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Abstract 

Cell cycle regulators act as inhibitors or activators to prevent cancerogenesis. It has also been established that they 
can play an active role in differentiation, apoptosis, senescence, and other cell processes. Emerging evidence has 
demonstrated a role for cell cycle regulators in bone healing/development cascade. We demonstrated that deletion 
of p21, a cell cycle regulator acting at the G1/S transition enhanced bone repair capacity after a burr-hole injury in the 
proximal tibia of mice. Similarly, another study has shown that inhibition of p27 can increase bone mineral density 
and bone formation. Here, we provide a concise review of cell cycle regulators that influence cells like osteoblasts, 
osteoclasts, and chondrocytes, during development and/or healing of bone. It is imperative to understand the regula-
tory processes that govern cell cycle during bone healing and development as this will pave the way to develop 
novel therapies to improve bone healing after injury in instances of aged or osteoporotic fractures.
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Introduction
Bone healing and development are regulated by a myriad 
of factors including interactions with the extracellular 
matrix, other cells, and intracellular factors. One such 
factor, cell cycle, is frequently considered to aid in pro-
liferation. However, studies indicate that cell cycle or exit 
of cell cycle also plays a vital role in differentiation, senes-
cence, and quiescence. Bedelbaeva et al. were the first to 
illustrate a firm link between loss of p21 and appendage 
regeneration [1]. Subsequently, other studies determined 
a link between p21 and regeneration of other tissues 
such as liver [2], cartilage [3] and heart [4]. Recently, we 
demonstrated that lack of p21 can increase bone forma-
tion after an injury, both bone volume and bone mineral 

density [5]. Another regulator that has displayed an asso-
ciation to bone and its processes is p27 [6, 7]; where it 
has been shown to increase osteoblast differentiation and 
mineralization. While not directly, several other cell cycle 
regulators have also demonstrated their influence on 
bone related mechanisms.

Cell cycle and bone
Cell cycle
In eukaryotes the cellular cycle is a well-concerted pro-
cess that regulates cellular division wherein one mother 
cell gives rise to two identical daughter cells. Broadly, 
the mitotic cycle consists of two phases, interphase and 
M phase. Interphase prepares the cell for cell division; 
the cell grows and duplicates its genetic material while 
the physical separation of the two daughter cells takes 
place in M phase [8]. Interphase is subdivided into three 
phases,  G1 (first gap phase), S (synthesis), and  G2 (second 
gap phase). RNA and protein are synthesized throughout 
 G1, S, and  G2. As each daughter cell must be functional at 
the end of cellular division, this synthetic process serves 
both the purposes of producing the machinery neces-
sary to undergo cellular division as well as providing the 
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daughter cells with functioning organelles [9]. Although 
this protein and RNA synthesis occurs throughout inter-
phase, DNA is duplicated only in S phase [10]. During  G2 
the cell also grows in size, effectively doubling its cyto-
plasm [11]. Once the cell has the necessary components 
for division, i.e., DNA, RNA, protein, organelles, and 
cytoplasm, the cell enters the M phase. In M phase, chro-
mosomes are pulled to the poles of the mother cell and 
organelles are segregated equally and once completed, 
the cell membrane cleaves, and two complete daughter 
cells are formed. The cell cycle, its constituent regulators 
and their role in healing and development are summa-
rized in Fig. 1.

In order to undergo cellular division, the cell must exert 
a tremendous amount of energy. Accordingly, it is critical 
that the cell have mechanisms in place to ensure absolute 
fidelity in the process as well as govern the sequence by 
which the steps necessary for division are executed. This 
strict regulation is made possible by checkpoint proteins 
[13], the functions of which in regards to bone healing 
and development will be the focus of this review.

Mechanisms of bone healing and development
Prior to discussing the role of cell cycle in healing, we 
will first elaborate on the process of bone healing and 
development. During development, osteogenesis occurs 
where preexisting mesenchymal tissue is transformed 

into bone tissue that is derived from the paraxial meso-
derm [14]. Bone tissue is composed of four different cell 
types: osteoprogenitor cells, osteoblasts, osteocytes, and 
osteoclasts. Bone contains a small number of osteopro-
genitor cells that differentiate from mesenchymal stem 
cells (MSCs) found in the bone marrow which can mul-
tiply and differentiate into osteoblasts [15, 16]. Osteo-
blasts also differentiate from periosteal cells during 
fracture healing [17]. Osteoblasts mature into osteocytes 
when surrounded by a bone matrix [15], maintaining 
bone function acting as mechanosensors [18]. Finally, 
osteoclasts are bone reabsorbing cells that enable bone 
remodeling in homeostasis and bone healing through 
the production of proteolytic enzymes and secretion of 
hydrogen ions [19]. In addition to bone cells, cartilage 
cells or chondrocytes are also significant in the formation 
of bone. Emerging evidence points to some hypertrophic 
chondrocytes transdifferentiating into osteoblasts during 
endochondral ossification rather than only undergoing 
apoptosis and subsequently being replaced by osteopro-
genitor cells that differentiate into osteoblasts [20]. The 
bone and cartilage cells together take part in the develop-
ment and regeneration of bone.

