Data were collected by WinTest software at 250 data
points per second for a total of 10 s. The maximum load (Newtons, N),
bone stiffness (N/mm) the Post-Yield Displacement, Post-Yield Energy
and Work-to-Fracture were determined from the applied load and dis-
placement value. Structural mechanical properties, ultimate load,
stiffness, displacement, and energy absorption were determined from
the load-deformation curves using standard definitions [18,19].

2.6. Enzyme-linked immunosorbent assay (ELISA)

ELISA tests were used to measure serum biomarkers of bone for-
mation and bone resorption. Mice were all fasted for> 5 h before
serum collection. Peripheral blood samples collected of 8 and 20 weeks
old wt (n= 8) and col1a1±365 mice (n=8) were analyzed for the le-
vels of procollagen type I N-terminal propeptide (PINP) and C-terminal
telopeptide of type I collagen (CTXeI) using ELISA kits (Cusabio) ac-
cording to the manufacturer's protocol.

2.7. Histological, immnuohistochemical and immunofluorescence staining

Femur samples were fixed with 4% paraformaldehyde, embedded in
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paraffin following decalcification, and cut into 5-μm-thick sections by
8 weeks. Hematoxylin and Eosin (H&E) showed the histology. The os-
teoclastic condition was assessed by tartrate-resistant acid phosphatase
(TRAP) staining. The percentage of the TRAP-positive osteoclast in
contact with trabecular surface [TRAP+OcS/BS (%)] and the number of
TRAP-positive osteoclasts per millimeter of the trabecular surface
[TRAP+OcN/BS(mm)] were counted. ADSCs±365 seeded on glass
sheets with or without osteogenic induction for 3 days were incubated
with YAP (Santa Cruz, 1:500), and then with Alexa Fluor 488 goat anti-
rat immunoglobulin G (IgG; Molecular Probes). Cell nuclei were stained
with 4′,6-diamidino-2-phenylindole (DAPI; Sigma- Aldrich). The fluor-
escence intensity under the same exposure time of 50 cells of each
group was analyzed by ImageJ software (Table 1).

2.8. Quantitative real-time PCR (qPCR)

The transcriptional expression of col1a1 and genes involved in os-
teogenic potential (Runt-related transcription factor 2/runx2 and osterix)
and Hippo signal pathway (connective tissue growth factor/ctgf and cy-
steine-rich angiogenic inducer 61/cyr61) was tested by qPCR. Total RNA
of the femur tissues from 8weeks old wt (n= 6) and col1a1±365 mice
(n=6) as well as ADSCs±365 were extracted with TRIzol reagent (Life
Technologies). For each sample, 2 μg RNA was used to synthesize cDNA
with the GoScript™ Reverse Transcription Mix, Oligo(dT) kit
(Promega). And qPCR was performed in triplicate using SYBR Green
mix kit (QIAGEN) according to the instructions. The ΔΔCt method was
used for data analysis and the level of glyceraldehyde-3-phosphate

dehydrogenase (gapdh) served as control. Primers designed by Primer
Premier 5 software for related genes were listed in supplemental
Table 1.

2.9. Western blot

The western blot analysis determined the protein levels in femurs.
Protein samples were prepared by RIPA lysis buffer and separated by
SDS-PAGE using 10% gels and subsequently transferred to PVDF
membranes (Bio-Rad). The primary antibodies included pro-α1(I)
(Abcam, 1:1000), bone gamma-carboxyglutamic acid-containing pro-
tein (Bglap, Abcam, 1:500), YAP (Santa Cruz, 1:1000) and Gapdh
(Affinity, 1:2000). The secondary antibodies were diluted at a 1:2000
ratio. The relative expression compared with Gapdh was calculated by
ImageJ software.

2.10. Statistical analysis

Statistical analysis was conducted in SPSS version 17.0 software
(SPSS Inc., Chicago, USA). All data were presented as mean ± SEM
and compared using unpaired t-test. Differences with p values< 0.05
were considered significant.

Table 1
Primers used for qPCR detection.

