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Deletion of p16 accelerates fracture
healing in geriatric mice
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Abstract: The biomarker p16 plays a role in aging and is upregulated in aged organs and cells, including bone mar-
row mesenchymal stem cells (BM-MSCs), which play a leading role in fracture healing. Several studies have reported
delayed fracture healing in geriatric mice. However, the relationship between p16 expression and fracture healing
in geriatric mice remains poorly understood. In this study, we found that fracture healing was accelerated in p16
deletion (p167) mice, and the number of migrated BM-MSCs from p167- mice increased. The expressions of SDF-
1 and CXCR4 were also upregulated in p167 mice. Increased cell percentage at S phase in cell cycle, enhanced
expressions of CDK4/6, pRB, and E2F1, decreased expression of RB, and elevated expressions of SOX9, PCNA,
and COL2A1 were detected in p167- mice. The expressions of COL10A1, MMP13, OSTERIX, and COL1A1 were also
high in p167- mice. Moreover, the expressions of p-AKT, p-mTOR, HIF-1a, and VEGF-A in BM-MSCs and expression of
VEGF-A in callus were upregulated in p167- mice. The expression of VEGF in the serum of p167- mice was also higher
than that of wild type mice. Thus, deletion of p16 enhances migration, division, and differentiation of BM-MSCs,
promotes proliferation and maturation of chondrocytes, activates osteoblastogenesis, and facilitates vasculariza-

tion to accelerate fracture healing, providing a novel strategy to treat fracture in the elderly.
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Introduction

Fracture healing is considered to be a special-
ized postnatal regenerative process that reca-
pitulates embryonic skeletal development [1].
Numerous physiologic and environmental fac-
tors negatively influence bone regeneration
after fracture [2], of which aging is an important
one [3-6]. In a prospective observational res-
earch involving 1133 patients who suffered
from femoral neck fractures, the incidence of
nonunion was elevated from 5.9% in patients
younger than 40 years to 24.9% in patients
older than 70 years [7]. In a study to detect
changes that occur during fracture healing,
delayed chondrocyte proliferation and matura-
tion, vascular invasion, and less bone forma-
tion at the tibial fracture site were observed in
elderly mice [8]. With increasing age, age-relat-
ed changes, including a decrease in the amount
and division potential of mesenchymal stem
cells (MSCs), lower responsiveness of MSCs to
signal molecules, reduced blood vessel forma-
tion, and changes in signaling molecules levels,

are responsible for delayed healing in the elder-
ly [9]. It seems that enhancing cell recruitment,
proliferation and differentiation, promoting
osteoblastogenesis, and facilitating vascular
invasion may be key targets for accelerating
fracture healing in the elderly [6].

A biomarker of aging, pl16, is upregulated in
aged organs and tissues, including the bone
marrow [10], and acts as a cyclin-dependent
kinase (CDK) inhibitor through repressing cell
cycle progress to prohibit cell proliferation and
trigger aging in mammals [11]. Che et al. found
that pl6 deficiency enhances nucleus pulpo-
sus (NP) cell proliferation [12]. Moreover, p16
expression suppresses angiogenesis in breast
cancer cells [13]. When pl6 was deleted,
pro-angiogenic factors were overexpressed to
promote vascularization in pancreatic carcino-
ma [14]. Few studies have focused on the rela-
tionship between p16 and fracture healing in
the elderly, and the effects and mechanisms of
pl6 on fracture healing remain poorly under-
stood.
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In this study, we deleted the p16 gene in geriat-
ric mice and found that bone healing in
pl6-deficient mice was accelerated after fe-
moral shaft fracture. After p16 deletion, the
migration, division, and differentiation of bone
marrow MSCs (BM-MSCs) were enhanced,
chondrocyte proliferation and maturation were
strengthened, osteoblastogenesis was activat-
ed, and blood vessel invasion was facilitated,
indicating that inactivation of p16 might be a
novel strategy for treating fractures in the
elderly.

Material and methods
Mouse BM-MSCs isolation and culture

pl6 deficient (p167) mice and their wild-type
(WT) littermates were prepared as previously
described by Che et al. [12]. Animal use was
approved by the Institutional Animal Care and
Use Committee of Nanjing Medical University
(@approval number: IACUC-1904037). Mice were
housed in the Experimental Animal Center in
compliance with guidelines of the Institute for
Laboratory Animal Research of Nanjing Medical
University. Mouse BM-MSCs were isolated as
previously described [15] and cultured in o-
MEM (modified Eagle’s medium alpha) supple-
mented with 10% fetal bovine serum, penicillin
(100 units/ml) and streptomycin (100 mg/ml)
at 37°C and 5% CO,. BM-MSCs were character-
ized and confirmed using a FACS system.

