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(Figure 1D) identified that several NSCLC cell 
lines, including H1650, A549, HCC827 and 

ure 2C) and CSF-1R-OE H1975 grafts signifi-
cantly increased (Figure 2F) CSF-1R mRNA and 

Figure 2. NSCLC cells expressed CSF-1R promotes tumorigenicity in xeno-
transplanted tumor model. A. CSF-1R mRNA (lower panel) and protein expres-
sion (upper panel) by CSF-1R-shRNA-1 and CSF-1R-shRNA-2 versus vector 
control. B. Tumor growth kinetics (mean ± SD) of H1975-shRNA versus vector 
control H1975 NSCLC cells in BALB/c nu/nu mice (n = 6 each). C. CSF-1R 
mRNA expression (mean ± SD) determined by qPCR (left panel) and repre-
sentative immunohistochemical images of CSF-1R protein expression (right 
panel) of NSCLC tissues harvested post inoculation of H1975-shRNA-1/-2- 
versus control H1975 cells to BALB/c nu/nu mice, respectively. Scale bars 
represent 100 μm. D. CSF-1R mRNA (lower panel) and protein expression 
(upper panel) by CSF-1R-OE versus vector control. E. Tumor growth kinetics 
(mean ± SD) of H1975-OE versus vector control H1975 NSCLC cells in BALB/c 
nu/nu mice (n = 6 each). F. CSF-1R mRNA expression was determined by 
qPCR (left panel) and representative immunohistochemical images of CSF-1R 
protein expression H1975 (right panel) of NSCLC harvested post inoculation 
of H1975-OE- versus vector control-transduced H1975 cells to BALB/c nu/nu 
mice, respectively. Scale bars represent 100 μm.

H1975 exhibited high expres-
sion of CSF-1R. Furthermore, 
flow cytometric was perfor- 
med to analyze CSF-1R in the 
surface of NSCLC cells and 
the results revealed that 
CSF-1R positive tumor cells 
frequencies ranged from 
13.6% to 36.5% (Figure 1E). 
Finally, H1975 was selected 
to form NSCLC grafts in mice 
and immunohistochemical 
analysis verified CSF-1R ex- 
pression by NSCLC cells 
(Figure 1F). Together, these 
results suggest that CSF-1R 
is increasing during NSCLC 
progression.

CSF-1R modulates tumor 
growth in vivo

To dissect the functional role 
of CSF-1R in NSCLC cells 
growth, we generated CSF-
1R knock-down (knock-do- 
wn) and CSF-1R-overexpre- 
ssing (OE) NSCLC H1975 
cells. Transduction of H1975 
cells with two distinct shR-
NAs targeting CSF-1R sig- 
nificantly inhibited CSF-1R 
mRNA and blocked protein 
expression of CSF-1R com-
pared to control cells (Figure 
2A). Conversely, transduc-
tion with CSF-1R-encoding 
constructs resulted in up-
regulation both mRNA and 
protein level of CSF-1R in 
H1975 cells (Figure 2D). We 
next investigated the role of 
endogenous CSF-1R in tumor 
growth in vivo. CSF-1R-knock 
down resulted in decreased 
(Figure 2B) and CSF-1R-OE 
increased (Figure 2E) H1975 
NSCLC growth in nude mice 
compared to that of controls. 
At the experimental endpo- 
int, CSF-1R-knock-down de- 
monstrated diminished (Fig- 
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CSF-1R protein expression compared to control 
tumors. We next examined the effects of CSF-
1R silencing or overexpression on H1975 cells 
growth and colony formation in vitro. Consistent 
with the vivo findings, CSF-1R-knock-down 
impaired H1975 cells proliferation (Figure 3A) 
and colony formation abilities (Figure 3B), 
whereas CSF-1R-OE promoted in vitro culture 
growth (Figure 3D) and clonogenicity (Figure 
3E) compared to respective controls. Because 
the expression of CSF-1R in cancer cells regu-
lates series of downstream signaling pathways-
such as ERK and PI3K/AKT/mTOR signaling, 
which play critical roles in tumor growth and 
metastasis, we determined the effect of CSF-