Genes Forward primer sequence Reverse primer sequence Product length/bp

col1a1 CCTCAGGGTATTGCTGGACAAC CAGAAGGACCTTGTTTGCCAGG 115
runx2 TCCTGTAGATCCGAGCACCA CTGCTGCTGTTGTTGCTGTT 163
osterix GGCTTTTCTGCGGCAAGAGGTT CGCTGATGTTTGCTCAAGTGGTC 139
ctgf TGCGAAGCTGACCTGGAGGAAAC CCGCAGAACTTAGCCCTGTATG 131
cyr61 GTGAAGTGCGTCCTTGTGGACA CTTGACACTGGAGCATCCTGCA 122
gadph CATCACTGCCACCCAGAAGACTG ATGCCAGTGAGCTTCCCGTTCAG 153

runx2, Runt-related transcription factor 2; ctgf, connective tissue growth factor; cyr61, cysteine-rich angiogenic inducer 61; gadph, glyceraldehyde-3-phosphate
dehydrogenase.

Fig. 1. The generation and identification of the
transgenic murine model
A Diagram of partial exons knock-out of col1a1. Blue
crosses were the site of Cas9 endonuclease cleavage,
and the green boxes were exon 2-exon 5. F and R
were primers for PCR-based genotyping. B The pro-
tein sequence predicting of the mutant col1a1 allele.
The deletion would cause a translational frameshift
at the 26th amino acid and produce a stop codon at
36th amino acid. *: stop codon C Genotype identifi-
cation by PCR analysis of the two kind of mice. The
1623 bp band was indicative of the wt allele, and the
short 594 bp band of the col1a1±365 allele. The
heterozygous mice had one 1623 bp band and one
594 bp band. M: 1 kb DNA ladder. D The appearance
of wt mice (6 weeks old) and col1a1±365 mice
(6 weeks old). E The weight growth curve of mice
(n=15 mice/group) from weaning (2 weeks) to
20 weeks of age. **p < 0.01, ***p < 0.005. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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3. Result

3.1. Generation and identification of the col1a1±365 mice

The exon 2- exon 5 of col1a1 gene (1029 bp in DNA, 365 nt in
mRNA) was deleted using CRISPR/Cas9 system to generate the
knockout col1a1±365 mice (Fig. 1A). Since the exon 1-exon 2 junction
splits the codon for amino acid 26 of pro-α1(I) chain [20], a sub-
stantially truncated peptide would produce as a result the frameshift
mutation and premature termination at the 36th amino acid (Fig. 1B).
Heterozygous mice was identified by PCR 2weeks following birth and
the result was shown in Fig. 1C. The mutant mice carrying a null col1a1
allele had an obviously shorter band (594 bp) except the longer one
(1623 bp), while the wt mice only produced 1623 bp band. We failed to
gain any homozygous mice when the heterozygotes mated with each
other, which probably was ascribed to the embryonic lethality of
homozygous mutation. A growth deficiency reflected in weight gains
became apparent soon post weaning in col1a1±365 mice, and the
weight showed significantly less than that of the wt ones (Fig. 1D, E),
similar to the manifestations of OI type I patients [21]. And during the
study, none of spontaneous fractures were observed (SI Fig. 3).

3.2. Type I collagen expression

We checked the type I collagen expression of 8 weeks old mice. The
results demonstrated that the protein level of pro-α1(I) in the femur
remarkably reduced than that of normal mice (Fig. 2A). This proved the
successful col1a1 knockout and following global pro-α1(I) and collagen
accumulation decrease. H&E stained sections of mutant femurs showed
less and sparser trabeculae in spongy bones (Fig. 2B), implying an os-
teoporosis performance of mutant mice.

3.3. Micro-CT

Both the trabecular and cortical bone measurements for femurs of 8
and 20weeks old mice were depicted in Fig. 3 and SI Fig. 2 respectively.
The main distinctions lay in trabecular bones and there were no sig-
nificant differences in cortical values (SI Fig. 2E) except the cortical
bone area at the mid-diaphysis of the same aged mice. In 8 weeks old
mice, the bone volume/total volume (Tb. BV/TV) of heterozygotes
dropped about by half and the bone surface area/bone volume (Tb. BS/
BV) nearly doubled compared to wt ones, which might be partly as-
cribed to the significantly reduced trabecular thickness (Tb. Th,
Fig. 3B). Besides, both the reconstructed image and measurement va-
lues reflected much greater trabecular separation (Tb. Sp) of
col1a1±365 mice, suggesting the lower connectivity and femur os-
teoporosis. Only a minute reduction in trabecular number (Tb. N) ex-
isted between the two genotypes (Fig. 3B). By 20weeks, BV/TV, Tb. Sp
and Tb. Th all got obvious increase in col1a1±365 mice, which were
still remarkably lower than their normal littermates (Fig. 3B). And Tb.
N of mutant femurs keeping the same level as 8 weeks was significantly
less than the wt ones (Fig. 3B).