Transwell assay

To determine the effects of p16 on cell migra-
tion, a transwell assay was performed.

In brief, 2 x 10° BM-MSCs derived from WT or
pl167 mice were added to the upper wells sepa-
rated by a 0.8 um pore size polyethylene tere-
phthalate membrane. After 48 h, the non-
migrated cells were carefully removed from the
top of the membrane. The membranes were
then fixed with 10% methanol and stained with
crystal violet staining solution (Boyetime,
Shanghai, China). After air-drying, the mem-
branes were detected under a light microscope
(Olympus, Japan) in five randomly selected
fields (original magnification, x 100).

Immunofluorescence (IF)

Cultured BM-MSCs were induced to differenti-
ate into chondrocytes for 14 days and con-
firmed by toluidine blue staining. IF staining of
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proliferating cell nuclear antigen (PCNA) and
COL2A1 in chondrocytes was carried out as
previously described [12].

Cell counting kit-8 (CCK-8) cell viability assay

The CCK-8 assay (KeyGen, Nanjing, China) was
employed to evaluate cell proliferation. Cells
were cultured in 96-well plates (5000 cells/
well) and allowed to grow for 24, 48, and 72 h.
10 ml CCK reagent was added to each well and
incubated for 3-4 h. The absorbance at 450 nm
was measured with a spectrophotometer read-
er (Thermo Electron, Massachusetts, USA).

Alkaline phosphatase (ALP) staining

Cultured BM-MSCs were induced to differenti-
ate into osteoblasts for 14 days and rinsed
three times using PBS. Cells were fixed in 100%
ethanol for 15 min and stained with ALP stain-
ing solution for 15 min.

Alizarin red staining

Cultured BM-MSCs were induced to differenti-
ate into osteoblasts for 21 days and rinsed
three times using PBS. Cells were fixed in 95%
ethanol for 10 minutes and stained with aliza-
rin red staining solution for 30 min.

Flow cytometry analyses

Chondrocytes were rinsed three times with
PBS and fixed in 70% ethanol. The specimen
was then examined by flow cytometry using a
FACSCalibur flow cytometer.

Human umbilical vein endothelial cells (HU-
VECs) tube formation assay

Each well in 96-well plates was coated with 50
pl ice-cold Matrigel matrix (BD Biosciences,
USA), and the matrix was solidified at 37°C for
30 min. HUVECs were suspended at a density
of 2 x 10%/ml with medium supernatant har-
vested from BM-MSCs derived from p167- and
WT mice. HUVECs (1 x 10%) were seeded onto
the matrix and incubated at 37°C and 5% CO,,.
After 4 h of incubation, tubule meshes in five
randomly selected fields (original magnifica-
tion, x 200) were photographed, and the num-
ber of meshes was counted.

Animal handling

Femoral shaft fracture and intramedullary fixa-
tion were performed in eighty 12-month-old
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Table 1. PCR primer sequences

Name Sequence (5’-3)

SDF-1-F TGCATCAGTGACGGTAAACCA
SDF-1-R TTCTTCAGCCGTGCAACAATC
CXCR4-F GAAGTGGGGTCTGGAGACTAT
CXCR4-R TTGCCGACTATGCCAGTCAAG
CDK4-F ATGGCTGCCACTCGATATGAA
CDK4-R TCCTCCATTAGGAACTCTCACAC
CDK6-F GGCGTACCCACAGAAACCATA
CDK6-R AGGTAAGGGCCATCTGAAAACT
RB-F TGCATCTTTATCGCAGCAGTT
RB-R GTTCACACGTCCGTTCTAATTTG
E2F1-F CAGAACCTATGGCTAGGGAGT
E2F1-R GATCCAGCCTCCGTTTCACC
COL1A1-F GCTCCTCTTAGGGGCCACT
COL1A1R CCACGTCTCACCATTGGGG
COL2A1-F GGGAATGTCCTCTGCGATGAC
COL2A1-R GAAGGGGATCTCGGGGTTG
COL10A1-F TTCTGCTGCTAATGTTCTTGACC