1R knock-down in phosphorylation of ERK1/2, 
PI3K, AKT and mTOR. CSF-1R knock-down 
reduced (Figure 3C) and over-expression (OE) 
increased (Figure 3F) phosphorylation of the 
ERK1/2, PI3K, AKT and mTOR, which indicated 
CSF-1R mediated induction of pro-tumorigenic 
ERK and PI3K/AKT/mTOR signaling pathway. 
Altogether, these results suggested the intrin-
sic functions of CSF-1R in NSCLC growth.

CSF-1R knockdown in NSCLC cells inhibits 
EMT

Epithelial-mesenchymal transition (EMT) is 
characterized by tumor cells mobility and up-

Figure 3. H1975 cells expressed CSF-1R promotes cells growth in vitro. A. Control shRNA or shRNA against CSF-1R 
were transfected into H1975 cells. After 24 h post transfections, cells were cultured for further 24 h, 48 h, 72 h,  
96 h, respectively, and subjected to cell proliferation assay. The data are presented as mean ± SD. For indicated 
comparisons, **p < 0.01. B. CSF-1R knock-down in H1975 cells results in decreased anchorage-independent 
growth. The data were presented as mean ± SD. For indicated comparisons, **p < 0.01. C. Immunoblot analysis 
of phosphorylated (p) and total ERK1/2, PI3K, AKT and mTOR in CSF-1R-shRNA-1 and CSF-1R-shRNA-2 versus 
control. D. CSF-1R-OE in H1975 cells accelerated cell proliferation in vitro. E. CSF-1R-OE in H1975 cells accelerated 
anchorage-independent growth. The data were presented as mean ± SD. For indicated comparisons, **p < 0.01. F. 
Immunoblot analysis of phosphorylated (p) and total ERK1/2, PI3K, AKT and mTOR in CSF-1R OE vs. vector control 
H1975.



CSF-1R regulates NSCLC metastasis

2150	 Am J Cancer Res 2017;7(11):2144-2156



CSF-1R regulates NSCLC metastasis

2151	 Am J Cancer Res 2017;7(11):2144-2156

regulation of mesenchymal markers and epi-
thelial markers decreasing. To future character-
ize the role of CSF-1R in NSCLC metastasis; we 
noticed the morphology of H1975 cells change 
from spindle-like and scattered appearance to 
cobble stone-like shape, once CSF-1R was 
down-regulation in H1975 cells (Figure 4A). We 
next determined these characteristics in the 
CSF-1R knock-down H1975 cells to investigate 
whether CSF-1R knock-down inhibits H1975 
cells EMT. In the wound healing analysis, the 
control cells exhibited remarkably faster wound 
healing than CSF-1R knock-down cells (Figure 
4B). Consistent with it, CSF-1R knock-down sig-
nificantly reduced H1975 cells invasion in the 
Transwell analysis (Figure 4C). In addition, the 
CSF-1R knock-down cells appeared significant-
ly increase in epithelial markers and a loss of 
mesenchymal markers (Figure 4D). Ectopic 
over-expressing of CSF-1R in the H1975 cells 
(Figure 4E) effectively restored the epithelial 
morphology (Figure 4F). Meanwhile, up-regula-
tion of CSF-1R accelerate H1975 cells migra-
tion, invasion and restore its EMT phenotypes 
(Figure 4G-I). Together, these results indicate 
that reducing CSF-1R suppressed metastasis 
and EMT in H1975 cells. 