There are two distinct ways in which bone can form; 
intramembranous and endochondral ossification [21]. 
Endochondral ossification is the primary method for 
bone formation in the body. Here, MSCs differentiate 

Fig. 1 Cell cycle and its constituent regulators [12]. Regulators that take part in bone development and bone healing are separately highlighted 
(blue for bone healing and red for bone development). Adapted with permission (Volume: 1866, Issue: 5, Pages: 1–10. ©2020 Elsevier B.V.)
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into chondrocytes and form cartilage models of future 
bones. In the first phase of endochondral ossification, 
the perichondrium is vascularized [22], resulting in 
blood vessels starting to deliver nutrients that stimu-
late the MSCs to differentiate into osteoblasts [23]. In 
the second phase, these newly formed osteoblasts will 
gather at the diaphysis to form a bone collar, stimulat-
ing bone regeneration. Chondrocytes that remain in 
the center of the bone will hypertrophy and signal the 
surrounding cartilage to calcify [24]. The calcification 
matrix will result in impermeability toward the inner 
portion of the developing bone, causing cell death. The 
periosteal bud is then formed which invades the cavity 
resulting in the formation of spongy bone. The peri-
osteal bud consists of arteries, veins, lymphatic vessels 
and nerves, which participate in delivering osteogenic 
cells. In this phase, osteoclasts degrade the cartilage 
matrix while osteoblasts deposit new spongy bone. As 
mentioned previously, not all chondrocytes undergo 
apoptosis after hypertrophy but some transdifferentiate 
to a stromal cell-like morphology followed by differen-
tiation to osteoblasts [25].

On the other hand, during intramembranous ossifica-
tion MSCs differentiate directly into osteoblasts to form 
bone. Osteoblasts initiate the secretion of osteoid, which 
is responsible for the hardness of the bone. In the second 
step of intramembranous ossification, peripheral MSCs 
continue to differentiate into osteoblasts [26]. Osteo-
blasts secrete matrix proteins such as osteocalcin and 
osteopontin, and transports minerals into the matrix 
that occurs toward the ossification center. As the secre-
tion continues inward, the osteoblast becomes trapped 
within the ossification center and eventually differenti-
ates further to become an osteocyte. The osteoid calcifies 
and hardens over time, resulting in the formation of the 
bone matrix [27]. The osteoblast continues depositing the 
osteoid but in a random manner around the blood ves-
sels. This random deposit will finally form a finely woven 
trabecula. The last step of intramembranous ossification 
is when the lamellar bone starts to form toward the outer 
edge of the trabecular bone into a layered structure [28].

The process of bone healing after a fracture can occur 
directly (primary) or indirectly (secondary). Direct heal-
ing occurs with surgery and demobilization using com-
pression plates and screws to stabilize the bone with 
minimal interfragmentary motion. It involves remod-
eling of lamellar bone, osteons, and blood vessels. In 
this pathway, the bone is formed through intramembra-
nous ossification. However, in indirect fracture healing, 
fractures are stabilized using casts and braces that allow 
some interfragmentary motion; this is the most common 
mechanism of bone healing. This path involves the com-
bination of endochondral and intramembranous bone 

healing, which is enhanced by some interfragmentary 
motion and weight applied on the bone [29].

When fracture of the bone takes place, an inflam-
matory response immediately occurs. During the frac-
ture, the blood vessels that supply blood to the bone 
and periosteum rupture causing a hematoma at the 
fracture ends, forming a template for callus formation. 
The inflammatory response, which peaks at 24  h after 
injury, involves secretion of pro-inflammatory cytokines 
like tumor necrosis factor and several interleukins [29]. 
These cytokines attract macrophages that remove dam-
aged tissue and secrete vascular endothelial growth fac-
tor (VEGF) which leads to angiogenesis [30]. In response 
to the inflammation at the fracture site, the majority of 
MSCs are recruited locally from the inner cellular layer 
of the periosteum and from the bone marrow. However, 
they are also recruited from circulating blood [29, 31]. 
These MSCs then differentiate into fibroblasts, chond-
roblasts, and osteoblasts to initiate the bone formation 
phase of healing. A collagen-rich fibrocartilaginous net-
work starts to span the fracture ends: chondrogenesis 
[30].

After the initial inflammation phase, in 5–11  days, a 
soft callus due to endochondral ossification forms exter-
nal to the periosteum. At the same time, intramembra-
nous ossification occurs subperiosteally at the ends of 
the fracture, generating a hard callus [32]. The soft car-
tilaginous callus is resorbed to form a hard, bony callus, 
similar to embryonic bone formation. Calcium granules 
are transported into the extracellular matrix by means 
of mitochondria, and are precipitated, along with phos-
phate, to form mineral deposits, after 14 days. Calcified 
cartilage is then replaced with woven bone, and the callus 
becomes more solid [31]. The remodeling process is then 
carried out leading to hard callus resorption by osteo-
clasts and lamellar bone deposition by osteoblasts. This 
process is initiated at 3–4 weeks and takes months-years 
to complete and requires adequate blood supply and a 
gradual increase of mechanical stability [29].

Regulatory control of the cellular cycle in bone
Numerous in vitro and in vivo studies have investigated 
the involvement of factors that are crucial for bone for-
mation or differentiation of cells. One of those factors 
include the cell cycle and its regulators. As discussed in 
the previous section, cell cycle is a highly complex pro-
cess that regulates the growth and proliferation of cells, 
regulation of DNA damage repair, tissue hyperplasia due 
to an injury, and more [8]. It is a series of events in which 
the components of the cells are doubled and accurately 
segregated into daughter cells [33]. The cell cycle regula-
tors are thought to influence the differentiation of cells, 
as withdrawal from the cell cycle or a temporal arrest in 
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the G1 phase is believed to be a requirement for cell dif-
ferentiation [34]. Given the constant turnover of cellular 
components in bone, regulation of the cell cycle is of crit-
ical importance in bone development and bone remod-
eling. Here, we provide a concise summary of the cell 
cycle regulators that have been reported to control the 
differentiation of osteoblasts, osteoclasts, chondrocytes, 
and other types of cells or are currently being studied as 
a target for bone regeneration or development. Cell cycle 
regulators that have not been reported to have a role in 
bone healing or development may not be included here.