COL10A1-R GGGATGAAGTATTGTGTCTTGGG
MMP13-F CTTCTTCTTGTTGAGCTGGACTC
MMP13-R CTGTGGAGGTCACTGTAGACT
OSTERIX-F ATGGCGTCCTCTCTGCTTG
OSTERIX-R TGAAAGGTCAGCGTATGGCTT
SOX9-F GAGCCGGATCTGAAGAGGGA
SOX9-R GCTTGACGTGTGGCTTGTTC
PCNA-F TTTGAGGCACGCCTGATCC
PCNA-R GGAGACGTGAGACGAGTCCAT
VEGFA-F CTGCCGTCCGATTGAGACC
VEGFA-R CCCCTCCTTGTACCACTGTC
GADPH-F ATGATTCTACCCACGGCAAG
GADPH-R CTGGAAGATGGTGATGGGTT

p167 and WT mice. The mice were carefully
handled and kept warm during and after sur-
gery. None of the surgeries failed, and no com-
plications were detected during the experi-
ments. On postoperative days 1, 7, 10, 14, 21,
and 28, the mice were humanely sacrificed.
Blood, clot at the fracture site, or operated
femurs were collected for subsequent examin-
ations.

Specimen processing

Some of the harvested femurs were fixed in
periodate-lysine-paraformaldehyde fixation so-
lution at pH 7.2 to 7.4 for 24 h and then
immersed in PBS in a refrigerator at 4°C for
radiologic and histologic examinations. The
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remaining femurs were used for RNA ex-
traction.

Radiologic examinations

The fixed femurs were analyzed by X-ray and
micro-computed tomography (micro-CT) scans.
The region of interest was the callus. The micro-
structural parameters, including bone mineral
density (BMD) and bone volume to total volume
ratio (BV/TV) were calculated.

Histologic staining

After radiological examinations, the femurs
were embedded in paraffin, and serially sec-
tioned at 5 ym intervals. Hematoxylin and eosin
(H&E) staining and toluidine blue staining were
performed according to standard protocols.

Immunohistochemistry (IHC)

Immunohistochemical staining of SOX9, COL-
1A1, COL2A1, COL10A1, PCNA, matrix metal-
loproteinase 13 (MMP13), OSTERIX and vascu-
lar endothelial growth factor-A (VEGFA) were
performed as previously described [16]. The
following primary antibodies were used: Anti-
SOX9 (ab185966, abcam, UK), Collagen Type |
(14695-1-AP, Proteintech, USA), Collagen Type
Il (28459-1-AP, Proteintech, USA), Anti-Colla-
gen X (@ab58632, Abcam, UK), PCNA (10205-2-
AP, Proteintech, USA), Anti-MMP13 (ab39012,
Abcam, UK), Anti-Sp7/Osterix (ab22552, Ab-
cam, UK) and VEGFA (66828-1-Ig, Proteintech,
USA).

RNA extraction and real time quantitative re-
verse transcription polymerase chain reaction
(QRT-PCR)

Total RNA was collected from BM-MSCs, clots,
chondrocytes, or calluses using TRIzol reagent
(Beyotime, Shanghai, China), and RNA concen-
tration was measured with a Nanodrop spect-
rophotometer (Thermo Scientific, USA). Subse-
quently, RNA was reverse transcribed to cDNA
using HiScript Ill Reverse Transcriptase (Vazy-
me, Nanjing, China). Using the ABI 7500 Fast
Real-Time PCR System (Applied Biosystems),
qRT-PCR was performed. Table 1 tabulates the
gRT-PCR primer sequences. The expression
levels of target genes were normalized to
GAPDH using the comparative 222°t method.
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Protein extraction and western blot analysis

Proteins were extracted from BM-MCSs, chon-
drocytes, or clots at the fracture site and
primary antibodies against CXCL12/SDF-1
(10205-2-AP, Proteintech, USA), CXCR4 (1107 3-
2-AP, Proteintech), CDK4 (11026-1-AP, Protein-
tech, USA), CDK6 (14052-1-AP, Proteintech,
USA), Rb (17218-1-AP, Proteintech, USA), Anti-
Rb (phospho S807) (ab184796, abcam, UK),
E2F1 (66515-1-1g, Proteintech, USA), Collagen
Type | (14695-1-AP, Proteintech, USA), Anti-
Sp7/0sterix (ab22552, Abcam, UK), Anti-pan-
AKT (ab8805, Abcam, UK), Anti-AKT (phospho
T308) (ab38449, Abcam, UK), Anti-mTOR
(@b32028, Abcam, UK), Anti-mTOR (phospho
S2448) (abl109268, Abcam, UK), Anti-HIF-1
alpha (ab16066, Abcam, USA), VEGFA (66828-
1-1g, Proteintech, USA), and HRP-Conjugated
Beta Actin (HRP-60008, Proteintech, USA) were
employed. Immunoreactive bands were visual-
ized with ECL (Beyotime, Shanghai, China) and
quantified by Scion Image Beta 4.02.