Identification of Wnt3a as a CSF-1R target 
gene 

In order to unravel cellular pathways involved in 
CSF-1R-mediated NSCC metastasis, we per-
formed gene expression analysis in parental 
cells and CSF-1R knock-down H1975 cells 
(Figure 5A). We selected a panel of 21 genes 
involved in regulation of migration and inva-
sion. The most down-regulated gene was 
Wnt3a, which activate the calcium-calmodulin 
kinase, protein kinase c or Jun NH (2)-terminal 
kinase pathway, called non-canonical Wnt sig-

naling (Figure 5B). Wnt3a regulates multiple 
cancer-associated processes including prolif-
eration, survival, EMT, metastasis and angio-
genesis. Interestingly, lung cancers generally 
have higher levels of Wnt3a expression, which 
is associated with reduced disease-free sur-
vival. We confirmed that CSF-1R knock-down 
down-regulated both Wnt3a mRNA and protein 
(Figure 5C, 5D). Similar results were obtained 
from immunofluorescence assay. Notably, shR-
NA-based CSF-1R depletion remarkably dimin-
ished the expression of Wnt3a in H1975 cells 
(Figure 5E). We therefore evaluated migration 
and invasion of H1975 cells upon Wnt3a deple-
tion (Figure 5F). Wnt3a knock-down reduced 
migration by 45% (Figure 5G) and invasion was 
remarkably suppressed in the Wnt3a knock-
down H1975 cells (Figure 5H). Furthermore, 
H1975 shWnt3a cells exhibited a flat, cobble-
stone-like morphology, whereas the control 
cells had a spindle shape feature (Figure 5I). 
These results identify Wnt3a as a CSF-1R tar-
get gene that regulates H1975 cancer cell 
migration and invasion.

CSF-1R regulates migration and invasion 
through Wnt3a

CSF-1R regulation of Wnt3a expression led us 
to hypothesize that CSF-1R regulates NSCLC 
cell migration and invasion through Wnt3a sig-
naling. CSF-1R and Wnt3a may act in a single 
signaling pathway. If CSF-1R acts upstream of 
Wnt3a, we would expect that ablation of CSF-
1R or Wnt3a individually impairs migration and 
invasion to a similar degree, compared to co-
depletion. We conducted migration and inva-
sion assays under these conditions (Figure 6A, 
6B). As shown above, individual ablation of 
CSF-1R or Wnt3a significantly reduced migra-
tion and invasion. In support of the hypothesis, 

Figure 4. CSF-1R knock-down suppresses EMT in H1975 cells. A. Phase-contrast images of control and two CSF-1R 
knock-down pools. Scale bars represent 100 μm. B. Wound healing assay. Confluent cell monolayers were wounded, 
and wound closure was monitored at 0 hour and 24 hour. Scale bars represent 50 μm. C. Invasion assay. H1975 
control or CSF-1R knock-down cells were subjected to Transwell invasion assay. The invasive cells were stained with 
1% crystal violet and counted. Data were collected from five fields in three independent experiments. Scale bars 
represent 50 μm. For indicated comparisons, **p < 0.01. D. Western blot analysis showed that silencing CSF-1R 
causes up-regulation of the epithelial cell markers and down-regulation of mesenchymal cell markers. E. The levels 
of CSF-1R protein in control, CSF-1R knock-down cells and rescue cells (CSF-1R knock-down cells transfected with 
CSF-1R cDNA) were examined by western blotting and qPCR, respectively. F. Phase contrast pictures of control, 
CSF-1R knock-down, and rescue cells. Scale bars represent 100 μm. G. The wound healing assay. Scale bars rep-
resent 50 μm. **p < 0.01 vs. Scramble; ##p < 0.01 vs. CSF-1R shRNA. H. The Transwell migration assay. Scale bars 
represent 50 μm. **p < 0.01 vs. Scramble; ##p < 0.01 compared with CSF-1R shRNA. I. Western blot analysis showed 
that H1975 rescue cells causes up-regulation of the epithelial cell markers and down-regulation of mesenchymal 
cell markers.



