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Article focus
 � An overview of the role of CKIP-1 in osteo-

gensis and osteoclastogenesis and its 
relationship with osteoporosis.

 � Reveal the possible treatment of osteopo-
rosis through manipulating the biological 
function of CKIP-1.

Key messages
 � The structure and function of casein 

kinase 2-interacting protein-1 (CKIP-1).
 � CKIP-1 negatively regulates bone forma-

tion through bone morphogenetic pro-
tein pathway.

 � Progress in research on the role of CKIP-1 
in osteoporosis treatment.

Strengths and limitations
 � This review summarizes the mechanism 

of action of CKIP-1 in the pathogenesis of 
oP and predicts CKIP-1 siRNA therapy 
may be a novel treatment option for oP.

 � Whether CKIP-1 can interact with other 
signaling molecules to regulate the BMP 
pathway or regulate bone metabolism via 
other pathways remains unconfirmed.

 � The osteoblast-targeted treatment using 
CKIP-1 siRNA has only been tested in ani-
mals and similar drugs have not yet been 
developed for human application.

Introduction
osteoporosis (oP) is a systemic multifacto-
rial skeletal disorder characterized by 

reduced bone mass, deterioration of bone 
microarchitecture and increased bone fragil-
ity, resulting in a tendency of fracture and 
leading to possible lifelong disability or 
death.1 Therefore, with an expanding ageing 
population, oP has become an important 
public health problem and the understand-
ing of the physiological and biochemical 
regulations of osteoblast-osteoclast balance, 
along with the mechanisms of bone destruc-
tion and loss, and the development of possi-
ble novel therapeutic strategies has become 
of real importance.

Structure and function of casein 
kinase 2-interacting protein-1 
(CKIP-1)
CKIP-1 is a transcription factor that was first 
identified in the gene expression profile in the 
liver of fetuses. This gene is commonly known 
as CKIP-1 or Pleckstrin Homology domain-
containing family o member 1 (PlEKHo1).2 
The full-length CKIP-1 cDNA encodes a pro-
tein of 409 amino acids, of approximately 46 
kD; the N-terminus of CKIP-1 protein contains 
a pleckstrin homology (PH) domain, and the 
C-terminus contains a hypothetical leucine 
zipper (lZ) motif (352 amino acids (aa) to 
380 aa), along with five proline-rich motifs 
throughout the protein.2 CKIP-1 acts as a scaf-
fold adaptor to mediate the interactions with 
multiple signalling and cellular proteins, such 
as CK2a, CPa, PI3K/Akt, c-Jun/JunD, ATM/
p53, IFP35/Nmi, Smurf1.3 CKIP-1 therefore 
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mediates cell growth, differentiation, apoptosis, the 
cytoskeleton, and bone formation.4,5 CKIP-1 has also been 
found to be a promising target for the treatment of oP and 
it has been suggested that CKIP-1 might function as a 
potential tumour suppressor.6,7

The PH domain at the N-terminus of CKIP-1 contains a 
nuclear localization signal that can bind to CK2a and reg-
ulate the cellular localization of CK2.8 A fragment of the 
CKIP-1 C-terminus can be cleaved by caspase-3. once 
released, this fragment is translocated to the cell nucleus 
where it binds and regulates the activity of the C-Jun/
JunD transcription factor, thereby increasing cell apopto-
sis (Figure 1).9,10

Cooper and Sept11 and Canton et  al12 reported that 
CKIP-1 could regulate the actin cytoskeleton and cell 
morphology by enhancing actin polymerization through 
recruiting the capping protein to the cell membrane. In 
addition, Tokuda et al7 and Xi et al13 have reported that 
the N-terminus amino acid sequence of CKIP-1 binds to 
the PH domain of serine/threonine kinase Akt, and dimer-
ization of CKIP-1 through its lZ domain at the C-terminus 
could inactivate Akt and inhibit tumour proliferation. 
Zhang et al14 showed that CKIP-1 could protect p53 and 
delay p53 degradation by directly binding and activating 
the ataxia-telangiectasia mutated (ATM) protein to 
enhance the level of p53 phosphorylation and by recruit-
ing some nuclear ATM to relocalize at the plasma mem-
brane. Interferon (IFN)-induced 35-kDA protein (IFP35) 
and its homologue N-myc-interactor (NMI) are two pro-
teins that can interact with CKIP-1. IFP35 is a short-lived 
protein that can be easily degraded by proteasomes 
when it presents alone. However, IFP35 is stabilized when 
it forms a heterodimer with NMI. CKIP-1 can directly 
interact with IFP35 and NMI, and overexpression of 
CKIP-1 can interfere with IFP35-NMI dimerization, result-
ing in the instability of IFP35 with the loss of protection 
from NMI. Moreover, similar to IFP35 and NMI, the 
expression of CKIP-1 in peripheral blood mononuclear 
cells can be induced by IFN-γ and interleukin-2, indicat-
ing that CKIP-1 may be involved in cytokine signalling 
and may function as a regulator of the physiological func-
tions of IFP35 and NMI in vivo.15

