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Macrophages play pivotal roles in development, homeostasis, tissue repair and immunity. Macrophage prolifera-
tion is promoted by macrophage colony-stimulating factor (M-CSF)-induced Akt signaling; yet, how this process is 
terminated remains unclear. Here, we identify casein kinase 2-interacting protein-1 (CKIP-1) as a novel inhibitor of 
macrophage proliferation. In resting macrophages, CKIP-1 was phosphorylated at Serine 342 by constitutively active 
GSK3β, the downstream target of Akt. This phosphorylation triggers the polyubiquitination and proteasomal degra-
dation of CKIP-1. Upon M-CSF stimulation, Akt is activated by CSF-1R-PI3K and then inactivates GSK3β, leading 
to the stabilization of CKIP-1 and β-catenin proteins. β-catenin promotes the expression of proliferation genes in-
cluding cyclin D and c-Myc. CKIP-1 interacts with TRAF6, a ubiquitin ligase required for K63-linked ubiquitination 
and plasma membrane recruitment of Akt, and terminates TRAF6-mediated Akt activation. By this means, CKIP-1 
inhibits macrophage proliferation specifically at the late stage after M-CSF stimulation. Furthermore, CKIP-1 defi-
ciency results in increased proliferation and decreased apoptosis of macrophages in vitro and CKIP-1−/− mice sponta-
neously develop a macrophage-dominated splenomegaly and myeloproliferation. Together, these data demonstrate 
that CKIP-1 plays a critical role in the regulation of macrophage homeostasis by inhibiting TRAF6-mediated Akt 
activation.
Keywords: macrophage proliferation; Akt signaling; TRAF6; GSK3β; CKIP-1
Cell Research (2014) 24:742-761. doi:10.1038/cr.2014.53; published online 29 April 2014 

npgCell Research (2014) 24:742-761.
© 2014 IBCB, SIBS, CAS    All rights reserved 1001-0602/14  $ 32.00 
www.nature.com/cr

Introduction

Macrophages are crucial components of the immune 
system, and play pivotal roles in the primary response 
to pathogens as well as in coordination of the adaptive 
immune response, inflammation resolution, tissue ho-
meostasis and repair [1]. Macrophage colony-stimulating 

factor (M-CSF, also known as CSF-1) is crucial for the 
proliferation, survival and differentiation of macrophages 
as well as their precursors [2-4]. M-CSF-null (op/op) 
mice develop osteopetrosis due to lack of osteoclasts, 
as along with defects in tissue macrophages and blood 
monocytes [5]. M-CSF binds to CSF-1 receptor (CSF-1R, 
also known as M-CSFR or CD115), activating diverse 
downstream signaling events [4, 6-7]. Specifically, the 
phosphoinositide 3-kinase (PI3K)/Akt and Erk signaling 
pathways are essential for the proliferation of macro-
phages and their precursors [8-10].

The PI3K/Akt pathway serves a central role in the 
regulation of cell proliferation, survival and metabolism 
[11]. Binding of growth factors, including M-CSF, to 
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receptor tyrosine kinases activates PI3K [12], triggering 
the production of phosphatidylinositol (3,4,5)-trisphos-
phate (PIP3) on the inner side of the plasma membrane. 
Akt is recruited to the plasma membrane and activated 
through direct docking with its pleckstrin homology (PH) 
domain to PIP3. Activated Akt phosphorylates its down-
stream targets to induce cell proliferation and differen-
tiation. Glycogen synthase kinase 3β (GSK3β) is one of 
such substrates, which is usually constitutively active 
in unstimulated cells and inactivated by Akt-mediated 
phosphorylation on Serine 9 (Ser9) [13]. Upon M-CSF 
stimulation, Akt is rapidly activated by PI3K, leading to 
the phosphorylation of GSK3β [8, 14]; inactivation of 
GSK3β releases β-catenin, a co-activator for the LEF and 
TCF family of transcription factors, from degradation, 
thus promoting macrophage proliferation [15]. Compared 
with the activation mechanism of macrophage prolifera-
tion, less is known about how this process is terminated.

Casein kinase 2-interacting protein-1 (CKIP-1, also 
known as PLEKHO1) is a PH domain-containing protein 
involved in tumor cell proliferation, muscle cell differen-
tiation, cell apoptosis and regulation of cell morphology 
[16-20]. We previously showed that CKIP-1-deficient 
mice displayed a higher bone mass due to increased os-
teoblast differentiation [21]. CKIP-1 also inhibits cardiac 
hypertrophy by promoting dephosphorylation of HDAC4 
through recruiting the phosphatase PP2A, promoting the 
nuclear translocation of HDAC4 and inhibiting the tran-
scriptional activity of MEF2C [22]. CKIP-1 is widely 
expressed in a variety of tissues and cells including 
macrophages [23]. A recent study showed that CKIP-1 
expression was elevated upon LPS challenge in the hu-
man monocyte cell line THP-1 [24]. Here, we report that 
CKIP-1 is a novel regulator of macrophage proliferation 
and M-CSF signaling by interacting with TRAF6 and 
inhibiting Akt activation. CKIP-1-deficiency results in 
prolonged activation of Akt, and CKIP-1−/− mice sponta-
neously develop a macrophage-dominated splenomegaly 
and myeloproliferation.

Results

CKIP-1 is upregulated during macrophage differentia-
tion 

We analyzed CKIP-1 expression profile using mouse 
organs and found that it was highly expressed in lymph 
nodes and spleen, and it was weakly expressed in bone 
marrow cells (BMCs) (Figure 1A). Further analysis 
showed that CKIP-1 was abundantly expressed in splenic 
macrophages and CD11b+ myeloid cells, compared 
with B and T lymphocytes (Figure 1B). During the dif-
ferentiation of human monocytes or murine BMCs into 

macrophages in M-CSF-conditioned medium, CKIP-1 
expression was significantly elevated (Figure 1C). The 
CKIP-1 upregulation was observed throughout the whole 
induction process of bone marrow-derived macrophages 
(BMDMs) in vitro (Figure 1D). These data suggest that 
CKIP-1 might be involved in the development of macro-
phages.

To address the potential role of CKIP-1 in macrophage 
development, we cultured BMCs from CKIP-1-deficient 
and wild-type (WT) mice with M-CSF and observed an 
excessive yield of CKIP-1−/− macrophages compared 
with that of WT (Figure 1E). CD11b and F4/80 double 
positive cells were examined at day 3, 5 and 7 to deter-
mine the efficiency of the induction, and no significant 
differences were observed between cultures of CKIP-
1−/− BMCs and that of their WT counterparts (Figure 1F). 
This result led us to further investigate the role of CKIP-
1 in macrophage development in response to M-CSF.

Accelerated proliferation and improved survival of CK-
IP-1-deficient BMDMs

The increased number of macrophages might be due 
to more efficient proliferation and/or less cell death. We 
analyzed cell cycle status of day 3, 5 and 7 of cultures. 
The percentages of CKIP-1-deficient BMDMs in S and 
G2/M phases were higher relative to WT BMDMs at 
each time point (Figure 2A). We also quantified the pro-
liferation of WT and CKIP-1-deficient BMDMs by ana-
lyzing BrdU incorporation. 41.4% of CKIP-1-deficient 
cells incorporated BrdU, compared with 21.3% of WT 
cells (Figure 2B), confirming the hyperproliferative re-
sponse to M-CSF of CKIP-1-deficient cells. To verify the 
role of CKIP-1 in cell cycle progression, we measured 
the expression levels of mRNA transcripts encoding cell 
cycle-regulatory proteins in BMDMs. CKIP-1-deficient 
cells expressed more c-Myc and cyclin D2 mRNA at day 
3 and 5 and more cyclin D1 mRNA at day 5 of cultures, 
compared with WT cells (Figure 2C).