CSF-1R regulates NSCLC metastasis

2152	 Am J Cancer Res 2017;7(11):2144-2156

Figure 5. Identification of Wnt3a as a CSF-1R-dependent gene. A. Screening strategy. B. Heatmap representing relative expression of 46 genes involved in regulation 
of migration and invasion in response to CSF-1R depletion in H1975 cells. Z scores are represented using a color code. Results for separate knockdown experiments 
were shown (n = 2). C. Wnt3a mRNA level was measured in H1975 cells 24 h after transfection with the indicated shRNAs. D. Wnt3a protein expression was mea-
sured by western blotting analysis after H1975 cells transfected with the indicated shRNAs. E. Immunofluorescence of Wnt3a was performed in H1975-control and 
CSF-1R knock-down cells. Scale bar: 50 um. F. Immunoblot validates Wnt3a depletion in H1975 24 h after transfection with the indicated siRNAs. G. Migration assay 
was conducted with scramble or siWnt3a-depleted H1975 cells. Bars show means ± SD of three independent experiments. Statistical analyses were performed by 
using one-way ANOVA. H. H1975 cells were treated with control siRNA or siRNA targeting Wnt3a, which was followed by the Transwell invasion assay. The following 
symbols were used to indicate significant differences: **p < 0.01 vs. control. I. Photomicrographs of scrambled shRNA- or shWnt3a-depleted H1975 cells.
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co-depletion of CSF-1R and Wnt3a did not 
cause additive inhibition. Furthermore, if CSF-
1R acts upstream of Wnt3a, Wnt3a overexpres-
sion in CSF-1R-depleted cells should restore 
cell migration and invasion. Similarly, CSF-1R 
over-expression in Wnt3a-depleted cells should 
fail to rescue. We found that overexpression of 
either CSF-1R or Wnt3a increased migration 
and invasion by about 20~30% in shRNA con-
trol cells (Figure 6C, 6D). Critically, Wnt3a over-
expression rescued migration (Figure 6C) and 
invasion (Figure 6F) in CSF-1R-depleted cells. 
CSF-1R overexpression in Wnt3a-depleted cells 
failed to restore migration and invasion, con-
firming that Wnt3a acts downstream of CSF-1R. 
To test the hypothesis that CSF-1R/Wnt3a sig-
naling is crucial for NSCLC propagation, we 
employed qPCR assay to measure the endoge-
nous expression of Wnt3a in tissues of NSCLC. 
We found Wnt3a was significantly up-regulated 

in the tissues of NSCLC (Figure 6E). Statistical 
analysis revealed that up-regulation of Wnt3a 
correlated with NSCLC patient poor prognosis 
(Supplemental Table 2 and Figure 6F). More 
importantly, Wnt3a expression was highly posi-
tive correlated with CSF-1R (Figure 6G). Taken 
together, our results indicate that CSF-1R regu-
lates migration and invasion through Wnt3a 
signaling.

Discussion

The current study provides new insights into 
colony-stimulating-factor receptor-1 (CSF-1R) 
pathway functions in NSCLC growth and metas-
tasis [18]. Firstly, we conducted a comprehen-
sive characterization of CSF-1R in clinical lung 
cancer biopsies and established NSCLC cells. 
Substantive researches in solid tumors demon-
strate that the CSF-1/CSF-1R axis correlates 