CKIP-1 induces osteoporosis through negative 
regulation of bone formation
In order to maintain their normal functions bone tissues 
undergo constant metabolic turnover. However, with 
ageing, the loss of bone components gradually leads to a 
negative balance in bone mass. There is increased activity 
of osteoclasts along with loss of osteogenic function 
which contributes to an overall reduction in bone forma-
tion.16 This imbalance 0f ‘bone loss > bone formation’ 
forms the cellular basis for the development of oP. lu 
et  al demonstrated that bone density and bone mass 
increased with the age of CKIP-1-knockout (Ko) mice and 
the activity of osteoblasts in these mice was significantly 
higher than those of wild-type mice.17 Zhou et  al have 
shown that in a rat mandibular distraction osteogenesis 
model, the small interfering RNA of CKIP (siRNA) signifi-
cantly promoted bone formation both in vitro and in 
vivo,.18 This indicates that the physiological level of CKIP-1 
is an important negative regulator of bone formation, 
suggesting that high levels of CKIP-1 can lead to oP.
CKIP-1 and primary osteoporosis. Primary oP is the most 
common type of oP and is mainly caused by ageing, 
decreased physiological functions of organs and reduced 
secretion of sex hormones.1 There are two types of pri-
mary oP, postmenopausal (Type I) and senile (Type II). 
Type 1 is a high-turnover oP (bone resorption > bone 
formation). Using an ovariectomized rat model, Zhang 
et  al19 evaluated the efficacy of CKIP-1 siRNA delivered 
by a bone-targeted delivery system (DSS6-liposome) and 
examined bone morphometric parameters, bone mass, 
and bone structures. They found that therapeutic CKIP-1 
siRNA intervention could significantly promote bone for-
mation without affecting bone resorption, indicating that 
CKIP-1 plays a significant role in reversing bone loss dur-
ing Type 1 oP.

Type II oP, is mainly found among individuals aged 
⩾ 70 years with a male to female ratio of 1:2. ling et al 
studied the efficacy of CKIP-1 siRNA for treating Type II 
oP in old male Sprague-Dawley rats, (also assessed by 
examining bone morphometric parameters, bone mass 
and bone structures), and concluded that there was inhi-
bition of bone formation by osteoblasts.20 on the other 

CK2α and
phospholipid

CPα

IFP35

Akt

ATM

338

C-Jun/JunD
and

CKJP-1

280 30719313622

CKIP-1 PH

1 409

Rpt6 and
Smurf1

C-terml

Fig. 1

Illustration of CKIP-1 binding regions and interacting proteins. CKIP-1, Casein kinase 2-interacting protein-1; CK2a, The a-subunit of casein kinase 2; PH, Pleck-
strin homology; Akt, A serine/threonine-specific protein kinase; ATM, Ataxia-telangiectasia mutated; CPa, The a-subunit of Capping protein; IFP35, Interferon-
induced 35-kDA protein; Smurf1, Smad ubiquitination regulatory factor 1; C-Jun/JunD, A protein that in humans is encoded by the JUN gene.
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hand, liu et al21 reported that, with aging, expression of 
CKIP-1 was increased in patients with bone fractures and 
that there was an association between reduced bone 
morphogenetic protein (BMP)-Smad signalling and bone 
formation. Hence using genetic approaches, the loss of 
CKIP-1 in osteoblasts, could promote BMP-Smad signal-
ling and thereby alleviate the reduction in bone forma-
tion in Type II oP.
CKIP-1 and secondary osteoporosis. Secondary oP 
induced by diseases or drugs, can be classified as: (1) 
congenital e.g. osteogenesis imperfecta or homocys-
tinuria (2) endocrinological (3) nutritional deficiency; 
induced by vitamin D and K deficiency, long-term cal-
cium insufficiency, or long-term insufficiency of protein 
or elements including magnesium, manganese, stron-
tium, and zinc (4) blood disease-induced e.g. mono-
clonal gammopathy of uncertain significance, multiple 
myeloma, systemic mastocytosis, beta thalassemia major 
(5) drug-induced, e.g. long-term use of adrenal cortex 
hormones (6) renal, caused by chronic kidney disease 
(7) due to respiratory diseases and (8) weightlessness or 
disuse-induced, caused by long-term immobilization or 
from space flight.1