3.4. Bone mineralization and biomechanics

Bone mineral deposition is strongly associated with type I collagen
level. As expected, both bone mineral density (BMD) and bone mineral
content (BMC) of 8 and 20weeks old col1a1±365 mice were sig-
nificantly smaller than that of even-aged wt ones (Fig. 4A, B). Although
the mineralization improved along with aging in mutant femurs, the
difference got more apparent when compared to wt mice (Fig. 4B),
which was different from the Mov-13 mice.

Collagen fibers make great contributions to bone mechanical
properties. The biomechanical estimations indicated that the femur
stress curves were distinct between the two types of mice either in 8 or
20 weeks (Fig. 4C, D). The col1a1±365 femurs bore a markedly smaller

Fig. 2. Type I collagen expression and histology in
femurs of 8 weeks old mice
A The femur pro-α1(I) expression tested by Western
blot(n= 6). B H&E staining of femur sections from
wt and col1a1±365 littermates (n=6). The above
images were higher-magnification views of the rec-
tangular area of below images, respectively.
*p < 0.05.
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maximum load and the post-yield displacement and plasticity were
significantly reduced. Both the maximum load and stiffness arose in
20 weeks old mice, still, mutant femurs exhibited distinctly lowered
maximum load and stiffness (Fig. 4E, F), unlike Mov-13 mice. Also, the
Post-Yield Displacement, Post-Yield Energy and Work-to-Fracture of the
two time points were determined, and the col1a1±365 mice exhibited
remarkably smaller values compared with their peer control mice
(Fig. 4G), which indicated that mutant bones failed in a more brittle
manner.

3.5. Bone metabolism

The bone homeostasis is mainly maintained by balanced osteoblast
osteogenesis and osteoclast resorption, which can be partly represented
by the serum PINP and CTX-I levels respectively [22]. The obviously
lower serum PINP (Fig. 5A) but higher CTX-I (Fig. 5B) concentration
revealed that weakened collagen secretion and unusually active de-
gradation existed in col1a1±365 mice at the two time points. The PINP
production obviously reduced, but the CTX-I level remained stable as
col1a1±365 mice grew up, indicating a sustained bone absorption. The
continuously active osteoclasts might contribute to the sustained brittle
bones of mutant mice. Besides, both the percentage and number of
TRAP-positive osteoclasts on the trabecular surface significantly in-
creased in col1a1±365 trabecular bone compared to wt mice (Fig. 5C).
All data here suggested that one null gene of col1a1 broke bone meta-
bolism equilibration and bone resorption creating accompanied with
bone formation reducing might be responsible for bone loss of
col1a1±365 mice.

3.6. Osteogenic differentiation and Hippo/YAP signaling

Adipose-derived mesenchymal stem cells (ADSCs) are multipotent
cells isolated from adipose tissue by a minimally invasive procedure. As
similar with bone marrow mesenchymal stem cells (BMSCs), ADSCs
have the capacity to differentiate into various cells of mesenchymal
origin, including adipocytes, chondrocytes, myocytes and osteoblasts,

when exposed to specific signals [23]. To further explore the potential
impact of collagen alterations on bone formation, the osteogenic ca-
pacity of ADSCs was studied, and bone formation marker of femur were
detected. The RNA expression of osteogenesis specific transcription
factors runx2 and osterix both significantly reduced in heterozygous
femurs (Fig. 6A) and ADSCs ±365 (Fig. 7C) when compared with wt
littermates. The obviously lighter ALP staining and significantly low-
ered ALP activity both existed in ADSCs ±365 (Fig. 7A, B). And the
Bglap protein fell by about half in col1a1±365 femurs (Fig. 6B), con-
firming the defect in osteogenesis. Since recent studies reported that
YAP/TAZ plays an important role in osteogenic differentiation of
BMSCs [24,25], YAP expression was examined. The results indicated
that the protein level of YAP in mutant femurs reduced by about 60%
(Fig. 6C). And the transcriptional expression of YAP/TAZ target genes
including ctgf and cyr61 all decreased distinctly (Fig. 6D). YAP im-
munofluorescent staining and the nuclear fluorescent intensity analysis
of ADSCswt and ADSC±365 treated without or with osteogenic induc-
tion medium for 3 days. Consistent with previous investigations
[14,26], YAP mainly expressed in nucleus of ADSCs during osteogenic
differentiation, most of which located in cytoplasm of the untreated
cells (Fig. 7D). And the endonuclear YAP level of ADSCs±365 was
significantly lower than that of ADSCswt (Fig. 7D), suggesting that the
reduced YAP level might be involved in the weakened osteogenesis and
osteogenic capacity of col1a1 mutant bones and ADSCs.