Figure 6. Wnt3a acts downstream of CSF-1R to regulate H1975 cells migration and invasion. A. H1975 was trans-
fected with the indicated shRNAs (scramble, shCSF-1R, shWnt3a) for 24 h prior to conduct migration assays. Bars 
show means ± SD of three independent experiments. Statistical analyses were performed by using one-way ANOVA. 
B. H1975 was transfected with the indicated shRNAs (scramble, shCSF-1R, shWnt3a) for 24 h prior to conduct 
Transwell invasion assays. Bars show means ± SD of three independent experiments. Statistical analyses were 
performed by using one-way ANOVA. C. H1975 cells were transfected with the indicated shRNAs (scramble, shCSF-
1R, shWnt3a) for 24 h and indicated plasmids for 24 h prior to conduct migration assays. Bars show means ± SD 
of three independent experiments. Statistical analyses were performed by using one-way ANOVA. D. H1975 cells 
were transfected with the indicated shRNAs (scramble, shCSF-1R, shWnt3a) for 24 h and indicated plasmids for 24 
h prior to conduct invasion assays. Bars show means ± SD of three independent experiments. Statistical analyses 
were performed by using one-way ANOVA. The following symbols were used to indicate significant differences: ns, p 
> 0.05; *p < 0.05; **p < 0.01. E. Relative expression levels of Wnt3a detected by immunohistochemical in NSCLC 
tissues. Scale bars represent 100 μm. **p < 0.01, compared with adjacent non-tumor normal tissues. F. Kaplan-
Meier overall survival curves for patients with NSCLC indicating the correlation of Wnt3a overexpression with worse 
overall survival rates. G. Analysis showing linear regressions and significant Pearson correlations of CSF-1R with 
Wnt3a (n = 42) in NSCLC samples.
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with adverse prognosis of breast, lung, pros-
tate and kidney cancer [19]. Activation of CSF-
1R by its ligand CSF-1 not only occurs in an 
autocrine manner in tumor cells, but also in 
paracrine manner, which CSF-1R is stimulated 
by CSF-1 secreted by fibroblasts. Taking these 
data together, several drugs specific targeting 
CSF-1R (e.g. imatinib) has been developed and 
is currently in Phase I/II trial [20]. Although the 
dysregulated expression of CSF-1R has been 
documented in solid tumors, few studies per-
formed to investigate the potential role of CSF-
1R in the NSCLC. In this study, qRT-PCR, immu-
noblotting and flow cytometric were conducted 
to reveal the over-expression of CSF-1R in clini-
cal tumor samples and lung cancer cell lines. 

Preclinical data reveal that tumor-associated 
macrophages (TAMs) is a potential therapeutic 
target owing to they promote various tumor pro-
cesses, include, escape of immunologic sur-
veillance and secret pro-angiogenic factors 
[21]. To date, CSF-1R has been mainly studied 
in TAMs. Several approaches have been used 
to ablate TAMs or inhibit their tumor promoting 
functions in mouse models of tumor. One strat-
egy is CSF-1R inhibition, which depleted macro-
phages and reduced tumor in volume in several 
xenografts. Our study demonstrates CSF-1R in 
a non-TAMS cell type, i.e. NSCLC cells. Similar 
to the pro-tumorigenic effects of TAMs ex- 
pressed CSF-1R, our finding establish CSF-1R 
expressed by NSCLC cells function as a tumor 
growth and metastasis promoting mechanism 
in multiple experimental in vitro and in vivo. 
Phosphorylation of CSF-1R tyrosine creates 
binding sites for a variety of cytoplasmic pro-
teins that activate signal transduction path-
ways, including PI3K and ERK1/2. Consistent 
with the interrelationship of CSF-1R and 
ERK1/2 signaling in breast cancer cells, we 
found that CSF-1R knock-down decreased, 
while CSF-1R over-expression (OE) increased 
phosphorylation of the PI3K/AKT/mTOR and 
ERK1/2 signaling. Future studies will try to 
determine whether NSCLC CSF-1R dependent 
phosphorylation was reversed via pharmaco-
logical inhibition of mTOR. 