long-term usage of glucocorticoids can inhibit osteo-
blast differentiation and mineralization, promote osteo-
blasts and osteocytes undergoing apoptosis and reduce 
trabecular bone mass. In addition, it can inhibit bone 
matrix protein synthesis, suppress the action of vitamin 
D, reduce calcium absorption, increase calcium secretion 
and stimulate parathyroid hormone (PTH) secretion, 
leading to enhanced bone resorption and loss of bone 
mass, in turn contributing to oP.22 Glucocorticoid-
induced oP (GIoP) is the most common drug-induced 
oP and one of the most serious side effects of glucocorti-
coid use. liu et al6 showed that high expression of CKIP-1 
during extracorporeal glucocorticoid treatment could 
inhibit osteoblast differentiation and mineral deposition 
in osteoblasts by disrupting the Smad-dependent BMP 
signaling pathway.
CKIP-1 and mechanical stimulation on osteogenesis.  
Weightlessness-induced oP is a type of disuse-induced 
oP as gravity has an important role in normal growth and 
function of the human skeletal system. In a microgravity 
environment, reduced mechanical stimulation in the skel-
etal system enhances osteoclast function and attenuates 
osteoblast function.23 Zhang et  al24 reported that dur-
ing a tail suspension test, which simulated the effect of 
a microgravity environment, the femoral bone in CKIP-1 
Ko mice was not changed significantly, suggesting that 
loss of CKIP-1 could alleviate microgravity-induced oP by 
influencing the process of bone formation.

Distraction osteogenesis (Do) is also becoming an 
effective therapy for bone defects, by stimulating endog-
enous bone regeneration. Zhou et  al have shown that 
CKIP-1 silences inhibited cell apoptosis and improves 

calcification through the induced expression of Wnt-3a, 
β-catenin and osteocalcin (oCN) in rat mandibular dis-
traction osteogenesis.18 Also in fracture repair in animals, 
Wnt signalling may be involved in the bone formation of 
chitosan/si-CKIP-1 in Do.25

In summary, CKIP-1 can decrease osteogenic differen-
tiation and cause primary oP through negative regula-
tion of bone formation and can reduce bone formation 
by negatively regulating the BMP pathway in GIoP and 
Wnt-3a /β-catenin pathway in Do.

CKIP-1 regulates bone formation through bone 
morphogenetic protein pathway
osteogenesis is comprised of two basic processes, bone 
formation and bone resorption,26 both of which involve 
various complex factors. These factors include numerous 
cytokines and signalling pathways, such as nuclear 
receptor- interacting protein 1 (NRIP1), interleukin-1 
receptor-associated kinase 3 (IRAK3), bone morphoge-
netic protein 7 (BMP7), SMAD family member 1 (SMAD1), 
MAPK3,C-X-C chemokine receptor type 4 (CXCR4), oPG/
RANKl/RANKl pathway, Wnt/β-catenin pathway, cathep-
sin K pathway, and BMP pathway.27,28 The BMP pathway 
is the most important signalling during these processes, 
as it can induce osteogenic differentiation, enhance bone 
formation without activating resorption and can promote 
bone repair without affecting non-skeletal tissues.29