Cell cycle regulators
The regulation of cell cycle is essential for the survival 
of the cell, including the detection and repair of genetic 
damage as well as preventing uncontrolled cell division. 
The cell cycle is regulated primarily by Cyclin-depend-
ent kinases (CDKs) and Cyclins in complex. CDKs are 
serine/threonine kinases whose catalytic activities are 
modulated by interactions with Cyclins and CDK inhibi-
tors (CKIs) [35]. The interaction between CDKs, Cyclin, 
and CKI is essential for ensuring a systematic progres-
sion through the cell cycle. They also play an important 
role in transcription, metabolism, neural function, and 
stem cell self-renewal [35]. In vitro experiments as well as 
genetically engineered mouse models have demonstrated 
an intricate role for cell cycle regulators in bone and its 
processes. The following sections will discuss various 
cell cycle regulators in the context of bone development, 
healing, and regeneration.

Cyclin‑dependent kinases
CDKs depend on their association with a noncatalytic 
regulatory subunit called a cyclin. CDKs drive the major 
cell cycle transition points (G1, S, G2, M). While CDK 
protein levels remain stable throughout the cell cycle, 
cyclin levels fluctuate causing periodic activation of 
CDKs. Progression through each phase of the cell cycle 
requires different CDK-cyclin pairs. CDKs exert control 
of eukaryotic cell division by regulating cell-cycle stages 
through the phosphorylation of various substrates. The 
CDKs present in humans include CDK1, CDK2, CDK3, 
CDK4, CDK5, CDK6, CDK7, CDK8; however, only some 
cell cycle regulators have been shown to interact with 
cells that play a role in bone processes.

CDK2 CDK2 is a serine/threonine protein kinase that 
controls the G1/S transition in the cell cycle, regulates the 
exit from S phase, promotes DNA replication, and has 
been found to promote the G2/M DNA damage response 
checkpoint [36]. In the G1/S phase, CDK4 and CDK6 
complex with cyclin D and initially phosphorylate the 
retinoblastoma (Rb) protein which is crucial for prevent-

ing excessive cell growth. The association of CDK2 with 
cyclin E then completes the phosphorylation of Rb. CDK2 
also complexes with cyclin A to control the transition 
from S to G2 in the cell cycle. In addition, p21(Cip1) and 
p27(Kip1), which belong to the Cip/Kip protein family, 
can form a complex to block CDK2/cyclin E and CDK2/
cyclin A kinase activity. Studies have shown that CDK2 is 
dispensable for cell proliferation [37] and mouse develop-
ment [38]. In the absence of CDK2, CDK1 can phospho-
rylate Rb by binding to D-type cyclins and can promote 
replication as a complex with cyclin E1 and Cyclin A [39]. 
Subsequent inactivation of the cyclin E-CDK2 complex 
along with the induction of p21 and activation of Rb influ-
ences the fibroblast growth factor (FGF), which is thought 
to be a negative regulator of chondrocyte growth [40].

CDK4 CDK4 is a catalytic subunit of the protein kinase 
complex which plays a role in the regulation of the G1-S 
transition of the cell cycle. It forms molecular complexes 
with the members of the D-type cyclin family and is 
responsible for the phosphorylation of Rb. The activity of 
CDK4 is negatively inhibited by the CDK inhibitor p16 
(INK4a). Additionally, the overexpression/amplification 
of CDK4 is associated with tumorigenesis of a variety 
of cancers [41]. Activation of CDK4 phosphorylates the 
Rb family of proteins, resulting in negative regulation 
of the passage of cells from G1 to S phase by sequester-
ing transcription factors critical for G1/S transition. The 
main outcome of CDK4 activation is the inhibition of Rb 
leading to G1-S cell-cycle transition. CDK4 also directly 
phosphorylates other proteins which promote cell-cycle 
progression and inhibit both cell senescence and apopto-
sis [42]. Studies on the influence of CDK4 in other bone 
related cells have not been reported. Abella et al. reported 
that CDK4 is a key regulator of adipocyte differentiation, 
one of the cell types that an MSC can differentiate into 
[43].

CDK6 CDK6 is important for G1 phase progression 
and G1 to S phase transition of the cell cycle. The activ-
ity of this kinase, which initially appears in the middle of 
G1 phase, is controlled by D-type cyclins and members of 
the INK4 family of CDK inhibitors (p16, p15, p18, p19). 
In addition, this kinase has been shown to phosphorylate 
and regulate the activity of the tumor suppressor protein 
Rb [44]. Studies have shown that CDK4 and CDK6 in con-
junction with cyclin D1 enhances Rb phosphorylation and 
its related proteins p107 and p130 in the G1 phase of the 
cell cycle [45]. In vitro studies have shown that CDK6 is 
one of the key regulators in the differentiation of multiple 
types of cells [34]. Its downregulation is critical in control-
ling osteoblasts, osteoclasts, and chondrocyte differentia-
tion [34]. However, the mechanism by which CDK6 con-
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trols cell differentiation without influencing the cell cycle 
is still unknown. Therefore, the possibility of CDK6 being 
a target in bone regeneration remains to be seen.

Cyclin‑dependent kinase inhibitors
Cyclin-dependent kinase inhibitors (CKIs) restrain CDK 
activity [35]. CKIs are divided into two classes based on 
their structure and CDK specificity. The INK4 family 
members—p16, p15, and p19 that primarily target CDK4 
and CDK6, and the Cip/Kip family members—p21, p27, 
and p57 that interfere with the activities of Cyclin A-, D-, 
and E-dependent kinase complexes.