Enzyme-linked immunosorbent assay (ELISA)

Serum samples were obtained from blood col-
lected from the eyeballs of mice on postopera-
tive days 7, 10, 14, 21, and 28 in each group.
Serum VEGF levels were determined using an
ELISA kit (KeyGen, Nanjing, China).

Statistical analyses

Numerical data were presented as mean *
standard deviation (SD). Student’s t-test was
performed to evaluate differences between
groups. The SPSS software (Version 25.0) and
GraphPad Prism (Version 8.0) were used for
statistical analyses, and differences in results
were considered significant at P<0.05.

Results

Deletion of p16 accelerated fracture healing in
geriatric mice

To explore the effect of p16 deletion on fracture
healing, we performed femoral shaft fracture in
12-month-old WT and p167- mice. Radiologic
and histologic examinations were performed to
assess the fracture healing. The results showed
that the percentage of soft callus area peaked
on postoperative day 7 and declined gradually,
while the percentage of bony callus increased
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from postoperative day 7 in p167- mice. In WT
mice, the percentage of soft callus area peaked
on postoperative day 10, and the percentage of
bony callus increased from postoperative day
10 (Figure 1A-C). On postoperative days 21
and 28, a higher BMD was observed in the cal-
lus of p167- mice. BV/TV in callus in p167- mice
was higher and lower than that in WT mice on
postoperative days 21 and 28, respectively
(Figure 1D-F). These results indicated that p16
deletion accelerated fracture healing in geriat-
ric mice.

Deletion of p16 upregulated SDF-1 and CXCR4
expression levels and led to BM-MSCs migra-
tion

BM-MSCs play a vital role in bone regeneration.
BM-MSCs migrate to injured sites upon stimu-
lation with relevant chemokines, such as stro-
mal cell-derived factor-1 (SDF-1) and its recep-
tor CXCR4 [17]. BM-MSC migration was
evaluated by migration assay, and SDF-1 and
CXCR4 expression levels were assessed by
western blot analysis and gRT-PCR. The results
showed that the number of migrated BM-MSCs
from p167- mice was higher than that from WT
mice (Figure 2A). CXCR4 expression was upreg-
ulated in p167 mice-derived BM-MSCs (Figure
2B, 2D, 2E). SDF-1 expression in clots at the
injury site in p167- mice was also significantly
higher than that in WT mice on postoperative
day 1 (Figure 2C, 2F, 2G). These results showed
that pl6 deletion upregulated SDF-1 and
CXCR4 expression levels and led to BM-MSC
migration.

Deletion of p16 encouraged BM-MSCs to pro-
liferate and differentiate into chondrocytes

Migrated BM-MSCs proliferate and then differ-
entiate into chondrocytes, and SOX9 is requ-
ired for chondrogenesis [18]. Flow cytometry
and western blot analysis were employed to
explore the effect of p16 on BM-MSC prolifera-
tion. SOX9 expression in callus was investigat-
ed with IHC and qRT-PCR on postoperative days
7, 10 and 14. Results showed that the ratios of
cells in the G/G, and S phases in pl67 mice
were lower and higher, respectively, than those
in WT mice (Figure 3A). The expression levels of
CDK4, CDK®6, pRB, and E2F1 were upregulated
while RB expression level was downregulated in
BM-MSCs from p167 mice (Figure 3B-D). The
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Figure 1. Deletion of p16 accelerated fracture healing in geriatric mice. Representative micrographs of (A) H&E staining and (B) toluidine blue staining and (C)
percentages of soft and bony callus at different postoperative timepoints. (D) Representative X-ray radiographs and (E) coronal reconstruction images of micro-CT
scans of callus. (F) Quantitative analysis of callus microstructural parameters, including bone mineral density (BMD) and bone volume to total volume ratio (BV/TV).
n=4, *P<0.05, **P<0.01, ***P<0.001, compared with WT mice.
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Figure 2. Deletion of p16 promoted BM-MSCs migration. A. Transwell assay was performed to assess the migration
of BM-MSCs. B, C. Western blot analysis was performed to determine the protein expression levels of SDF-1 in clots
at the injury site on postoperative day 1 and CXCR4 in BM-MSCs. B-actin was used as loading control. D, F. The
quantified protein levels of SDF-1 and CXCR4 were evaluated by densitometric analysis. E, G. The mRNA levels of
SDF-1 and CXCR4 were measured by qRT-PCR, calculated as ratio relative to GAPDH mRNA, and expressed relative
to WT. n=4, **P<0.01, ***P<0.001, compared with WT mice.