We next assessed whether CKIP-1 deficiency influ-
enced cell death. CKIP-1-deficient and WT BMDMs 
were cultured in the presence of M-CSF for 5 days, and 
then switched to M-CSF-free medium for 2 more days. 
CKIP-1-deficient cells displayed a decreased percentage 
of apoptosis after M-CSF deprivation (Figure 2D). 

32D cells are bone marrow-derived, IL-3-dependent 
myeloid progenitors. Due to a lack of endogenous CSF-
1R, these cells respond poorly to M-CSF. After being 
reconstituted with CSF-1R, they can survive and prolif-
erate upon M-CSF treatment [8]. To further investigate 
the inhibiting effect of CKIP-1 on cell proliferation, we 
constructed a CSF-1R stably expressed 32D cell line 
(32D-CSF1R). In 32D-CSF1R cells, overexpression of 
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Figure 1 CKIP-1 is upregulated during macrophage differentiation. (A) Western blot analysis of CKIP-1 protein expression 
in mouse organs and BMCs. (B) Quantitative PCR analysis of CKIP-1 mRNA levels in mouse immune cells. Splenic macro-
phage (CD11b+ F4/80+), myeloid cells (CD11b+), B cell (CD19+) and T cell (CD3+) were sorted, and total RNAs were extracted 
and then subjected to qPCR analysis. (C) CKIP-1 protein analysis in human monocyte (Mo), human monocyte-derived mac-
rophages (monocytes were differentiated in 1640 medium containing 50 ng/ml hM-CSF for 5 days), murine BMCs and BM-
DMs. (D) Murine BMCs were induced to differentiate into macrophages for the indicated times in 1640 medium containing 20 
ng/ml mM-CSF. Quantitative PCR was performed. (E) The numbers of BMDMs that were induced at various times (x axis) in 
cultures of WT and CKIP-1−/− BMCs with fresh medium changed every other day. (F) WT (upper) and CKIP-1−/− (lower) BMCs 
were induced to differentiate into macrophages as the same as in E, CD11b and F4/80 double positive cells were determined 
by flow cytometry at each time point as indicated. Data shown are representative of three independent experiments (mean ± 
SD), **P < 0.01. 
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CKIP-1 decreased cell proliferation in the presence of 
M-CSF, compared with empty vector control (Figure 
2E). BrdU incorporation assay confirmed this conclusion 
(Figure 2F). These data suggest that CKIP-1 negatively 
regulates macrophage proliferation and contributes to M-
CSF deprivation-induced apoptosis.

Previous studies showed that macrophage proliferation 
and differentiation might be coordinately regulated [15, 
25]. We then sought to test whether CKIP-1 deficiency 
affected the differentiation of BMCs into mature macro-
phages in vitro. Both CKIP-1-deficient and WT BMDMs 
expressed classical macrophage markers including CD36, 
ApoE, CD115, MHC II, CD11b, F4/80 and CD284, as 
analyzed by flow cytometry or qPCR. Among the seven 
markers examined, five (CD11b, F4/80, CD115, CD284 
and MHC II) showed no significant differences between 
CKIP-1-deficient and WT cells. CD36 and ApoE were 
even expressed at higher levels in CKIP-1-deficient 
BMDMs than in WT cells (Supplementary information, 
Figure S1A, S1B). The proliferative response of myelo-
monocytic progenitors to M-CSF is lost upon terminal 
differentiation to macrophages [25]. Whether CKIP-1 
disruption can push mature macrophages into cell cycle 
was unknown. We tested this by using thioglycollate-
elicited peritoneal macrophages (TEMs) from CKIP-1−/− 
and WT mice. CKIP-1 deficiency did not push TEMs 
into proliferation either in the presence or absence of M-
CSF (Supplementary information, Figure S1C). Collec-
tively, our data indicate that accelerated proliferation of 
CKIP-1-deficient macrophages upon M-CSF stimulation 
is not due to impaired macrophage differentiation.

CKIP-1-deficient BMDMs exhibit prolonged Akt activa-
tion upon M-CSF stimulation

The excessive proliferation and improved survival of 
M-CSF-induced CKIP-1−/− macrophages indicate that 
CKIP-1 is involved in the regulation of M-CSF signal-

ing. Studies have demonstrated that binding of M-CSF 
to CSF-1R activates PI3K and Erk signaling to promote 
macrophage proliferation and survival. Thus, we sought 
to stimulate WT and CKIP-1−/− BMDMs with M-CSF 
for various times and analyzed these signaling pathways. 
Sustained phosphorylation of Akt, the major target of 
PI3K, was detected in CKIP-1−/− macrophages (Figure 
3A). By contrast, Erk and p38 activation was not affected 
by CKIP-1 deficiency (Figure 3A). Furthermore, we ob-
served prolonged and enhanced GSK3β phosphorylation 
under M-CSF stimulation in CKIP-1-deficient BMDMs 
(Figure 3B). Similarly, in a murine macrophage cell line, 
RAW264.7 cells, depletion of CKIP-1 by shRNA result-
ed in sustained activation of Akt-GSK3β signaling upon 
M-CSF treatment (Supplementary information, Figure 
S2). It has been shown that Akt phosphorylates GSK3β 
in a variety of cellular processes and multiple cell types 
[11], so we tested whether M-CSF-induced-GSK3β phos-
phorylation in macrophages depends on Akt or not. Our 
results showed that pre-treating BMDMs with the PI3K 
inhibitor LY294002 efficiently reduced GSK3β phos-
phorylation after M-CSF stimulation, suggesting that M-
CSF-induced GSK3β phosphorylation depends, at least 
partially, on Akt (Figure 3C).

To assess the contribution of excessive activation of 
Akt to the accelerated proliferation of CKIP-1-deficient 
BMDMs, we treated CKIP-1-deficient and WT BMDMs 
with the PI3K inhibitor LY294002. Similar to WT cells, 
BrdU+ cells in CKIP-1−/− BMDMs were dramatically 
decreased after LY294002 treatment (Figure 3D), sug-
gesting that CKIP-1 regulates macrophage proliferation 
mainly by inhibiting the PI3K-Akt pathway.