INK4 p15, p18: Mice lacking p15 p19 were reported 
to have similar phenotype compared to wildtype mice. 
This suggests that their role in bone development could 
be compensated for by other cell cycle regulators [71–73]. 
p18 knockout mice were born with similar characteristics 
to their wildtype counterparts; however, over a period 
of 3  weeks they became distinctly larger. Mechanisms 
behind this increase in weight is still unknown and cannot 
completely be attributed inhibition of p18 alone [74].

p16: p16 (INK4a or CDK2NA) is an important CKI and 
a tumor suppressor gene that is not only required for the 
control of unregulated cell growth in most cell types, but 
also has roles in other cell cycle phases. Its typical role is 
to check the cell cycle in the early G1 phase and inhibit 
further transition of the cell cycle from G1 to S phase. 
p16 binds to CDK4 and inhibits its interaction with cyc-
lin D causing prevention of passage through the G1 phase 
of the cell cycle [46].The induction of p16 results in a 
G1 cell cycle arrest by inhibiting phosphorylation of the 
Rb protein by the cyclin-dependent kinases CDK4 and 
CDK6 and may also cause inhibition of CDK2 activity 
[47]. p16 has been reported to play an important role in 
cell differentiation, cell quiescence, and cell senescence, 
which makes it a crucial cell regulatory protein for the 
regulation of terminal differentiation and the aging pro-
cess [48]. Therefore, further investigation on p16 seems 
very promising. There have been no studies linking p16 
to any bone processes. However, since p16 plays a role 
in differentiation it is plausible that it could play a role in 
MSC differentiation as well.

p19: p19 (INK4d) interacts with CDK4 and CDK6 
inhibiting them from binding with cyclin D, resulting in 
the arrest of the cell cycle in the G0/G1 phase. p19 was 
found to be present at low levels at the onset of G0/G1 
and then accumulates at the entry to S phase and remains 
elevated through S phase into G2 [49]. Induction of this 
gene was found to contribute to cell cycle arrest, and 
knockdown of the gene alone found cells to be sensi-
tive to autophagic cell death. p19 is induced to inhibit 
the proliferation of many kinds of tumor cells like T cell 

acute lymphoblast leukemia cells. It is also involved in 
hematopoietic stem cell quiescence and megakaryocyte/
granulocytic differentiation which is associated with cell 
cycle arrest [50]. Like previous INK4 candidates, p19 also 
has not been reported to directly take part in bone pro-
cesses. Yet, its involvement in hematopoietic stem cell 
and inflammatory cell differentiation could contribute 
to bone healing and regeneration after an injury and is 
worth exploring.

Cip/Kip p21: p21, also known as CIP1 and Waf1, is a 
CKI that has been involved in cell differentiation, apopto-
sis and cell proliferation—its inhibition leads to enhanced 
proliferation of cells. It binds to cyclin-dependent kinase 
(CDK) 2 and 4 and inhibits its activity. It functions as a 
regulator of cell cycle progression at the G1 phase. Expres-
sion of this gene is controlled by p53 and this protein plays 
a regulatory role in S phase DNA replication and repair 
[51]. p21 expression can also be regulated independently 
of p53 in certain instances like tissues during develop-
ment and in the adult mouse [52].

Our lab has demonstrated that p21KO mice displayed 
enhanced bone regeneration capacity after a burr-hole 
injury in the proximal tibiae measured over 4 weeks [5]. 
Our results indicate that MSC numbers in bone mar-
row were not different between the two mouse types, yet, 
at the site of injury there were significantly more MSCs 
after 1  week. The osteogenic differentiation capacity of 
both mice was investigated, and no significant differ-
ences were observed. We hypothesize that the increased 
number of MSCs at the site of injury either play a direct 
role by enhancing chondrogenesis or an indirect role by 
expressing trophic factors. Our lab is currently testing 
this hypothesis by upregulating a downstream effector, 
E2F1 specifically in chondrocytes. Preliminary results 
indicate that mice where E2F1 is overexpressed in chon-
drocytes exhibit enhanced bone healing albeit with 
reduced bone mineral density [53]. Of all cell cycle regu-
lators, p21 has demonstrated the most promise to be suc-
cessfully embedded in interventional therapies for bone 
healing and regeneration. Of significance is also our find-
ing where inhibition of p21 has shown to protect against 
bone loss in an osteoporotic environment, potentially by 
overcoming the absence of estrogen; estrogen and p21 
have redundant interactions with osteoclasts [54].

p27: p27, known as KIP1, is a CKI that prevents the 
activation of cyclin E or D, thus controlling cell cycle 
progression at the G1 phase. The degradation of the pro-
tein, triggered by CDK dependent phosphorylation, is 
required for cell transition from quiescence to the state 
of proliferation [55]. p27 is an atypical tumor suppres-
sor which regulates G0 to S phase by binding and regu-
lating CDK2, CDK4, and CDK6. In the early G1 phase, 
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p27 translation is at its highest point causing binding and 
inhibition of cyclin E. Decrease of p27 throughout the G1 
phase allows cyclin E and cyclin A to activate gene tran-
scription required for G1-S transition [55, 56]. The p27 
pathway has been shown to modulate skeletal growth 
through bone formation by interacting with the parathy-
roid hormone-related peptide (Pthrp). When p27 was 
deleted in Pthrp KI mice, skeletal growth retardation and 
defective osteoblastic bone formation was rescued [7]. 
Another study by Yin et al. demonstrated that p27 nega-
tively regulates alveolar bone development, in agreement 
with the previously described study [57]. p27 plays a role 
in bone and bone cells and also in osteoprogenitor cells. 
Bone marrow osteoprogenitor cells from p27KO mice 
exhibited increased proliferative capacity and formed 
larger osteoblastic colonies while also differentiating to 
the mineralization stage [6]. From these studies it is evi-
dent that p27 might also be worth considering as a poten-
tial target to improve bone related processes like healing 
and regeneration.

p57: p57 (Kip2) is a strong inhibitor of the G1 cell-cycle 
CDK complexes. p57 was found to be a negative regula-
tor of cell proliferation [58]. The kinases p21, p27, and 
p57 have an affinity to bind to, and inhibit, the CDK 2, 4, 
and 6 [59]. The over expression of p57 leads to cell-cycle 
arrest in the G1 phase [60]. p57 has also shown that it 
influences osteoblasts as deletion of p57 can upregulate 
osteoblasts proliferation and differentiation while also 
improving bone mineral density [61, 62].