SOX9 expression in callus was increased on
postoperative day 7 while decreased on post-
operative days 10 and 14 in p167 mice (Figure
3E-G). These results demonstrated that dele-
tion of p16 could encourage BM-MSCs to prolif-
erate via activating the CDK4/6-pRB-E2F path-
way and to differentiate into chondrocytes.

Deletion of p16 promoted chondrocyte prolif-
eration

The differentiated chondrocytes then prolifer-
ate to form cartilage callus to connect the frac-
ture ends. IF, CCK-8 cell viability assay, IHC,
and gqRT-PCR were employed to detect altera-
tions of indicators of chondrocyte proliferation,
including PCNA and COL2A1. We found that
pl6 deletion significantly elevated the percent-
age of PCNA-positive cells (Figure 4A, 4B) and
COL2A1-positive areas (Figure 4C, 4D), and the
absorbance at 450 nm (Figure 4E). Similar
results were observed in the callus. PCNA
(Figure 4F-H) and COL2A1 (Figure 4l-K) expres-
sion levels were upregulated in p167 mice on
postoperative day 7 while downregulated on
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postoperative days 10 and 14. These results
demonstrated that pl16 deletion promoted
chondrocytes to proliferate in the early stage of
fracture healing.

Deletion of p16 promoted chondrocyte matura-
tion

To uncover the effect of p16 deletion on chon-
drocyte maturation, we employed IHC, and qRT-
PCR to detect alterations in indicators of chon-
drocyte maturation, including COL10A1 and
MMP13 in callus. The results showed that the
expression levels of COL10A1 and MMP13
were elevated and declined in p167- mice on
postoperative days 10 and 14, respectively
(Figure 5A-F). These results suggested that
deletion of p16 advanced chondrocyte ma-
turation.

Deletion of p16 stimulated osteoblastogenesis

To study the effect of p16 deletion on osteo-
blastogenesis, western blot analysis, qRT-PCR,
ALP staining, alizarin red staining and IHC were

Am J Transl Res 2021;13(10):11107-11125



pl6 deletion accelerates fracture healing

A wT p16+~
] M oip Gt = o I op Gt
b H op a2 - Movcz
i Roes = oes 60-
g = - =
. ] 16"
] <] 5 - " P
5 s N 5 ] . 404
57 £E g
25 _aE )
i s ] ©
] g 3
il n 204
€ g \ M *
] B N <\A 10 l
=5 o , NN - 0 ! ' I
0 100 200 300 400 500 500 0 100 200 300 400 500 800 GolGi S Ga/M
B WT p16+ C CDK4 CDKé RB D
5 25q T 64 ok =0
g 4 = 3 < 4
Coke  E— - e Z 41 2 ow
= £ 1.5 5 g3 c 6 .
=3 3 £ 1.0 £ E 2 9 . b m p16-l-
CDKs “ £ 2% %1 = 4 -
- g 05 g g e
_ & 0.4 . S o r Qo n g 4
g WT p16™ WT pi6™- WT p16™ [
RB T
- ‘s
. P-RB E2F1 £C
e 3 oo b
2 > 4- =3 z
= > E ® £ [
: - _‘-‘_’; 2 2 14 CDK4  CDK6 RB E2F1
——— c 2
B-actin ” ’ & o A oA
ke, v WT pi6* WT p16™
F
SOX9
£ 100 o wr
§ 80/ piy = pre”
2
&
® 604
0
a .
S 404
)
% 20. |1| i
G
: B
o T T T
o 7 10 14
days post-fracture
G SOX9
10+
- o wr
8- - pie”

&

mRNA relative expression
(fold)

-
j —
F-Ht

R “h" S

VS
w WK w,'r},:
i .