TAMs have high impact on the cancer develop-
ment owing to the facilitate invasion, angiogen-
esis, and tumor cell mobility. Clinical specimens 
from ovarian cancer metastasis possess strong 
immunostaining for CSF-1 and CSF-1R, as com-

pared to noninvasive borderline tumors and 
benign ovarian tissues, which express litter or 
no CSF-1/CSF-1R [22]. Blockade of CSF-1R sig-
naling using ribonucleic acid (RNA) interference 
or pharmacological inhibitors completely inhib-
its microglial enhancement of glioblastoma 
invasion. To advance human NSCLC treatment, 
it is necessary to understand the molecular 
mechanisms underlying tumor invadion and 
metastasis. Overcoming the drug resistance 
mediated by growth and receptor tyrosine 
kinases have been of particular interest in lung 
cancer therapy. In this study, we highlight the 
importance of CSF-1R in regulating NSCLC cell 
EMT and metastasis, which suggested a new 
therapeutic option to combat metastatic of 
NSCLC. The increase in CSF expression in 
NSCLC cells resulted in a highly significant 
increase in the invasiveness and mobility 
observed in vitro. In contrast, the CSF knock-
down NSCLC cells provide less invasiveness 
and mobility. Modulation of CSF-1R levels in 
NSCLC cells is achieved at the EMT protein lev-
els and correlated with tumor cells phenotype. 
Meanwhile, the over-expression CSF-1R corre-
lates with a significantly higher number of met-
astatic lesions in vivo. 

Our study also identified the metastasis associ-
ated genes whose expression is altered by 
CSF-R knockdown, which suggested the Wnt3a 
is direct target of CSF-1R. Here we report a new 
CSF-1R/Wnt3a signaling axis in NSCLC cancer 
cells metastasis. We show that CSF-1R regu-
lates Wnt3a expression to regulate NSCLC can-
cer migration and invasion. The Wnt signaling 
pathway is commonly activated and altered in 
cancer. Wnt3a has been implicated in regula-
tion of multiple processes in cancer, including 
proliferation, survival, EMT, angiogenesis, 
metastasis, cancer cell ‘stemness’ and therapy 
resistance in several cancer types [23]. 
Consistent with the previous studies, in our 
NSCLC cancer cells metastatic model system 
in vitro, Wnt3a is identified as one gene in can-
cer cells migration and invasion. Altogether, 
this study demonstrated that CSF-1R function 
as tumor promoter in NSCLC by regulation the 
activity of Wnt3a and accelerating EMT, migra-
tion, invasion and metastasis. Therefore, CSF-
1R protein constitutes a promising therapeutic 
target to resolve tumor progression and 
dissemination.
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Supplemental Table 1. CSF-1R levels and clinic-pathological 
parameters in patients with NSCLC

Clinic-pathological variables N High  
expression

Low  
expression P-value

Age (years) 0.104
    ≤ 60 74 44 30
    > 60 53 34 19
Sex 0.171
    Female 32 18 14
    Male 95 54 41
Histology 0.303
    AC 59 35 24
    SCC 68 43 25
Differentiation 0.225
    Moderate-well 37 16 21
    Well 90 59 31
TNM stage 0.018*

    I+II 76 54 22
    III 51 36 15
Lymphatic metastasis 0.029*

    Negative 43 26 17
    Positive 84 69 15
Tumor size 0.007**

    ≤ 3 cm 70 49 21
    > 3 cm 57 33 24
TNM, tumor-node-metastasis staging system. *p < 0.05, **p < 0.01.
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Supplemental Table 2. Wnt3a levels and clinic-pathological 
parameters in patients with NSCLC

Clinic-pathological variables N High  
expression

Low  
expression P-value

Age (years) 0.234
    ≤ 60 74 41 33
    > 60 53 30 23
Sex 0.203
    Female 32 22 10
    Male 95 68 27
Histology 0.167
    AC 59 28 31
    SCC 68 39 29
Differentiation 0.214
    Moderate-well 37 24 13
    Well 90 66 24
TNM stage 0.011*

    I+II 76 43 33
    III 51 28 23
Lymphatic metastasis 0.006**

    Negative 43 19 24
    Positive 84 61 23
Tumor size 0.013*

    ≤ 3 cm 70 42 28
    > 3 cm 57 37 20
TNM, tumor-node-metastasis staging system. *p < 0.05, **p < 0.01.