As CKIP-1 and Akt both contain a PH domain es-
sential for plasma membrane recruitment, we wondered 
whether CKIP-1 inhibits Akt through impairing Akt 
membrane recruitment. Overexpression of CKIP-1 re-
duced the membrane-anchoring period of Akt upon M-

Figure 2 Enhanced proliferation and survival of CKIP-1-deficient BMDMs. (A) Murine BMCs were cultured in mM-CSF-con-
taining medium to induce the differentiation into macrophages for the indicated times. Flow cytometry using propidium iodide 
(PI) was performed to analyze cell cycle. (B) Proliferation of BMDMs was examined by flow cytometry. Numbers above brack-
eted lines indicate percent of BrdU+ cells. (C) Quantitative PCR analysis of the expression levels of cell cycle-related genes 
c-Myc, cyclin D1 and cyclin D2 in WT and CKIP-1−/− BMDMs cultured in the presence of mM-CSF (20 ng/ml) for the indicated 
times. Data are presented relative to the expression of GAPDH (mean ± SD). **P < 0.01. (D) WT and CKIP-1−/− BMDMs 
were cultured in the presence of M-CSF for 5 days, followed by culturing in M-CSF-free medium  for another 2 days. Then 
apoptosis rates were analyzed by PI exclusion assay (upper panel). Numbers above bracketed lines indicate percentage of 
hypodiploid cells. CKIP-1 expression level was determined by immunoblotting (IB) (lower panel). (E) 32D-CSF1R cells trans-
fected with CKIP-1 and control vectors by a lentiviral system were plated in six-well plates at a density of 5 × 104 cells/ml, 
and cultured in 1640 medium containing 50 ng/ml mM-CSF. Cell numbers were determined by a cell counter at the indicated 
time (upper panel). CKIP-1 expression levels were determined by IB (lower panel). (F) 32D-CSF1R cells in E were starved of 
cytokines for 8 h, and incubated in 1640 medium containing mM-CSF (20 ng/ml). BrdU (10 µM) was added into the medium 1 
h before the harvest. Cells were then harvested and the percentage of BrdU+ cells were analyzed by flow cytometry. Data are 
representative of three independent experiments.
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CSF stimulation and inhibited the cytosol Akt phosphor-
ylation, especially on Thr308 in RAW264.7 cells (Figure 
3E). Conversely, more Akt proteins were detected in the 
membrane fraction of CKIP-1−/− BMDMs than that of 
WT cells at 5 min after M-CSF stimulation (Figure 3F). 
Consistently, immunofluorescence (IF) analysis showed 
that more Akt proteins were localized on the membranes 
of CKIP-1−/− BMDMs than that of WT cells at each time 
points after M-CSF stimulation (Figure 3G). These re-
sults indicate that CKIP-1 inhibits M-CSF-induced Akt 
activation through impairing Akt membrane recruitment.

TRAF6 is involved in M-CSF signaling
The ubiquitin ligase TRAF6 (tumour necrosis factor 

receptor associated factor 6) promotes the K63-linked 
ubiquitination of Akt, and is required for plasma mem-
brane translocation of Akt [26]. Previous studies have 
shown that TRAF6 is indispensable for osteoclast dif-
ferentiation and maturation [27-28], but its role in the 
development of their myeloid precusors, monocytes and 
macrophages, is not well elaborated. We thus tested the 
role of TRAF6 in M-CSF-induced myeloid cell prolifera-
tion. Knockdown of TRAF6 by shRNA dramatically de-
creased the proliferation of 32D-CSF1R cells when they 
were cultured with M-CSF-conditioned medium (Figure 
4A). Data of BrdU incorporation assay also supported 
this notion (Figure 4B). We further analyzed whether 
TRAF6 is involved in M-CSF-induced Akt activation. 
Knockdown of TRAF6 attenuated Akt phosphoryla-
tion upon M-CSF stimulation both in 32D-CSF1R and 
RAW264.7 cells (Figure 4C and Supplementary infor-
mation, Figure S3A). To verify the role of TRAF6 in 
M-CSF signaling, we treated RAW264.7 cells with M-
CSF and checked TRAF6 ubiquitination, which reflects 
autoactivation of the TRAF6 ligase. Like other growth 
factors such as IGF-1 [26], M-CSF treatment induced the 
ubiquitination of TRAF6 (Supplementary information, 
Figure S3B). We also observed the ubiquitination of Akt 
upon M-CSF stimulation (Supplementary information, 

Figure S3C). The interaction between TRAF6 and M-
CSF receptor was detectable as well (Supplementary 
information, Figure S3D). These results suggest that 
TRAF6 participates in M-CSF signaling and promotes 
Akt activation downstream of M-CSF.

CKIP-1 interacts with TRAF6 and inhibits TRAF6-medi-
ated ubiquitination of Akt

A previous study showed that CKIP-1 inhibits Akt ac-
tivation in cancer cells [29]. However, the physiological 
role of such regulation in normal cells and the underly-
ing mechanism were not well elaborated. As CKIP-1 
impaired Akt membrane recruitment, we hypothesized 
that CKIP-1 may interact with TRAF6 to antagonize its 
promoting effect on Akt. CKIP-1 interacted with TRAF6 
both in vitro and in cultured mammalian cells (Figure 
4D-4E). The interaction between endogenous CKIP-1 
and TRAF6 was specifically observed upon M-CSF stim-
ulation (Figure 4F). We also constructed two truncated 
forms of TRAF6 to map the CKIP-1 binding region. The 
TRAF domain of TRAF6 interacted with CKIP-1, while 
the TRAF6 ΔTRAF, which contains the RING and zinc 
fingers did not (Supplementary information, Figure S3E). 
Since binding to the TRAF domain of TRAF6 may in-
hibit ubiquitination [30], we determined whether CKIP-
1 affects TRAF6 autoubiquitination and its E3 ligase 
activity toward Akt. Overexpression of CKIP-1 dramati-
cally inhibited TRAF6 autoubiquitination and TRAF6-
mediated Akt ubiquitination (K63-linkage) (Figure 4G-
4H). These results indicate that CKIP-1 interacted with 
TRAF6 and inhibits TRAF6-mediated Akt activation.

NF-κB signaling plays a central role in the immune 
system by regulating several processes ranging from the 
development and survival of lymphocytes to the control 
of immune responses [31]. Growing studies revealed 
that NF-κB activation is required for monocyte and mac-
rophage survival [32]. However, it is still controversial 
whether M-CSF can activate NF-κB [33-34]. We found 
that IKKα/β phosphorylation and IκB degradation were 