Cell cycle cyclins
Cyclins function as regulators of CDKs. Cyclins drive the 
events of the cell cycle by coupling with CDKs to acti-
vate them, making it a functional enzyme allowing it to 
modify target proteins. Different cyclins exhibit distinct 
expression and degradation patterns which contribute to 
coordination of each mitotic event.

Cyclin A: Cyclin A can activate two different CDKs 
(CKD1 and CDK2), making it particularly interesting 
among the cyclin family. Cyclin A was also found to bind 
to the Rb gene family, E2F1 and p21 [63, 64]. Cyclin A is 
needed in the S and the G2 phase of the cell cycle and 
reaches a maximal level right before mitosis, after which 
it degrades rapidly. The only study connecting cyclin A 
with bone processes is through MSCs, where Fei et  al., 
demonstrated that osteoprotegerin (OPG) deficient mice 
showed the osteogenic growth peptide (OGP) stimulated 
MSC proliferation and increased the expression of Cyclin 
A and CDK2 at mRNA and protein levels [65]. OPG trig-
gered the Cyclin A-CDK2 pathway, resulting in the pro-
liferation of MSCs of OPG-deficient mice. It is however 
unknown if the MSCs that proliferated also differentiated 
into bone cells.

Cyclin D1: Cyclin D1 forms a complex with, and func-
tions as a regulatory subunit of, CDK4 and CDK6. In the 
G1 phase of the cell cycle, Cyclin D1 and its CDK partner 
are responsible for transition into the S phase through 
phosphorylation of the Rb gene which will then cause the 
release of transcription factors for the initiation of DNA 
replication [64]. Cyclin D1 has been shown to interact 
with the Rb gene family, where the expression of Cyclin 
D1 is regulated positively by Rb. Cells that lack functional 
Rb have significantly lower amounts of Cyclin D1 and 
Cyclin D1-CDK4 complexes, thus exhibiting a negative 
feedback loop in which Cyclin D1 synthesis and activa-
tion leads to Rb phosphorylation, which then decreases 
Cyclin D1 expression. In mice lacking cyclin D1, a small 
skeletal phenotype was observed along with a 50% chance 
of malformation of the jaw caused by misalignment of the 
incisor [66]. However, it should be noted that the dwarf-
ism phenotype observed could be a result of lower levels 
of growth hormones or pituitary issues rather than bone 
development.

Cyclin D2: Cyclin D2, like Cyclin D1 forms a complex 
with CDK4 and CDK6. CDK4 and CDK6 are associated 
with the D-type Cyclins during the G1 phase of the cell 
cycle. Cyclin D2 reaches its maximum activity during the 
G1 phase and regulates transition into S phase through 
phosphorylation of the Rb gene [64]. Cyclin D2 inacti-
vates Rb by phosphorylation and induces the release of 
E2F [67]. In human MSCs, the overexpression of Cyclin 
D2 promoted proliferation of the cells. Cyclin 2 could be 
considered a target for increasing MSC numbers, but like 
with cyclin A, converting these MSCs to bone cells still 
requires investigation.

Retinoblastoma (Rb)
The protein encoded by Rb is a negative regulator of cell 
cycle. It was found to stabilize heterochromatin to main-
tain the overall chromatin structure. Hypo-phospho-
rylated forms of this protein bind to the transcription 
factor E2F1, meaning through under-phosphorylation of 
Rb, the G1 cell cycle begins to function in an antiprolif-
erative stage [40, 64]. The Rb gene and its relatives p107 
and p130 encode proteins which share several properties 
including one which inhibits cell-cycle progression [68]. 
Rb plays a role in maintaining quiescence in adult stem 
cells, when needed Rb is transiently inactivated to allow 
for self-renewal and differentiation of stem cells [69]. In 
addition to cell cycle, Rb plays a vital role in cell adhesion. 
Sosa-Garcia et  al., demonstrated that when Rb is inhib-
ited osteoblasts do not form cell–cell contacts but do 
continue to proliferate [70]. While proliferation of oste-
oblasts is important in bone development and healing, 
loss of cell adhesion can result in metastasis rather than 
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development of bone. For these reasons Rb might not be 
a suitable candidate for targeted bone therapies.

p107 and p130
The proteins encoded by p107 and p130 are negative reg-
ulators of cell cycle. Hypo-phosphorylated forms of these 
proteins bind to the transcription factor E2F1 of p107 
and p130, which leads to the G1 cell cycle to function in 
an antiproliferative stage [40, 64]. Cobrinik et al., demon-
strated that p107 and p130 play a significant role in limb 
development by controlling the proliferation of chon-
drocytes [75]. Proliferative arrest of chondrocytes takes 
place when they differentiate into hypertrophic chondro-
cytes accompanied by loss of p107 and p130 [76]. p107 
aids in induction of alkaline phosphatase encoding gene 
Alpl through recruitment of SWI/SNF chromatin remod-
eling complex [77]. p107 and p130 do present as poten-
tial targets to improve bone healing. However, this would 
require further research into teasing out the role of Rb 
from p107 and 130 as they form an intricate network.