4. Discussion

The type I collagen, a triple helix consisted of two pro-α1(I) and one
pro-α2(I) chains encoded by COL1A1 and COL1A2 genes respectively,
constitutes the major components of extracellular matrix (ECM)
[27–30]. Especially, the assembled collagen type I fibers with deposited
minerals in bone matrix provide mechanical strength for bones, and any
change in either the amount or organization of collagen fibers would
make bones affected [28,30,31]. Osteogenesis imperfecta (OI) is such a
congenital disorder mainly caused by abnormal collagen synthesis, and
the typical manifestations include bone fragility, low bone mass,

Fig. 3. Micro-CT measurements of 8 and 20weeks old mice
A The 3D reconstructed images of cortical (above) and trabecular (below) bones of femurs from 8-week-old wt and col1a1±365 mice. B The statistical analysis of
trabecular microarchitecture parameters (n= 6 for each group). Bone Volume/tissue Volume (BV/TV), Trabecular Spacing (Tb.Sp, mm), Bone Surface Area/Bone
Volume (BS/BV, 1/mm), Trabecular Thickness (Tb.Th, mm), Trabecular Number (Tb.N, 1/mm). *p < 0.05, **p < 0.01, ***p < 0.005.

Y. Liu, et al. Bone 127 (2019) 646–655

650



Fig. 4. Bone mineralization and biomechanics of 8 and 20weeks old mice
A and B showed the BMD (bone mineral density) and BMC (bone mineral content) detected by DXA from the two kind of mice (n= 8 mice/group). C and D
represented the load-displacement curves of femurs from mice. The biochemical properties were reflected by maximum load (E), stiffness (F), the Post-Yield
Displacement (G), Post-Yield Energy (G) and Work-to-Fracture (G). *p < 0.05, **p < 0.01, ***p < 0.005.
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skeletal deformity and short stature [2,32].
Genetic approaches greatly promote the research on OI pathogen-

esis especially the causing gene screening, and at least 17 genes have
been found associated with different types of OI [1]. And the dominant
mutations covering null and structural mutations in COL1A1 and
COL1A2 genes are responsible for about 85% cases, among which a
mild type I without bone deformities resulted from haploinsufficiency
of COL1A1 is the most prevalent type in patients [2,5,33].

Except the clinical observations, animal models also greatly ex-
tended the cellular and molecular findings of OI. Presently, there is only
one OI type I model named Mov-13 (MOV 13+/−) strain that carries a
provirus disrupting transcription initiation of pro-α1(I) [22,34]. While,
we and other teams have reported that the degradation of mutant
transcripts by Nonsense Mediated Decay (NMD) pathway and reduced
synthesis of normal collagen caused OI type I [6,8,35].

To closely simulate clinical cases, the exon 2- exon 5 of col1a1 gene
(1029 bp in DNA, 365 nt in mRNA) was deleted using CRISPR/Cas9
system (Fig. 1), and the results showed that the type I collagen ex-
pression greatly reduced (Fig. 2A). Since type I collagen, the most
abundant protein in organic matrix of bones, supplies the scaffold for
mineral deposition and defines the size and distribution of apatite
crystals together with non-collageneous proteins in the bone. And the

lowered collagen synthesis will lead to a decreased mineralization in
bones accompanied with bone mass and/or strength affected [5,36],
which were proved by the micro-CT (Fig. 3) DXA (Fig. 4A, B) and
biomechanical detection (Fig. 4C–G).