Figure 3 CKIP-1 inhibits M-CSF-induced PI3K-Akt-GSK3β signaling. (A) WT and CKIP-1−/− BMDMs were starved of M-CSF 
for 4 h, restimulated with M-CSF (50 ng/ml) for various periods, and harvested for IB analysis with the indicated antibodies 
(left). Right panels represent results of the densitometric analyses. (B) WT and CKIP-1−/− BMDMs were treated as in A and 
then harvested for IB analysis with GSK3β and phosphor-GSK3β antibodies (C) BMDMs were stimulated with mM-CSF in the 
presence of absence of the PI3K inhibitor LY294002 (10 µM). Total and phosphorylated protein levels of Akt and GSK3β were 
determined by western blot. (D) BrdU incorporation by BMDMs cultured in medium containing 20 ng/ml M-CSF in the pres-
ence of LY294002 (10 µM) for 24 h was assessed by flow cytometry. (E) RAW264.7 cells were infected with mock or CKIP-1 
retrovirus, serum-starved for 1 day and then restimulated with M-CSF (50 ng/ml) for various periods. The membrane fractions 
and whole cell extracts were then collected for IB analysis. (F) WT and CKIP-1−/− BMDMs were starved of M-CSF for 4 h and 
then restimulated with M-CSF (50 ng/ml) for various periods. The membrane fractions and whole cell extracts were collected 
for IB analysis with the indicated antibodies. (G) WT and CKIP-1−/− BMDMs treated as in F were fixed for immunofluores-
cence analysis. Scale bar, 10 µm. Data are representative of three independent experiments.
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undetectable upon M-CSF stimulation even at a high 
concentration of 100 ng/ml (Figure 5A). As a positive 
control, LPS, a classical stimulus of NF-κB activation, 
induced IKKα/β phosphorylation and IκB degradation in 
RAW264.7 cells as well as BMDMs. Both M-CSF and 
LPS induced JNK phosphorylation, and M-CSF remark-
ably induced Akt phosphorylation (Figure 5A). These 
results suggest that M-CSF is not a potent inducer of 
NF-κB activation. Moreover, both in WT and CKIP-1−/− 
BMDMs, M-CSF was unable to induce NF-κB activation 
(Figure 5B). One recent report showed that M-CSF can 
activate NF-κB by inducing p65 Ser276 phosphoryla-
tion and thus promoting its nuclear translocation [33], 
however this is not seen in our experiments performed 
on BMDMs. Consistent with other studies that showed 
NF-κB was constitutively activated in macrophages [32, 
35], we observed constitutive phosphorylation of p65 at 
Ser276 (Figure 5B) and its nuclear localization in BMD-
Ms (Figure 5C). CKIP-1 deficiency neither affected p65 
Ser276 phosphorylation, nor the localization of Ser276-
phosphorylated p65 in BMDMs (Figure 5B-5C). Finally, 
we depleted endogenous p65 by shRNA in 32D-CSF1R 
cells, and found that there was no difference in M-CSF-
induced proliferation between control and p65-depleted 
32D cells (Figure 5D-5E), consistent with a previous re-
port [36]. Taken together, our results indicate that NF-κB 
signaling is not a major target pathway downstream of 
M-CSF and that CKIP-1 does not affect NF-κB signaling 
in M-CSF-induced macrophage proliferation.

GSK3β-mediated CKIP-1 phosphorylation promotes 
CKIP-1 degradation

Intriguingly, we observed that the protein level of 
CKIP-1 itself was gradually increased within one hour 
after M-CSF treatment in BMDMs (Figures 3A and 6A) 
and also fluctuated in mouse macrophage RAW264.7 

cells, i.e., first increased and then declined (Supplemen-
tary information, Figure S4A). During this period, CKIP-
1 mRNA alteration was not significant (Supplementary 
information, Figure S4B). Treatment with the protein 
synthesis inhibitor cycloheximide (CHX) showed that 
CKIP-1 was a short-life protein in BMDMs (Figure 
6B) and RAW264.7 cells (Supplementary information, 
Figure S4C). Treatment with the proteasome inhibitor 
MG132 resulted in an accumulation of CKIP-1 protein 
(Figure 6C; Supplementary information, Figure S4D), 
suggesting that CKIP-1 was degraded by the protea-
some. We also observed that treatment with the PI3K 
inhibitor LY294002 or Wortmannin promoted CKIP-1 
degradation, whereas treatment with the GSK3β inhibitor 
SB216763 or LiCl prevented its degradation in BMDMs 
and RAW264.7 cells (Figure 6D and Supplementary 
information, Figure S4E, S4F). In comparison, treat-
ment with the Erk inhibitor UO126 or the p38 inhibitor 
SB203580 had no significant effects on CKIP-1 protein 
levels (Figure 6D; Supplementary information, Figure 
S4E). It has been well-defined that PI3K activates Akt 
and then Akt inactivates GSK3β through phosphorylation 
[13]. These observations suggest that GSK3β might pro-
mote CKIP-1 degradation, whereas PI3K-Akt signaling 
promotes CKIP-1 stabilization.

As a multi-functional protein kinase, GSK3β catalyzes 
the phosphorylation of various substrates. Some sub-
strates, upon phosphorylation, are further ubiquitinated 
and degraded by the proteasome. We then hypothesized 
that CKIP-1 might be also a substrate of GSK3β. Deple-
tion of endogenous GSK3β by shRNA in RAW264.7 
cells resulted in stabilization of CKIP-1 (Figure 6E). 
GSK3β could be detected in the anti-CKIP-1 immuno-
precipitates of macrophage lysates (Figure 6F). Mass 
spectrometry identified Ser341 of murine CKIP-1 (cor-
responding to Ser342 of human CKIP-1) was phosphory-

Figure 4 CKIP-1 interacts with TRAF6 and inhibits TRAF6-mediated Akt ubiquitination. (A) 32D-CSF1R cells transfected with 
TRAF6-shRNA #1, #2 or random shRNA by lentivirus were plated in six-well plates at a density of 5 × 104 cells/plate, and 
cultured in 1640 medium containing mM-CSF (50 ng/ml). Cell numbers were determined by a cell counter. (B) 32D-CSF1R 
cells prepared as in A were starved of cytokines for 8 h, and incubated in 1640 medium containing mM-CSF (20 ng/ml), and 
BrdU (10 µM) was added 1 h before harvest. Percentage of BrdU+ cells was determined by flow cytometry. (C) 32D-CSF1R 
cells were starved of cytokines for 8 h, and incubated with mM-CSF (20 ng/ml). Akt phosphorylation was examined by IB. (D) 
TRAF6 and CKIP-1 were transfected into 293T cells as indicated. TRAF6 proteins were immunoprecipitated by anti-Myc anti-
body. Both the whole-cell lysates (WCE) and the immunoprecipitates were analyzed by IB with anti-Myc or anti-Flag antibody. 
(E) GST pull-down assay of TRAF6 and GST-CKIP-1 in vitro. (F) BMDMs were stimulated with M-CSF for the indicated times. 
The cell lysates were immunoprecipitated with anti-TRAF6 antibody or control IgG. Both the WCE and the immunoprecipi-
tates were analyzed to detect the expression of CKIP-1 and TRAF6. (G) In vivo ubiquitination assay in 293T cells transfected 
with Flag-TRAF6, HA-ubiquitin (Ub), along with Myc-CKIP-1. TRAF6 proteins were immunoprecipitated and then analyzed by 
IB with the anti-HA antibody to detect the ubiquitination. (H) In vivo ubiquitination assay in 293T cells transfected with Flag-
Akt1, HA-Ub-K63 (K63-only ubiquitin) and Myc-TRAF6, along with CKIP-1. Ubiquitinated Akt1 was detected in Akt1 immuno-
precipitates. Data are representative of three independent experiments.
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Figure 5 CKIP-1 did not affect NF-κB activation in M-CSF-induced macrophage proliferation. (A) RAW264.7 cells or BMDMs 
were starved of M-CSF for 4 h and restimulated with M-CSF (100 ng/ml) or LPS (100 ng/ml) for various periods and harvest-
ed for IB analysis. (B) WT and CKIP-1−/− BMDMs were starved of M-CSF for 4 h and restimulated with M-CSF (100 ng/ml) for 
various periods and harvested for IB analysis. (C) WT and CKIP-1−/− BMDMs treated as in B were fixed for immunofluores-
cence with anti-p-p65 Ser276 antibody. The nuclei were stained with DAPI. Images were captured by confocal microscopy 
and merged as indicated. Scale bar, 10 µm. (D) 32D-CSF1R cells transfected with shRNA- p65 #1, #2 or shRNA- Random 
by a lentiviral system were plated in 6-well plates at a density of 5 × 104 cells/ml, and cultured in 1640 medium containing 50 
ng/ml mM-CSF. Cell numbers were determined by a cell counter at the indicated time (upper panel) and p65 expression was 
determined by IB (lower panel). (E) 32D-CSF1R cells in D were starved of cytokines for 8 h, and incubated in 1640 medium 
containing mM-CSF (20 ng/ml) and BrdU (10 µM) for 1 h. Cells were then harvested and BrdU incorporation was determined 
by flow cytometry. Data are representative of three independent experiments.

lated in RAW264.7 cells (Figure 6G). This serine site 
conforms to the consensus phosphorylation motif by 
GSK3β and is conserved across species (Supplementary 
information, Figure S4G). 