P W

days post-fracture

Figure 3. Deletion of p16 encouraged BM-MSCs to proliferate and differentiate into chondrocytes. A. Cell-cycle
distribution of BM-MSCs was determined by flow cytometry. B. Western blot analysis was performed to assess the
protein expression levels of members of the CDK4/6-pRB-E2F pathway, including CDK4, CDK6, RB, pRB, and E2F1
in BM-MSCs. B-actin was used as loading control. C. The quantified protein levels of CDK4, CDK6, RB, pRB, and
E2F1 in BM-MSCs were evaluated by densitometric analysis. D. The mRNA levels of CDK4, CDK®6, RB, pRB and E2F1
in BM-MSCs were measured by qRT-PCR, calculated as ratio relative to GAPDH mRNA and expressed relative to WT.
E. Representative immunohistochemical micrographs of SOX9, a key regulator of chondrocyte differentiation. F. The
percentages of SOX9-positive cells in callus on postoperative days 7, 10, and 14. G. The mRNA levels of SOX9 in
callus on postoperative days 7, 10, and 14 were measured by qRT-PCR, calculated as ratio relative to GAPDH mRNA
and expressed relative to WT. n=4, *P<0.05, **P<0.01, ***P<0.001, compared with WT mice.
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Figure 4. Deletion of p16 promoted chondrocyte proliferation. Representative immunofluorescent micrographs of (A) PCNA, an indicator of proliferation, and (C)
COL2A1, a specific marker of chondrocytes in chondrocytes differentiated from BM-MSCs. The percentages of (B) PCNA-positive cells and (D) COL2A1-positive areas
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in chondrocytes differentiated from BM-MSCs. (E) CCK-8 assay was performed to measure the absorbance at 450
nm to assess chondrocyte proliferation in chondrocytes differentiated from BM-MSCs. Representative immunohis-
tochemical micrographs of (F) PCNA and () COL2A1 in callus on postoperative days 7, 10 and 14. The percentages
of (G) PCNA-positive cells and (J) COL2A1-positive areas in callus on postoperative days 7, 10, and 14. (G) The
mRNA levels of (H) PCNA and (K) COL2A1 in callus on postoperative days 7, 10, and 14 were measured by qRT-PCR,
calculated as ratio relative to GAPDH mRNA and expressed relative to WT. n=4, *P<0.05, **P<0.01, ***P<0.001,
compared with WT mice.
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Figure 5. Deletion of p16 promoted chondrocyte maturation. Representative immunohistochemical micrographs of
(A) COL10A1, a specific marker of hypertrophic chondrocytes and (D) MMP13 in callus on postoperative days 10 and
14. The percentages of (B) COL10A1-positive and (E) MMP13-positive areas in callus on postoperative days 10 and
14. The mRNA levels of (C) COL10A1 and (F) MMP13 in callus on postoperative days 10 and 14 were measured by
gRT-PCR, calculated as ratio relative to GAPDH mRNA and expressed relative to WT. n=4, **P<0.01, ***P<0.001,
compared with WT mice.

employed to detect alterations of osteoblastic COL1A1 and ALP. We found that the expression
differentiation markers, including OSTERIX, levels of OSTERIX and COL1A1 were upregulat-
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ed in BM-MSCs from p167 mice (Figure 6A-C).
ALP activity and calcium deposition were enha-
nced in BM-MSCs from p167- mice (Figure 6D).
The OSTERIX expression in callus in p167 mice
was increased on postoperative days 7, 10 and
14 (Figure 6E-G). The COL1A1 expression in
callus in p167 mice was increased on postop-
erative days 10 and 14 while decreased on
postoperative day 21 (Figure 6H-J). These
results indicated that deletion of p16 stimulat-
ed osteoblastogenesis.