Conclusion
This review has comprehensively explored the role of cell 
cycle regulators in bone related processes like develop-
ment and healing. Preclinical models and in vitro experi-
ments have conclusively illustrated their intricate role 
in various stages of bone processes—MSC recruitment, 
differentiation to osteo/chondro progenitors, differen-
tiation to bone or cartilage cells and proliferation of bone 
or cartilage cells. Of particular interest are CKI’s such 
as p21 and p27 that have demonstrated a direct role in 
bone healing. Future studies can be initiated on localized 
manipulation of theses regulators in specific cell types to 
improve bone healing while also preventing non-specific 
interactions. Several small molecules have been discov-
ered targeting specific cell cycle regulators with respect 
to cancer that could be leveraged to bone healing appli-
cations. These findings have immense significance in dis-
covering novel therapies to treat large bone fractures and 
improve outcomes in pathologies like osteoporosis or age 
related bone degeneration. After thorough investigation 
of these CKIs, delivery modes of gene manipulation will 
need to be undertaken such as microparticle mediated 
delivery, siRNA delivery etc. The targeting of cell cycle 
regulators in bone healing will serve as a paradigm shift 
in treatment strategies.

Acknowledgements
Not applicable.

Author contributions
AS, MA and AW wrote the manuscript. RGK and PP were involved in writ-
ing and editing the manuscript. All authors read and approved the final 
manuscript.

Funding
Mohanad Abuhattab and Austin Wesner were funded by SURF (Support for 
undergraduate research fellows) at UWM.

Availability of data and materials
Data shared here is available upon request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors consent.

Competing interests
The authors declare no competing interests.

Received: 28 November 2022   Accepted: 13 February 2023

References
 1. Bedelbaeva K, et al. Lack of p21 expression links cell cycle con-

trol and appendage regeneration in mice. Proc Natl Acad Sci USA. 
2010;107(13):5845–50.

 2. Stepniak E, et al. c-Jun/AP-1 controls liver regeneration by repressing 
p53/p21 and p38 MAPK activity. Genes Dev. 2006;20(16):2306–14.

 3. Ibaraki K, et al. Deletion of p21 expression accelerates cartilage tissue 
repair via chondrocyte proliferation. Mol Med Rep. 2020;21(5):2236–42.

 4. Li B, et al. Sirt1-inducible deacetylation of p21 promotes cardiomyocyte 
proliferation. Aging (Albany NY). 2019;11(24):12546.

 5. Premnath P, et al.  p21−/− mice exhibit enhanced bone regeneration after 
injury. BMC Musculoskelet Disord 2017;18(1).

 6. Drissi H, et al. The cell cycle regulator p27kip1 contributes to growth and 
differentiation of osteoblasts1. Cancer Res. 1999;59(15):3705–11.

 7. Zhu M, et al. The p27 pathway modulates the regulation of skeletal 
growth and osteoblastic bone formation by parathyroid hormone-
related peptide. J Bone Miner Res. 2015;30(11):1969–79.

 8. Schafer KA. The cell cycle: a review. Vet Pathol. 1998;35(6):461–78.
 9. Chanut F. Interphase chromosomes mingle with their peers. PLOS Biol. 

2006;4(5): e174.
 10. Hunt T, Nasmyth K, Novák B. The cell cycle. Philos Trans R Soc B Biol Sci. 

2011;366(1584):3494.
 11. Barberis M, Klipp E, Vanoni M, Alberghina L. Cell size at s phase initiation: 

an emergent property of the G1/S network. PLOS Comput Biol. 2007;3(4): 
e64.

 12. Leal-Esteban LC, Fajas L. Cell cycle regulators in cancer cell metabolism. 
Biochim Biophys Acta Mol basis Dis. 2020;1866(5): 165715.

 13. Wei Y, Jin J, Harper JW. The cyclin E/Cdk2 substrate and Cajal body 
component p220(NPAT) activates histone transcription through a novel 
LisH-like domain. Mol Cell Biol. 2003;23(10):3669–80.

 14. Gilbert S, Barresi M. Developmental biology. USA: Wiley; 2016.
 15. Mirhadi S, Ashwood N, Karagkevrekis B. Factors influencing fracture heal-

ing. Trauma. 2013;15(2):140–55.
 16. Lin W, Xu L, Zwingenberger S, Gibon E, Goodman SB, Li G. Mesen-

chymal stem cells homing to improve bone healing. J Orthop Transl. 
2017;9:19–27.

 17. Wang T, Zhang X, Bikle DD. Osteogenic differentiation of periosteal cells 
during fracture healing. J Cell Physiol. 2017;232(5):913.

 18. Qin L, Liu W, Cao H, Xiao G. Molecular mechanosensors in osteocytes. 
Bone Res. 2020;8(1):1–24.

 19. Blair HC. How the osteoclast degrades bone. BioEssays. 1998;20:837–46.
 20. Aghajanian P, Mohan S. The art of building bone: emerging role of 

chondrocyte-to-osteoblast transdifferentiation in endochondral ossifica-
tion. Bone Res. 2018;6(19):1–9.

 21. Berendsen AD, Olsen BR. Bone development. Bone. 2015;80:14.



Page 8 of 9Shaikh et al. Cell & Bioscience           (2023) 13:35 

 22. Ortega N, Behonick DJ, Werb Z. Matrix remodeling during endochondral 
ossification. Trends Cell Biol. 2004;14(2):86.

 23. Long F, Ornitz DM. Development of the endochondral skeleton. Cold 
Spring Harb Perspect Biol. 2013;5(1):008334.

 24. Mackie EJ, Tatarczuch L, Mirams M. The skeleton: a multi-functional 
complex organ. The growth plate chondrocyte and endochondral ossifi-
cation. J Endocrinol. 2011;211(2):109–21.