To further support the notion that human CKIP-1 is 
phosphorylated on Ser342 by GSK3β, we raised an anti-
body and showed that it specifically recognizes Ser342-
phosphorylated human CKIP-1 in cultured cells since 
either λ-phosphatase treatment or adding phos-tag to the 
SDS-PAGE abolished the band of phosphorylated CKIP-
1 (Figure 6H). Mutation of CKIP-1 Ser342 to alanine 
(S342A) prevented its phosphorylation, whereas muta-
tion to aspartate (S342D) mimicked the phosphorylation 
(Figure 6I). In vitro phosphorylation assay showed that 
CKIP-1 was phosphorylated by purified active GSK3β 
kinase (Figure 6J). To determine whether phosphoryla-
tion of CKIP-1 at Ser342 is regulated by GSK3β in vivo, 
exogenous CKIP-1 were overexpressed in 293T cells, 
and the cells were then treated with GSK3β inhibitor 
SB216763 or PI3K inhibitor LY294002, respectively. 
The level of CKIP-1 Ser342 phosphorylation decreased 
after treatment with SB216763 but was elevated by 
LY294002 (Figure 6K). Collectively, these data indicate 
that CKIP-1 is a bona fide substrate of GSK3β.

We next determined whether GSK3β promotes CKIP-
1 ubiquitination. Ubiquitin-conjugated CKIP-1 adducts 
were readily detected in cultured cells (Figure 7A). 
Treatment with the GSK3β inhibitor LiCl or SB216763 
reduced, whereas PI3K inhibitor LY294002 increased 
CKIP-1 ubiquitination (Figure 7A). The CKIP-1 S342A 
mutation abolished the ubiquitination (Figure 7B), sug-
gesting that the Ser342 phosphorylation was required for 
CKIP-1 ubiquitination. To determine if phosphorylation 
of CKIP-1 at Ser342 leads to its instability, we generated 
S342A single and S342/346A double mutants and found 
that both mutants had a significantly prolonged half-life 
compared with that of WT CKIP-1 (Figure 7C). 

Next, we investigated the dynamics of CKIP-1 phos-
phorylation and dephosphorylation in M-CSF-stimulated 
macrophages. Due to the difference of Ser342-flanking 

sequences between human and murine CKIP-1, our phos-
phorylation antibody does not well-recognize the phos-
phorylated murine CKIP-1 (data not shown). We then 
generated a RAW264.7 cell line stably expressing human 
CKIP-1 to investigate the effect of M-CSF on CKIP-1 
phosphorylation and ubiquitination. M-CSF treatment 
resulted in a rapid reduction of Ser342-phosphorylation 
and ubiquitination levels of CKIP-1, accompanied by an 
increase of phosphorylation levels of Akt and GSK3β at 
the early stage (Figure 7D). After that, the phosphoryla-
tion and ubiquitination levels of CKIP-1 recovered, in 
line with the decline of phosphorylation levels of Akt 
and GSK3β (Figure 7D). These data suggest that M-CSF 
treatment led to GSK3β inactivation and consequently a 
reduction in the phosphorylation-driven ubiquitination of 
CKIP-1.

Tissue macrophages are increased in CKIP-1-deficient 
mice

Given the elevated proliferation and improved surviv-
al of CKIP-1-deficient BMDMs under M-CSF stimula-
tion in vitro, we tried to determine whether there was any 
notable abnormality in vivo. We compared microglia in 
the brains and spinal cords of WT and CKIP-1-deficient 
mice by staining with the microglia marker Iba-1. More 
microglias were observed in the brain and spinal cord 
of CKIP-1−/− mice, compared with those of WT mice 
(Figure 8A). Additionally, we noted that most CKIP-1−/− 
mice spontaneously developed splenomegaly when they 
get older (Figure 8B). Histologically, splenic architecture 
was disorganized with enlarged lymphoid follicles (Figure 
8C). Flow cytometry revealed that the number of splenic 
macrophages and monocytes, but not T or B cells, were 
significantly increased in CKIP-1−/− mice compared to 
WT littermates (Figure 8D). We also observed an in-
crease in percentages of monocytic cells and CD11b+ 
myeloid progenitors in the BM of CKIP-1−/− mice (Figure 
8E and 8F), but the percentages of myeloid cell popula-
tions in Mac-1/Gr-1 and Mac-1/F4/80 fractions were 
not changed (Figure 8F). Since M-CSF is known to play 
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Figure 6 CKIP-1 is phosphorylated by GSK3β at Ser342. (A) BMDMs were starved of M-CSF for 4 h and restimulated with 
M-CSF (50 ng/ml) for various periods and harvested for IB analysis. (B) BMDMs were treated with the protein synthesis in-
hibitor CHX (20 µg/ml) for various times and harvested for IB analysis. (C) BMDMs were treated with the proteasome inhibitor 
MG132 (20 µM) and harvested for IB analysis. (D) BMDMs were treated with the PI3K inhibitor LY294002 (10 µM), GSK3β 
inhibitor SB216763 (10 µM), Erk inhibitor UO126 (10 µM) or p38 inhibitor SB203580 (10 µM) as indicated for 6 h (in certain 
case, preincubated with SB216763 for 1 h before LY294002 treatment) and harvested for IB analysis. (E) RAW264.7 cells 
were transfected with shRNA against GSK3β or a random shRNA. CKIP-1 and GSK3β expression was analyzed by IB. (F) 
RAW264.7 cells were collected for immunoprecipitation with CKIP-1 antibody, followed by IB analysis with GSK3β antibody. (G) 
RAW264.7 cell lysates were immunoprecipitated with antibody against CKIP-1 for mass spectrometry. (H) Flag-CKIP-1 was 
transfected into 293T cells. The lysates were treated with λ-phosphatase or left untreated and then analyzed by either regular 
SDS-PAGE (lanes 1-2) or phos-tag-containing SDS-PAGE (lanes 3-4). (I) Flag-CKIP-1 or the indicated mutants were trans-
fected into 293T cells. At 36 h post transfection, cells were harvested and the total lysates were blotted with the phospho-
CKIP-1 antibody. (J) In vitro phosphorylation of CKIP-1 by GSK3β. GST-CKIP-1 was expressed in bacteria, purified and then 
incubated with purchased active GSK3β kinase. Western blot analysis was performed with the phospho-CKIP-1 antibody. (K) 
Flag-CKIP-1 was transfected into 293T cells. At 24 h post transfection, cells were treated with the GSK3 inhibitor SB216763 (10 
µM) or PI3K inhibitor LY294002 (20 µM) for indicated hours and harvested for IB analysis.

an important role in myelopoiesis in vivo [37], we per-
formed a granulocyte/macrophage colony forming assay 
to determine whether the loss of CKIP-1 affected myelo-
poiesis. Granulocyte/macrophage colonies from BMCs 
of CKIP-1−/− mice showed no significant differences 
from that of their WT littermates, but CKIP-1−/− splenic 
cells generated more colonies than WT cells (Figure 8G). 
These data indicate a role of CKIP-1 in regulating tissue 
macrophage numbers and development of their precusors 
in vivo.