Deletion of p16 facilitated vascularization by
activating AKT/mTOR/HIF-oa pathway

Vascularization is essential for bone regenera-
tion, and VEGF is a key regulator of vasculariza-
tion [19]. To determine the effect of p16 dele-
tion on vascularization in fracture healing,
HUVECs tube formation assay, IHC, and ELISA
were employed to detect VEGF expression and
endothelial tube formation. The results showed
that the number of closed mesh constructions
bounded by differentiated HUVECs was signifi-
cantly increased when incubated in the serum-
free conditioned media collected from p167
mice-derived BM-MSCs for 4 h (Figure 7A). The
expression levels of VEGF-A in callus (Figure
7B, 7C) and VEGF in serum (Figure 7D) were
also increased before postoperative day 21 in
p167 mice. To further investigate whether p16
deletion upregulated VEGF expression through
activation of the AKT/mTOR/HIF-1a pathway,
western blot analysis was performed. The
expression levels of AKT and mTOR were down-
regulated, while the expression levels of p-AKT,
p-mTOR, HIF-1a, and VEGF-A were upregulated
in BM-MSCs from p167 mice (Figure 7E, 7F).
These results showed that p16 deletion facili-
tated vascularization by activating the AKT/
mTOR/HIF-1a pathway.

Discussion

Bone is one of the few tissues that can perfect-
ly regenerate without scar formation. After ini-
tial injury, fractures heal through either primary
or secondary healing, which is composed of
intramembranous and endochondral ossifica-
tion [20, 21]. Secondary fracture healing is the
most common form of fracture repair, involving
cartilaginous callus formation, mineralization,
resorption, and conversion to bony callus [22].

To initiate the fracture repair program, MSCs
from surrounding tissues or remote hematopoi-
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etic sites must be recruited and migrated to the
fracture site under regulation by relevant cyto-
kines, particularly SDF-1. SDF-1 is induced in
the periosteum of injured bone and binds to its
receptor CXCR4 to recruit MSCs to the injury
site [17]. SDF-1-mediated signaling drives
MSCs migration and significantly enhances car-
tilage regeneration in osteochondral defects in
rats [23]. Disruption of SDF-1 and/or CXCR-4
impairs MSC chemotaxis and decreases bone
formation [17, 24]. In the present study, SDF-1
expression in clots and CXCR-4 expression in
BM-MSCs were both elevated, and migration of
BM-MSCs was also increased in p167- mice.

Following migrating to the injury site, MSCs
undergo proliferation and differentiation. p16 is
a CDK inhibitor, which restrains the cell cycle
[25]. It binds to and inactivates CDK4/6, sup-
presses phosphorylation of RB (pRB) and acti-
vation of E2F, and prevents the cell cycle from
passing through the G,/S checkpoint, thus
inhibiting cell proliferation [11]. Cell cycle and
western blot analysis in this study illustrated
that p16 deletion could accelerate the progres-
sion of BM-MSCs from G, to S phase to en-
hance proliferation by activating the CDK4/6-
pRB-E2F pathway. Similar results were obtained
in NP cells in a study conducted by Che et al.
[12].

SOX9 plays an essential role in chondrogenesis
and in maintaining the cartilaginous phenotype
and hypertrophic maturation [26-28]. It triggers
the differentiation of MSCs into chondrocytes
and regulates the expression of canonical
extracellular matrix (ECM) proteins of chondro-
cytes [29, 30]. Chondrocytes proliferate to form
cartilage callus to bridge the fracture gap and
provide immediate stabilization. In our study,
increased expression levels of SOX9, PCNA and
CLO2A1 were observed in p167 mice, which
was consistent with the histologic and radio-
logic findings.