 25. Zhou X, von der Mark K, Henry S, Norton W, Adams H, de Crombrugghe 
B. Chondrocytes transdifferentiate into osteoblasts in endochondral bone 
during development, postnatal growth and fracture healing in mice. 
PLOS Genet. 2014;10(12): e1004820.

 26. Su P, et al. Mesenchymal stem cell migration during bone formation and 
bone diseases therapy. Int J Mol Sci. 2018;19(8)

 27. Scotti C, et al. Recapitulation of endochondral bone formation using 
human adult mesenchymal stem cells as a paradigm for developmental 
engineering. Proc Natl Acad Sci USA. 2010;107(16):7251.

 28. Weigele J, Franz-Odendaal TA. Functional bone histology of zebrafish 
reveals two types of endochondral ossification, different types of osteo-
blast clusters and a new bone type. J Anat. 2016;229(1):92.

 29. Marsell R, Einhorn TA. The biology of fracture healing. Injury. 
2011;42(6):551.

 30. Sheen J, Garla V. Fracture healing overview. USA: StatPearls Publishing; 
2022.

 31. Carter DR, Beaupré GS, Giori NJ, Helms JA. Mechanobiology of skeletal 
regeneration. Clin Orthop Relat Res. 1998;355.

 32. Schlundt C, et al. Macrophages in bone fracture healing: their essential 
role in endochondral ossification. Orig Full Length Artic. 2015.

 33. Barnum KJ, O’Connell MJ. Cell cycle regulation by checkpoints. Methods 
Mol Biol. 2014;1170:29.

 34. Ogasawara T. Cell cycle control factors and skeletal development. Jpn 
Dent Sci Rev. 2013;49(2):79–87.

 35. Lim S, Kaldis P. Cdks, cyclins and CKIs: roles beyond cell cycle regulation. 
Development. 2013;140(15):3079–93.

 36. Bačević K, Lossaint G, Achour TN, Georget V, Fisher D, Dulić V. Cdk2 
strengthens the intra-S checkpoint and counteracts cell cycle exit 
induced by DNA damage. Sci Reports. 2017;7(1):1–14.

 37. Tetsu O, McCormick F. Proliferation of cancer cells despite CDK2 inhibi-
tion. Cancer Cell. 2003;3(3):233–45.

 38. Barrière C, et al. Mice thrive without Cdk4 and Cdk2. Mol Oncol. 
2007;1(1):72.

 39. Myers JS, Zhao R, Xu X, Ham AJL, Cortez D. CDK2-Dependent phosphoryl-
ation of ATRIP regulates the G2/M checkpoint response to DNA damage. 
Cancer Res. 2007;67(14):6685.

 40. Aikawa T, Segre GV, Lee K. Fibroblast growth factor inhibits chondrocytic 
growth through induction of p21 and subsequent inactivation of cyclin 
E-Cdk2. J Biol Chem. 2001;276(31):29347–52.

 41. Italiano A, et al. Clinical and biological significance of CDK4 amplification 
in well-differentiated and dedifferentiated liposarcomas. Clin Cancer Res. 
2009;15(18):5696–703.

 42. Sheppard KE, McArthur GA. The cell-cycle regulator CDK4: an emerging 
therapeutic target in melanoma. Clin Cancer Res. 2013;19(19):5320–8.

 43. Abella A, et al. Cdk4 promotes adipogenesis through PPARgamma activa-
tion. Cell Metab. 2005;2(4):239–49.

 44. Rane SG, et al. Loss of Cdk4 expression causes insulin-deficient diabetes 
and Cdk4 activation results in β-islet cell hyperplasia. Nat Genet. 
1999;22(1):44–52.

 45. Fiaschi-Taesch NM, et al. Induction of human β-cell proliferation and 
engraftment using a single G1/S regulatory molecule, cdk6. Diabetes. 
2010;59(8):1936.

 46. Westhoff JH, et al. Hypertension induces somatic cellular senescence in 
rats and humans by induction of cell cycle inhibitor p16INK4a. Hyperten-
sion. 2008;52(1):123–9.

 47. McConnell BB, Gregory FJ, Stott FJ, Hara E, Peters G. Induced expression 
of p16INK4a inhibits both CDK4- and CDK2-associated kinase activ-
ity by reassortment of Cyclin-CDK-inhibitor complexes. Mol Cell Biol. 
1999;19(3):1981–9.

 48. Agarwal P, Sandey M, Deinnocentes P, Bird RC. Tumor suppressor gene 
p16/INK4A/CDKN2A-dependent regulation into and out of the cell 
cycle in a spontaneous canine model of breast cancer. J Cell Biochem. 
2013;114(6):1355–63.

 49. Tavera-Mendoza LE, Wang TT, White JH. p19INK4D and cell death. Cell 
Cycle. 2006;5(6):596–8.

 50. Han X, Liu J. Cell cycle-independent roles of p19INK4d in human terminal 
erythropoiesis. Chin J Cancer. 2017;36(1):22–4.

 51. Crary GS, Albrecht JH. Expression of cyclin-dependent kinase inhibitor 
p21 in human liver. Hepatology. 1998;28(3):738–43.

 52. Macleod KF, et al. p53-dependent and independent expression of 
p21 during cell growth, differentiation, and DNA damage. Genes Dev. 
1995;9(8):935–44.

 53. Premnath P, Zhu Y, Besler BA, Boyd S, Krawetz R. Overexpression of E2F1 
in chondrocytes increases cartilaginous callus formation and consequent 
bone regeneration after fracture. Osteoarthr Cartil. 2018;26:S91–2.