CKIP-1, Akt and GSK3β  form a feedback loop in macro-
phage regulation

Based on our findings, we propose that CKIP-1 forms 
a negative feedback loop together with Akt and GSK3β 
to maintain the balance of initiation and termination of 
M-CSF signaling. In resting macrophages, CKIP-1 un-
dergoes protein synthesis and constitutive proteasomal 
degradation driven by GSK3β-mediated phosphoryla-
tion on Ser342, similar to the case of β-catenin [15]. In 
this manner, CKIP-1 was maintained at a low protein 
level (Figure 9, left). Upon M-CSF treatment, CSF-
1R activates PI3K and Akt kinases, and the process 
involves TRAF6-mediated K63-linked ubiquitination 
of Akt followed by its plasma membrane recruitment. 
Akt inactivates GSK3β through phosphorylation, lead-
ing to reduced phosphorylation and thus ubiquitination 
of CKIP-1 and then accumulation of CKIP-1. Inactiva-
tion of GSK3β also causes the stabilization of β-catenin. 
β-catenin translocates from the cytoplasm to the nucleus 
to regulate expression of genes such as cyclin D and c-
myc, promoting macrophage cell cycle progression [15]. 
Meanwhile, the accumulated CKIP-1 interacts with the 
TRAF6 ubiquitin ligase and inhibits TRAF6-mediated 
Akt ubiquitination. In this manner, CKIP-1 terminates 

M-CSF-induced Akt activation and prevents excessive 
macrophage proliferation (Figure 9, right). Once Akt is 
inactivated, GSK3β activity is restored. This would trig-
ger CKIP-1 phosphorylation, ubiquitination and degrada-
tion, thus returning CKIP-1 to a normal low level. 

Discussion

Macrophages are found in all tissues of adult mam-
mals, and most of them are regulated by M-CSF [7, 38]. 
M-CSF is a pleiotropic macrophage growth factor, act-
ing on not only fully differentiated macrophages but also 
their myeloid progenitors. Together with other growth 
factors such as IL-3 or alone, M-CSF can support my-
eloid linage cell proliferation and differentiation [7]. In 
particular, M-CSF synergizes with the receptor activator 
of NF-κB ligand (RANKL) to regulate the differentiation 
of mononuclear precusors to osteoclasts [39]. Studies on 
M-CSF-deficient mice indicate that M-CSF is essential 
for regulating the survival, proliferation and differentia-
tion of tissue macrophages [7, 40-42]. However, less is 
known about how the M-CSF signaling pathway is ter-
minated. Our findings uncover CKIP-1 as an important 
negative regulator of macrophage proliferation and M-
CSF signaling, and delineate a molecular framework for 
CKIP-1 function in macrophages. 

We showed that CKIP-1 inhibits TRAF6-mediated 
Akt activation to inhibit macrophage proliferation, re-
vealing a role for TRAF6 in M-CSF signaling. We noted 
that previous reports did not implicate a role for TRAF6 
in M-CSF signaling, despite that TRAF6−/− mice have se-
vere osteopetrosis due to lack of mature osteoclasts remi-
niscent of M-CSF-deficient and CSF1-R-deficient mice 
[42-43], because TRAF6 plays a pivotal role in RANKL 
signaling, which is known to be essential for osteoclast 
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Figure 7 Phosphorylation of CKIP-1 by GSK3β triggers its ubiquitination and degradation. (A) Flag-CKIP-1 or empty vector 
were transfected into 293T cells. Twenty-four hours post transfection, cells were treated with MG132 (20 µM), SB216763 (10 
µM), LiCl (10 mM) or LY294002 (20 µM) for 8 h, then harvested for IP with Flag antibodies followed by ubiquitination assay. (B) 
Flag-CKIP-1 WT, Flag-CKIP-1 S342A or empty vectors were transfected into 293T cells. Thirty-six hours post transfection, 
cells were harvested and the total lysates were immunoprecipitated with Flag antibodies followed by ubiquitination assay. (C) 
293T cells transfected with WT CKIP-1 or mutants were treated with CHX (50 µg/ml) for the indicated periods and harvested 
for IB analysis. (D) RAW264.7 cells were infected with human CKIP-1 lentivirus, and serum-starved for 24 h and then restim-
ulated with M-CSF (50 ng/ml) for various periods and harvested for IP and IB analysis. 

differentiation and maturation [27, 44]. In contrast to 
RANKL signaling in which the role of TRAF6 has been 
extensively investigated in vivo and in vitro [28, 45-47], 
studies on its role in M-CSF signaling are rare. In an in 

vitro system using splenocytes to induce macrophages 
with M-CSF, TRAF6−/− splenocytes gave rise to almost an 
equal number of macrophage-like cells compared with 
wild type [44]. These data seemed to suggest that TRAF6 
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was not involved in M-CSF signaling. Compared with 
BMCs, splenocytes have less potential to proliferate and 
differentiate to matured myeloid linage cells in response 
to M-CSF. Distinct from the generation from BMDMs, 
M-CSF-induced differentiation of splenocytes to macro-
phage-like cells is more likely the result of splenic mono-
cyte differentiating into macrophages. In such a process, 
macrophages proliferate poorly. Thus, it is likely that 
the differentiation potential and the number of splenic 
monocytes are not affected by TRAF6 deficiency. An-
other study using TRAF6-deficient mice and BM chime-
ras reconstituted with TRAF6-deficient fetal liver cells 
showed that splenic dendritic cells (DC), especially the 
myeloid-related CD8α− subpopulation[48-50], are dra-
matically decreased in TRAF6−/− mice and TRAF6−/− BM 
chimeras [51], suggesting that TRAF6 is important for 
DC development. Since DC shares the same origin with 
macrophages and monocytes, and their development are 
also modulated by M-CSF [52-53], this report supports 
that TRAF6 plays a role in myeloid cell development 
and that it may be involved in M-CSF signaling. Consid-
ering the complexity of regulation by M-CSF, to further 
demonstrate the role of TRAF6 in M-CSF signaling, 
future studies are needed to examine tissue macrophage 
development (besides osteoclasts) using TRAF6−/− mice, 
TRAF6−/− BM chimeras or inducible conditional knock-
out mice of TRAF6 and to investigate the role of TRAF6 
in primary macrophages such as BMDMs.

We identified CKIP-1 as a novel substrate of GSK3β 
and the phosphorylation site located at serine 342. Ad-
ditional results reveal that GSK3β inhibits CKIP-1 
through phosphorylation followed by ubiquitination and 
proteasomal degradation. In resting macrophages, CKIP-
1 is a short-lived protein with a half-life of about one 
hour. During M-CSF stimulation, CKIP-1 protein levels 
are dynamically regulated accompanied by the fluctuat-
ing phosphorylation. We tried to identify the responsible 
ubiquitin ligase for CKIP-1 but did not succeed yet. Fur-
ther investigations should be performed to fill this gap. 
To the best of knowledge, this is the first report of phos-
phorylation and ubiquitination of CKIP-1 protein. 