BMP’s are members of the transforming growth 
factor-β (TGF-β) superfamily and are significant extracel-
lular molecules which promote bone formation and 
induce osteoblast differentiation.30 There are two types of 
transmembrane serine/threonine kinase receptors for 
BMPs, namely, the type I BMP receptor (BMPR-I) and the 
type II BMP receptor (BMPR-II).31 As one of the most 
widely studied and most potent osteogenic activity-
inducing members of the BMP family, BMP-2, plays an 
important role in osteogenesis by activating Smad signal 
transduction and regulating osteogenic gene transcrip-
tion.32 The process of BMP-2 signal transduction begins 
with its binding to BMPR-II. Subsequently, BMPR-II phos-
phorylates BMPR-I and the activated BMPR-I activates 
downstream Smads.33 Both in vitro and in vivo studies 
have confirmed that the BMP-Smad signalling could reg-
ulate various aspects of the osteoblast lifecycle, including 
mesenchymal stem cell (MSC) differentiation into osteo-
blasts, osteoprogenitor proliferation, osteoblast minerali-
zation and osteoblast-osteoclast coupling.34 Defects in 
the BMP-Smad signalling pathway often result in reduced 
bone formation and mass, with the development of oP. 
In addition, the activation of BMP-Smad signalling can 
lead to a bone sclerosis phenotype.34

After the BMP-2 has mediated the activation of Smads 
(Smad1, Smad5 and Smad8), it initiates the Runt-related 
gene 2 (RUNX2) expression through the distal P1 and 
proximal P2 promoters of the proteins. RUNX2 plays a 
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vital role in bone formation and remodelling and it has 
been shown that RUNX2-Ko mice display non- mineralized 
bone formation. This complete blockage of intramembra-
nous and endochondral ossifications in mice has demon-
strated the importance of RUNX2 in bone development.35-38 
Smad ubiquitination regulatory factor 1 (Smurf1) is a 
member of the Nedd4 family, Homologous to the 
E6-associated protein Carboxyl Terminus (HECT) E3 
ligases. It can promote the ubiquitination and degrada-
tion of substrates such as Smad1/5, mitogen-activated 
protein kinase kinase kinase 2 (MEKK2), and RUNX2; 
moreover, it has an important function during the osteo-
blast differentiation.39 Smurf1 is comprised of one HECT 
domain and two WW domains. A highly conserved 
cysteine residue at the C-terminus of the HECT domain 
can form a thioester bond with ubiquitin. However, once 
this highly conserved cysteine residue is mutated to ala-
nine or glycine, the ubiquitination and protein-specific 
degradation activities of Smurf1 are completely lost.40 
The WW domain is another important feature of Smurf1, 
located between 236 aa and 311 aa, and is approximately 
30 amino acids long. It consists of two highly conserved 
tryptophan residues and one highly conserved proline 
residue and is capable of binding to small proline-rich 
(PPxY motif) peptides. Zhang et al have shown that muta-
tion of the PY motif in the Smad protein (proline- and 
tyrosine-rich domain) abrogated the interaction between 
Smad and Smurf1, resulting in the inhibition of Smad 
degradation.41

lu et al17 reported that CKIP-1 could increase the affin-
ity between the WW domain and its substrates by binding 
to the linking region between the two WW domains of 
Smurf1. This enhanced the ubiquitin ligase activity of 

Smurf1, promoting the degradation of Smad1/5 and neg-
atively regulating the BMP signalling pathway. Moreover, 
CKIP-1 could bind to the proteasome subunit Rpt6 as a 
linker and be coupled with the Smurf1 proteasome to 
enhance degradation of ubiquitinated protein substrates 
and inhibit osteoblast differentiation. Therefore, CKIP-1 
plays dual roles in the interaction between Smurf1 and its 
substrates and the recruitment of substrates to the 26S 
proteasome.42

Taken together, CKIP-1 enhances ubiquitin ligase 
activity by binding to Smurf1, which in turn accelerates 
the degradation of bone formation-related substrates 
and results in the inhibition of new bone formation.17,42 
Therefore, CKIP-1 plays an important negative regulatory 
role in the process of bone formation (Figure 2).