 54. Premnath P, Ferrie L, Louie D, Boyd S, Krawetz R. Absence of p21(WAF1/
CIP1/SDI1) protects against osteopenia and minimizes bone loss after 
ovariectomy in a mouse model. PLoS ONE. 2019;14(4):1–11.

 55. Chu IM, Hengst L, Slingerland JM. The Cdk inhibitor p27 in human cancer: 
prognostic potential and relevance to anticancer therapy. Nat Rev Can-
cer. 2008;8(4):253–67.

 56. Pagano M, et al. Role of the ubiquitin-proteasome pathway in regulat-
ing abundance of the cyclin-dependent kinase inhibitor p27. Science. 
1995;269(5224):682–5.

 57. Yin Y, Wang Q, Sun W, Wang Y, Chen N, Miao D. p27(kip1) deficiency accel-
erates dentin and alveolar bone formation. Clin Exp Pharmacol Physiol. 
2014;41(10):807–16.

 58. Tsugu A, et al. Expression of p57KIP2 potently blocks the growth 
of human astrocytomas and induces cell senescence. Am J Pathol. 
2000;157(3):919–32.

 59. Matsuoka S, et al. p57KIP2, a structurally distinct member of the p21CIP1 
Cdk inhibitor family, is a candidate tumor suppressor gene. Genes Dev. 
1995;9(6):650–62.

 60. Hatada I, Mukai T. Genomic imprinting of p57KIP2, a cyclin-dependent 
kinase inhibitor, in mouse. Nat Genet. 1995;11(2):204–6.

 61. Urano T, Hosoi T, Shiraki M, Toyoshima H, Ouchi Y, Inoue S. Possible 
involvement of the p57(Kip2) gene in bone metabolism. Biochem Bio-
phys Res Commun. 2000;269(2):422–6.

 62. Urano T, et al. p57(Kip2) is degraded through the proteasome in osteo-
blasts stimulated to proliferation by transforming growth factor beta1. J 
Biol Chem. 1999;274(18):12197–200.

 63. Pagano M, Pepperkok R, Verde F, Ansorge W, Draetta G. Cyc-
lin A is required at two points in the human cell cycle. EMBO J. 
1992;11(3):961–71.

 64. Donnellan R, Chetty R. Cyclin D1 and human neoplasia. Mol Pathol. 
1998;51(1):1–7.

 65. Fei Q, et al. Osteogenic growth peptide enhances the proliferation 
of bone marrow mesenchymal stem cells from osteoprotegerin-
deficient mice by CDK2/cyclin A. Acta Biochim Biophys Sin (Shanghai). 
2010;42(11):801–6.

 66. Fantl V, Stamp G, Andrews A, Rosewell I, Dickson C. Mice lacking cyclin D1 
are small and show defects in eye and mammary gland development. 
Genes Dev. 1995;9(19):2364–72.

 67. Kono K, Niimi S, Sawada R. Cyclin D2 promotes the proliferation of human 
mesenchymal stem cells. J Bone Marrow Res. 2013;2(1):1–8.

 68. Viatour P, et al. Hematopoietic stem cell quiescence is maintained by 
compound contributions of the retinoblastoma gene family. Cell Stem 
Cell. 2008;3(4):416–28.

 69. Sage J. The retinoblastoma tumor suppressor and stem cell biology. 
Genes Dev. 2012;26(13):1409–20.

 70. Sosa-García B, et al. A role for the retinoblastoma protein as a regulator 
of mouse osteoblast cell adhesion: implications for osteogenesis and 
osteosarcoma formation. PLoS ONE. 2010;5(11):1–16.

 71. Latres E, et al. Limited overlapping roles of P15INK4b and P18INK4c 
cell cycle inhibitors in proliferation and tumorigenesis. EMBO J. 
2000;19(13):3496–506.

 72. Serrano M, Lee H, Chin L, Cordon-Cardo C, Cell, and undefined. Role of 
the INK4a locus in tumor suppression and cell mortality. Elsevier; 1996.

 73. Zindy F, van Deursen J, Grosveld G, Sherr CJ, Roussel MF. INK4d-deficient 
mice are fertile despite testicular atrophy. Mol Cell Biol. 2000;20(1):372–8.

 74. Franklin DS, et al. CDK inhibitors p18INK4c and p27Kip1 mediate two 
separate pathways to collaboratively suppress pituitary tumorigenesis. 
genesdev.cshlp.org, 1998.



Page 9 of 9Shaikh et al. Cell & Bioscience           (2023) 13:35  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 75. Cobrinik D, et al. Shared role of the pRB-related p130 and p107 proteins 
in limb development. Genes Dev. 1996;10(13):1633–44.

 76. Rossi F, et al. p107 and p130 Coordinately regulate proliferation, Cbfa1 
expression, and hypertrophic differentiation during endochondral bone 
development. Dev Biol. 2002;247(2):271–85.

 77. Flowers S, et al. p107-dependent recruitment of SWI/SNF to the 
alkaline phosphatase promoter during osteoblast differentiation. Bone. 
2014;69:47–54.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Cell cycle regulators and bone: development and regeneration
	Abstract 
	Introduction
	Cell cycle and bone
	Cell cycle
	Mechanisms of bone healing and development

	Regulatory control of the cellular cycle in bone
	Cell cycle regulators
	Cyclin-dependent kinases
	CDK2 
	CDK4 
	CDK6 

	Cyclin-dependent kinase inhibitors
	INK4 
	CipKip 

	Cell cycle cyclins
	Retinoblastoma (Rb)
	p107 and p130


	Conclusion
	Acknowledgements
	References