GSK3β has been identified as the first direct target of 
Akt [54]. Akt phosphorylates GSK3β, and inactivates 
the latter in response to a variety of signals, leading to 
diverse biological effects [11]. Previous studies showed 
that Akt and GSK3β are both phosphorylated down-
stream of M-CSF signaling and have a role in regulation 
of macrophage proliferation [8-9, 15], but the relation-
ship between them under M-CSF signaling remains 
unveiled. Our results provided evidence that Akt con-
tributes to GSK3β phosphorylation in M-CSF signaling. 
We also showed that GSK3β can regulate Akt activity by 

controlling CKIP-1 protein stability. These findings il-
lustrate a feedback loop in the Akt-GSK3β axis. Further 
results indicate that this Akt-GSK3β-CKIP-1 feedback 
loop is pivotal for the proper regulation of M-CSF sig-
naling and macrophage homeostasis. Although, we have 
identified such a feedback loop in M-CSF signaling, it is 
possible that this might be a common mechanism in di-
verse signaling pathways. 

Based on its ability to inhibit Akt, CKIP-1 has been 
suggested as a candidate tumor suppressor [29]. Howev-
er, whether CKIP-1 is a bona fide Akt suppressor in vivo 
was still unclear. Our current study utilized the knockout 
mouse model to show that CKIP-1 is indeed a critical 
regulator of Akt signaling, at least in the context of mac-
rophages. Moreover, the molecular mechanism by which 
CKIP-1 inhibits Akt activation was previously unknown. 
Although CKIP-1 binds to the PH domain of Akt, CKIP-
1 does not compete with Akt for phosphoinositide bind-
ing [29]. Our findings indicate that CKIP-1 interacts with 
TRAF6 and antagonizes its ligase activity towards Akt. 
These results provide new insights into the mechanism 
by which CKIP-1 regulates Akt and extends the physi-
ological role of such regulation into the context of mac-
rophage proliferation.

Our previous studies demonstrate that CKIP-1−/− mice 
display a higher bone mass due to accelerated bone for-
mation [21], as well as spontaneous cardiac hypertrophy 
associated with aging and hypersensitivity to pressure 
overload-induced pathological cardiac hypertrophy [22]. 
The present study provides the first in vivo evidence to 
indicate a physiological role of CKIP-1 in macrophage 
development. Studies exploring the functions of CKIP-1 
in immune responses against challenges such as extrinsic 
pathogens are currently ongoing.

Materials and Methods

Mouse, cells and reagents
CKIP-1−/− mice on a C57BL/6 background were prepared as 

previously described [21]. Mice were maintained and handled in 
accordance with protocols approved by Chinese Academy of Mili-
tary Medicine Science. RAW264.7 cells were cultured in RPMI-
1640 medium with standard formulations, whereas 293T were 
cultured in DMEM. 32D cells were maintained in RPMI-1640 
containing 5% WEHI3-conditioned medium. 32D-CSF1R cell line 
was constructed by overexpression of the full-length CSF1-R into 
32D cells mediated by a lentiviral system, followed by selection 
in M-CSF-containing, but IL-3-free, medium. The proteasome 
inhibitor MG-132, protein synthesis inhibitor CHX, PI3K inhibi-
tors LY294002 and Wortmannin, GSK3β inhibitor SB216763, 
LPS (Salmonella minnesota Re595) were purchased from Sigma. 
Erk inhibitor UO126 and p38 inhibitor SB203580 were purchased 
from Santa Cruz. Phos-tag™ AAL-107 was purchased from Wako-
Chem. 
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Figure 8 Macrophage expansion in CKIP-1-deficient mice. (A) Immunohistochemical analysis of IBA-1 (brown), a microglia 
marker, in brain and spinal cord of WT and CKIP-1-deficient mice (n = 3 per group; original magnification, ×400. Scale bar, 50 
µm). (B) Photographs of spleens of 4-5-month-old WT and CKIP-1−/− mice. (C) Representative hematoxylin-eosin (HE) stain-
ing of spleens sections from B. (Original magnification, ×100. Scale bar, 100 µm). (D) Flow cytometry of splenocytes of WT 
and CKIP-1−/− mice (n = 5 per group). Macrophages were identified as Mac1+F4/80+, Ly6Cint Mac1+ cells corresponding to res-
ident monocytes and Ly6ChiMac1+ cells representing inflammatory monocytes. Numbers indicate the percentages of cells in 
the squares. (E, F) Representative FACS profiles and average percentage of immature myeloid cells from bone marrow (n = 
6). (E) Ly6Chi/CD31low population represents monocytic cells and CD31hi/Ly6C‾ population represents common blasts. Statisti-
cal analysis results are shown in the lower panal. (F) Representative FACS profiles of myeloid cell populations in Mac-1/Gr-1 
and Mac-1/F4/80 FACS profiles from bone marrow. Numbers indicate the percentages of cells in the indicated gates. Statisti-
cal results were shown in the lower panal. (G) Total BMCs and splenocytes were harvested and cultured onto methylcellulose 
medium. G/M colonies were enumerated 8 days after plating. *P < 0.05, **P < 0.01 (Student’s t-test); n.s., no significant dif-
ference (mean ± SD). Data are representative of three independent experiments. 

Mouse bone marrow-derived macrophages 
Femur and tibia were harvested from mice, washed with PBS 

and BMCs were flushed out with PBS. The cell suspension was 
filtered through 70 µm cell strainer to remove any cell clumps. The 
single cell suspension was then cultured in RPMI-1640 medium 
containing 10% (vol/vol) fetal calf serum (FCS), M-CSF (20 ng/
ml; R&D). In some experiments, L929 condition media (LCM) 
was used as a source of M-CSF as indicated. To fully differenti-
ate BMDM, the cells were cultured for 7 days with fresh media 
changed every other day. The generated BMDMs are CD11b+ and 
F4/80+ (purity > 95%).

Transfection and viral infection
Transient transfections were performed with Lipofectamine™ 

2000 transfection reagent (Invitrogen) following the manufactur-
er’s instructions. Human and mouse CKIP-1 and mouse CSF1-R 
cDNAs were inserted into murine stem cell virus (MSCV)-IRES-
GFP or (MSCV)-IRES-Puro vector for overexpression assay, 
CKIP-1, TRAF6 and p65 shRNAs were inserted into U6-Puro-
GFP vector for knockdown assays. CKIP-1 and CSF1-R-lentiviral 
vectors, CKIP-1-lentiviral shRNA (5′-CCTGAGTGACTAT-
GAGAAG-3′), TRAF6-lentivivral shRNA#1 (5′-GCCCAGGCT-
GTTCATAATGTT-3′), shRNA#2 (5′-CCTGTGAATTTCAGAG-
GCT-3′), p65-lentivivral shRNA#1 (5′-AGGCCATATAGCCT-
TACTATC-3′), shRNA#2 (5′-GGAGTACCCTGAAGCTATA-
AC-3′) and random shRNA (5′-TTCTCCGAACGTGTCACGT-3′) 
were transfected with packing plasmids into 293T cells for 2 days, 
and virus particles were used to infect 32D-CSF1R or RAW264.7 
cells as indicated. Selections were carried out if necessary by cul-
turing in medium containing 2 µg/ml puromycin for 2 days.