Progress in research on the role of CKIP-1 in 
osteoporosis treatment
osteoporosis is easily misdiagnosed and can be difficult to 
completely cure.43,44 Ageing and oestrogen deficiency are 
the key pathophysiological mechanisms. Although a 
number of antiresorptive drugs are thought to be effective 
for oP prevention, they do not provide comprehensive 
protection,45 which may be due to postmenopausal state 
and age, both of which reduce the ability of recruitment 
of stem cells and osteogenesis.28 Currently, the antire-
sorptive drugs, such as selective oestrogen receptor mod-
ulators (SERMs), bisphosphonate and denosumab, inhibit 
bone resorption. Wang et  al conducted a systematic 
review of ten different therapies used for postmenopausal 
oP and showed that PTH and zoledronic acid (Zol) have 
the highest probability of treatment efficacy in preventing 
clinical vertebral fractures.46 However, these drugs have 
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The mechanism of action of CKIP-1 in regulating bone formation through the BMP pathway. BMP, Bone morphogenetic protein; Smurf1, Smad ubiquitination 
regulatory factor 1; CKIP-1, Casein kinase 2-interacting protein-1; RUNX2, Runt-related gene 2.
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several drawbacks. SERMs (such as raloxifene) when used 
long term, can lead to breast and endometrial cancer.47 
Bisphosphonates have relatively high gastrointestinal tox-
icity which can induce, abdominal pain, gastritis and 
oesophagitis, and can also lead to jaw necrosis, femoral 
fractures and atrial fibrillation.48 To overcome these short-
comings, new therapeutic drugs for oP are being devel-
oped with optimized efficacy, reduced side effects, and, 
hopefully, enhanced patient compliance.49

Regulatory imbalance between the activity of osteo-
blasts and osteoclasts is thought to be the main cause of 
oP. There have been several studies which have explored 
the mechanisms of regulation of bone metabolism by 
osteoclasts.51-52 However, osteoclast-targeted treatments 
for oP are still a problem, as they are only able to reduce 
or decelerate the rate of bone resorption and are unable 
to effectively promote new osteogenesis.51-52 It is known 
that CKIP-1 acts as a negative regulator of bone forma-
tion and its gene knockdown could significantly increase 
bone density and bone mass.

The siRNA delivery is a promising approach for the 
treatment of various diseases. Zheng et  al53 reported 
that CKIP-1 siRNA could reduce the expression of CKIP-1 
mRNA and promote osteoblast gene expression and 
osteoblast mineralization. Guo et  al54 also found that 
the cross-species CKIP-1 siRNA promoted osteoblast dif-
ferentiation in human, rhesus monkey, rat and mouse 
osteoblast-like cells in vitro, with stimulated bone for-
mation but without elevating bone resorption in healthy 
rodents and osteoporotic mice in vivo.54 Zhang et  al55 
reported that a chitosan/si-CKIP-1-biofunctionalized tita-
nium implant significantly improved the in vitro osteo-
genic differentiation of MSCs and led to dramatically 
enhanced osseointegration in the in vivo rat model. 
Moreover, it has been shown in animals that biweekly 
intravenous injections of 7.5 mg/kg CKIP-1 siRNA could 
maintain long-term low expression levels of CKIP-1 
mRNA.19,56 Zheng et al developed a liposome-based bone 
tissue-specific delivery system to enable osteoblast- 
targeted delivery of CKIP-1 siRNA, which was highly effec-
tive in inhibiting CKIP-1 expression in osteoblasts, 
promoting osteogenic gene expression, increasing bone 
mass and improving bone microarchitecture.53 
Considering the highly efficient and specific silencing 
effect of siRNA, CKIP-1 siRNA therapy this may be a novel 
treatment option for oP. However, this strategy has 
drawbacks as the introduction of external siRNA into 
mammalian cells can potentially induce an immune 
response. Also CKIP-1 plays a role in many other areas, 
such as in the regulation of the cytoskeleton, cell growth 
and apoptosis. Therefore, its clinical application will need 
further investigation.

Future prospects
This review summarizes the mechanism of action of 
CKIP-1 in the pathogenesis of oP. CKIP-1 reduces bone 

formation mainly through binding to Smurf1 and the 
subsequent specific negative regulation of the BMP path-
way. However, whether CKIP-1 can interact with other 
signaling molecules to regulate the BMP pathway or reg-
ulate bone metabolism via other pathways remains 
unconfirmed. In addition, the osteoblast-targeted treat-
ment using CKIP-1 siRNA has only been tested in animals 
and similar drugs have not yet been developed for human 
application. Furthermore, it is largely unknown whether 
CKIP-1 siRNA will have human specificity or will induce 
side effects. Therefore, further studies are required to 
fully understand he mechanism of CKIP-1 regulation in 
oP pathogenesis and its potential as a targeted treatment 
for oP in humans.
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