The col1a1±365mice showed some of the same characteristics with
Mov-13 mice, such as the BMD, BMC and mechanical properties all
reduced at 8 weeks (Fig. 4). But there were more difference between the
two kinds of OI mice. The maximum load and mineralization of Mov-13
mice by 15week recovered to the same level of wild mice [35]. While,
the femurs of col1a1±365 mice exhibited distinctly lower mineraliza-
tion, maximum load and stiffness than their normal litters by 20weeks
(Fig. 4). We speculated that the different methods of constructing
mouse models led to this result, but the mechanism needed further
analysis.

Normal bone metabolism and homeostasis is maintained by co-
ordinated cycles of bone formation and resorption, which are executed
by osteoblasts and osteoclasts respectively [37–39]. Many studies in-
dicated that OI patients and modeling animals showed hyperactive
bone absorption and osteoclasts growth, which has been one inter-
vention target in OI treatments [40–45]. Similar metabolic abnormities
and significantly lowered osteogenesis also could be found in
col1a1±365 mice (Fig. 5; Fig. 6A, B). The PINP content of mutant mice

Fig. 5. Bone metabolism
The serum concentrations of P1NP (A) and CTX-I (B) (n= 8 mice/group) by 8 and 20 weeks. C Representative views of TRAP staining and TRAP-positive osteoclast
counting of distal femur trabecular bone by 8weeks. The black arrows indicated TRAP-positive osteoclasts. TRAP+OcS/BS (%): percentage of the TRAP-positive
osteoclast in contact with trabecular surface, TRAP+OcN/BS (mm): number of TRAP-positive osteoclasts per millimeter of the trabecular surface. *p < 0.05,
**p < 0.001.
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significantly reduced than the wt controls at the two time points and it
obviously declined as mice grew up (Fig. 5A), demonstrating osteo-
genesis defect. The CTX-I level of col1a1±365 mice clearly increased
compared to the normal ones and remained stable (Fig. 5B), suggesting
a sustained bone absorption. The continuously active osteoclasts might
contribute to the sustained brittle bones of mutant mice.

BMSCs are the source of osteoblasts and it has been reported that
the osteogenic capacity of OI backgrounded BMSCs decreases obviously
[46], but the latent mechanisms are still poorly understood. Similarly,
ADSCs±365 also performed weakened osteoblast differentiation
(Fig. 7A–C), which has not been reported yet in relative studies. Recent
works have focused on the Hippo/YAP pathway in osteogenesis of
BMSCs [26,47]. We tested the femoral YAP expression and the results
showed a largely dropped YAP level and the distinct transcriptional
reductions of downstream genes including runx2 [48–50] (Fig. 6A,
Fig. 7C), ctgf and cyr61 [47,51] (Fig. 6D). The endonuclear YAP ex-
pression also reduced significantly in ADSCs±365 incubated with os-
teogenic induction medium (Fig. 7D). In addition, most of ADSCs±365
cultured on collagen type I coated dishes exhibited nuclear YAP loca-
tion and effectively increased runx2 expression (SI Fig. 4). These results
all demonstrated that YAP downregulation and reduced nuclear level
was partly at least relative to osteoblast differentiation of ADSCs±365.

This was the first evidence of the roles of Hippo/YAP signaling in os-
teogenic differentiation of OI derived models and mesenchymal stem
cells. Still, the detailed pathway from type I collagen to YAP and
downstream targets involved in osteogenesis needed more in-depth
investigations.

5. Conclusions

In the present study, the col1a1±365 strain with col1a1 exon 2-exon
5 deletion by CRISPR/Cas9 system was designed to provide a novel
transgenic model to mimic OI type I from genotype to phenotype. The
heterozygotes manifested remarkably reduced type I collagen expres-
sion, bone mineralization and mechanical properties until 20 weeks old,
indicating stable bone brittleness in spite of few improvement existed in
some indicators as the mice grew up. YAP downregulation was asso-
ciated with reduced bone osteogenesis and reduced osteogenic capacity
of ADSCs±365, but the underlying mechanisms remained to be further
clarified.
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Fig. 6. The osteogenesis and YAP signaling in femurs of 8 weeks old mice
A The transcriptional expression of osteogenic transcription factors runx2 and osterix in femurs. The protein level of Bglap (B, n= 6) and YAP (C, n= 6) in femurs. D
the gene expression of YAP targeted genes ctgf and cyr61 in Hippo/YAP signaling pathway. *p < 0.05, ***p < 0.005.
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