CKIP-1-phospho-Ser342 polyclonal antibody 
CKIP-1-phospho-Ser342 polyclonal antibody was raised 

against the phospho-peptide rkakdpprspppdsc of human CKIP-1.

Flow cytometry and antibodies
F4/80 (BM8), CD115(AFS98), CD19 (1D3), CD284 (UT41), 

CD31 (390), CD3 (145-2C-11), B220 (RA3-6B2), CD11b (M1/70), 
I-Ab (AF6-120.1), Ly6C (AL-21) antibodies were from eBiosci-
ence or BD Pharmigen. FACS analyses were done on FACSCali-
bur (BD Biosciences). Cell sorting was conducted on FACSAria 
(BD Biosciences). Dead cells (DAPI positive) were excluded from 
sorting. Data were analyzed with the FlowJo software (Treestar).

Histology 
WT and CKIP-1-deficient mice were killed at 10-12 weeks af-

ter birth. Tissues were fixed 24 h in 10% neutral-buffered formalin 
and then embedded in paraffin. Sections (4 µm) in thickness were 
cut and stained for histological examination. Immunohistochemis-
try was used to investigate microglia distribution. Polyclonal rab-
bit primary antibody to Iba-1 (1:1 000 dilution; 019-19741; Wako-
Chem) was diluted in PBS with 1% (wt/vol) BSA. Images were 
obtained with a Nikon DP70 camera mounted on a Nikon Bx60 
microscope with Cell-F imaging software (Soft Imaging System).

Proliferation assay 
M-CSF-stimulated cells were labeled for indicated time with 

BrdU (5-bromodeoxyuridine; 10 µM) and incorporation was mea-
sured by flow cytometry with a BrdU Flow kit (BD Pharmingen) 
according to the manufacturer’s instructions. 

Analysis of cell cycle and apoptosis 
Cell cycle and cell death status were determined on the basis of 

the DNA content of cells. Cells were washed with flow cytometry 
buffer (2% (vol/vol) FCS in PBS), fixed with 70% ethanol and 
stained with propidium iodide (Sigma) according to established 
protocols. Samples were analyzed on a FACSCalibur (BD Biosci-
ences). Data were analyzed with the FlowJo software (Treestar).

Immunoprecip i ta t ion ( IP) , immunoblo t t ing ( IB) , 
immunofluorescence (IF) and ubiquitination assays

IP, IB, IF and ubiquitination assays were carried out as previ-
ously described [21]. The following antibodies were used for IP, 
IB and IF. Anti-TRAF6, Akt, ubiquitin, CKIP-1, phospho (S276)-
p65 and GAPDH antibodies were purchased from Santa Cruz. 
Anti-phospho (S473)-Akt, phospho (T308)-Akt, phospho-Erk, 
Erk, phospho-p38, p38, phospho (S9)-GSK3β, GSK3β, β-catenin, 
IKKα/β, p-IKKα/β, IκB and p65 antibodies were from Cell Sig-
naling Technology. Anti-Myc antibody was from MBL. Anti-HA 
antibody was from Roche. Anti-α-tubulin and anti-Flag antibodies 
were from Sigma. 

GST pull-down assays 
Recombinant GST-CKIP-1 fusion proteins were expressed 

in bacteria and purified using glutathione-Sepharose. The Myc-
TRAF6 was expressed in 293T cells. Subsequently, the GST-pull-
down assays were carried out by incubating GST-CKIP-1-bound 
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Figure 9 The proposed working model of CKIP-1 with Akt and GSK3β in regulating the macrophage proliferation and M-CSF 
signaling.

beads with Myc-TRAF6-expressing 293T cell lysates at 4 °C for 8 
h. The beads were washed and the bound proteins were analyzed 
by SDS-PAGE and IB analysis.

In vitro phosphorylation 
Recombinant GST-CKIP-1 fusion proteins were expressed in 

bacteria and purified using glutathione-sepharose. Purified GST-
CKIP-1 proteins were left bound on beads. The beads were washed 
three times with kinase reaction buffer (20 mM Tris-HCl, pH 7.5, 
10 mM MgCl2 and 5 mM DTT). In vitro phosphorylation reactions 
were carried out by combining 20 µl of glutathione-sepharose-
bound GST-CKIP-1 in 5 µl of kinase reaction buffer containing 
ATP (200 µM) and active GSK-3β (10 U per reaction, NEB). The 
samples in a total volume of 50 µl were incubated at 30 °C for 30 
min, and the reactions were terminated by addition of SDS sample 
buffer. The phosphorylated proteins were separated by SDS-PAGE 
and IB analysis.

Granulocyte/macrophage CFU assay
Single-cell suspensions were prepared from spleen and bone 

marrow. To detect G/M colony-forming ability, MethoCult 3534 
(Stem cell Technology) containing IL-3, IL-6 and stem cell factor 
(SCF) were used to culture cells of interests. In all, 2 × 104 BMCs 
and 2 × 105 splenocytes were plated to each plate. After 8 days of 
culture, the formation of colonies was observed and enumerated 
under microscope.

Membrane fractionation

RAW264.7 cells were serum-starved for 24 h in DMEM con-
taining 0.1% FBS, and then stimulated with M-CSF (50 ng/ml) 
for various periods and cytosolic and membrane fractions were 
prepared using the ProteoJETTM Membrane Protein Extraction kit 
(Fermentas) according to the manufacturers’ standard procedures.

Site-directed mutagenesis
Site-directed mutagenesis of Flag-CKIP-1 (S342A and 

S342/346A) was performed using the QuikChange Site-Directed 
Mutagenesis kit (Stratagene) according to the manufacturer's in-
structions.

CHX chase assays
CHX chase assays were performed as described previously [21]. 

Cells were treated with CHX (20 µg/ml) for various times 2 days 
after transfections. Cells were lysed and analyzed by immunoblot-
ting.

Quantitative PCR analysis
Total RNA was isolated with TRIzol (Invitrogen), and reverse 

transcription was performed with ReverTra Ace (Toyobo) ac-
cording to the manufacturer’s instructions. For quantitative PCR, 
cDNA fragments were amplified by Realtime PCR Master Mix 
(Toyobo); fluorescence for each gene was detected by an iQ5 
real-time PCR system (Bio-rad). The mRNA expression level of 
each gene was normalized to the expression level of GAPDH. 
The primers used were as following: c-Myc F: 5′-AATCCT-
GTACCTCGTCCGAT-3′, R: 5′-TCTTCTCCACAGACAC-
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CACA-3′; cyclin D1 F: 5′-TGCTACCGCACAACGCA-3′, R: 
5′-TCAATCTGTTCCTGGCAGGC-3′; cyclin D2 F: 5′-CGTGT-
GATGCCCTGACTGAG-3′, R: 5′-GACTTGGATCCGGCGT-
TATG-3′; CKIP-1 F: 5′- AATTCTGCGGGAAAGGGATTT-3′, R: 
5′-AACACCTCCTGACTGTTTTCTC-3′; GAPDH F: 5′-AGGTC-
GGTGTGAACGGATTTG-3′, R: 5′-TGTAGACCATGTAGTT-
GAGGTCA-3′.

Statistics
Statistical significance was calculated with the two-tailed 

Student’s t-test.
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