Conversion of chondrocytes from a proliferative
to hypertrophic state and osteoblastogenesis
are required for the replacement of the carti-
lage callus by bony callus [31]. CLO10Al is a
specific marker of hypertrophic chondrocytes.
Hypertrophic chondrocytes also secrete MM-
P13, which degrades ECM and plays critical
roles in development of growth plate cartilage
and in endochondral ossification [32]. Hyper-
trophic chondrocytes restore the expression of
osteogenic promoters RUNX2 after losing SOX9
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Figure 6. Deletion of p16 facilitated osteoblastogenesis. (A) Western blot analysis was performed to determine the protein expression levels of osteoblastic differen-
tiation markers, including OSTERIX and COL1A1 in induced BM-MSCs. B-actin was used as loading control. (B) The quantified protein levels of OSTERIX and COL1A1
in induced BM-MSCs were evaluated by densitometric analysis. (C) The mRNA levels of OSTERIX and COL1A1 in induced BM-MSCs were measured by qRT-PCR,
calculated as ratio relative to GAPDH mRNA and expressed relative to WT. (D) ALP staining and alizarin red staining images of induced BM-MSCs. Representative
immunohistochemical micrographs of (E) OSTERIX in callus on postoperative days 7, 10 and 14, and (H) COL1A1 in callus on postoperative days 10, 14 and 21. The
percentages of (F) OSTERIX-positive cells in callus on postoperative days 7, 10, and 14, and () COL1A1-positive areas in callus on postoperative days 10, 14, and
21. The mRNA levels of (G) OSTERIX in callus on postoperative days 7, 10, and 14, and (J) COL1A1 in callus on postoperative days 10 and 14 were measured by
gRT-PCR, calculated as ratio relative to GAPDH mRNA and expressed relative to WT. n=4, *P<0.05, **P<0.01, ***P<0.001, compared with WT mice.
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Figure 7. Deletion of p16 stimulated vascularization by activating the AKT/mTOR/HIF-1a pathway. HUVEC tube formation assay was performed to determine the
differentiation of HUVECs into capillary-like structures. A. Representative micrographs and quantitation of numbers of HUVEC meshes. B. Representative immuno-
histochemical micrographs of VEGF-A in callus on postoperative days 7, 10, and 14. C. The percentages of VEGF-A-positive cells in callus on postoperative days 7,
10, and 14. D. The serum VEGF level detected with ELISA. E. Western blot analysis was employed to assess the protein expression levels of members of the AKT/
mTOR/HIF-1a pathway, including p-AKT, AKT, p-mTOR, mTOR, HIF-1a, and VEGF-A. B-actin was used as loading control. F. The quantified protein levels of CDK4,
CDK®6, RB, pRB, and E2F1 were evaluated by densitometric analysis. n=4, **P<0.01, ***P<0.001, compared with WT mice.

11122

Am J Transl Res 2021;13(10):11107-11125



p16 deletion accelerates fracture healing

expression [26]. RUNX2 transcriptionally regu-
lates osteoblastogenesis through the trans-
cription factor OSTERIX. Afterwards, OSTERIX
induces COL1A1 expression through binding to
specificity protein 1 sites in the bone enhancer
and proximal promoter regions [33]. Osteo-
blasts express canonical extracellular markers
of bone, including ALP, and osteocalcin to form
hard callus [34]. The hard callus formation usu-
ally peaks on postoperative day 14 in animal
models [35]. As the hard callus formation pro-
gresses and the calcified cartilage converts to
woven bone, the callus becomes more solid
and mechanically rigid [22]. Interestingly, in
pl67° mice, the expressions of OSTERIX and
COL1A1 coincidentally reached a peak on post-
operative day 14 in this study.

Bone is a highly vascularized organ, and revas-
cularization has been recognized as an essen-
tial component of successful bone regenera-
tion [19, 36]. Disrupted vascularization results
in a high risk of fracture nonunion [37, 38].
VEGF is a key driver of vascular regeneration. It
binds to its receptors to enhance proliferation
and sprouting of endothelial cells, recruit endo-
thelial progenitor cells to the fracture site, pro-
mote blood vessel invasion and transform the
avascular cartilaginous callus into a vascular-
ized osseous tissue [19, 20]. Suppression of
the activities of VEGF or its receptors leads to
delayed callus vascularization, decreased ves-
sel volume, and reduced callus formation [39,
40].

In addition to inhibiting cell cycle progression,
pl6 plays a crucial role in regulating VEGF
expression and revascularization at the frac-
ture site. HIF-1« is a positive regulator of VEGF
and is under the control of the AKT/mTOR path-
way [41]. Active AKT activates mTOR and its
major target, HIF-1a, to induce angiogenesis
[42, 43]. p16 suppresses the AKT/mTOR/HIF-
1o signaling pathway to inhibit proangiogenic
effects in breast cancer [44]. Similar results
were obtained in human gliomas, where resto-
ration of p16 downregulated VEGF expression
and prevented angiogenesis [45]. We found
that VEGF expression was upregulated and the
AKT/mTOR/HIF-1a pathway was activated in
pl67  mice. It has been suggested that pl6
deletion facilitates vascularization by activating
the AKT/mTOR/HIF-1a pathway.

Thus, from the data in the current study, we
conclude that pl6 deletion accelerated frac-
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ture healing in geriatric mice by enhancing the
migration, division, and differentiation of
BM-MSCs, promoting proliferation and matura-
tion of chondrocytes, activating osteoblasto-
genesis, and facilitating vascularization. This is
a novel strategy to treat fractures in the
elderly.
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