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Abstract: Tumor development is accompanied by high hypoxia and a dense network of immature vessels. The hy-
poxia-inducible factor/vascular endothelial growth factor (HIF/VEGF) signaling pathway is activated in various solid 
tumors. It is thought that HIF/VEGF signaling activation results from intratumoral hypoxia partly. Multiple studies 
have reported that VEGF is a common target gene for both transcription factors STAT3 and HIF1. KDM4C has also 
been reported to function as a co-activation factor for HIF-1β/VEGF signaling activation. In this manuscript. Our 
results demonstrate that KDM4C promotes NSCLC tumor angiogenesis by transcriptionally activating HIF1α/VEGFA 
signaling pathway. We also find that STAT3 functions as a costimulatory factor in this process. This pathway opens 
a potential therapeutic window for the treatment of NSCLC.
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Introduction

Globally, lung cancer is the most common 
malignancy and the leading cause of cancer 
deaths (Cancer Today-IARC, 2018). In 2018, 
lung cancer caused close to 1.8 million deaths 
worldwide (Cancer Today-IARC, 2018). About 
80-85% lung cancers are classified as non-
small cell lung cancer (NSCLC) [1, 2]. Targeted 
Therapies are available for the treatment of 
advanced lung cancer, including Afatinib, a kind 
of small molecule inhibitor of EGFR [3]. Although 
antiangiogenic therapy is currently available in 
the clinic for the treatment of late stage lung 
cancer patients, resistance to such treatments 
frequently emerges [4-6]. Further limiting the 
treatment options available to the patient. 
Therefore, further investigation into the mecha-
nisms of tumor angiogenesis is warranted in 
order to elucidate novel and more effective 
therapeutic strategies against NSCLC.

The hypoxia-inducible factor/vascular endothe-
lial growth factor (HIF/VEGF) signaling pathway 
has been reported to be activated in various 
solid tumors. It is thought that HIF/VEGF signal-

ing activation results from intratumoral hypoxia 
and/or an abnormal functioning of genes that 
promotes tumor angiogenesis [7, 8]. Apart from 
the abnormal activation of the HIF/VEGF signal-
ing pathway, aberrant activation of the STAT3 
(signal transducer and activator of transcription 
3) has also been observed in various solid 
tumors, including those affecting the kidney, 
lung, breast and the head & neck tumor region 
[9]. In addition, multiple studies have reported 
that VEGF is a common target gene for both 
STAT3 and HIF1, and both transcription factors 
modulate VEGF expression during hypoxia [10-
12]. Together, these observations imply an 
association between STAT3 and HIF1 in the 
regulation of tumor angiogenesis.

KDM4C, also known as JMJD2C (histone 
demethylase JMJD containing protein 2C) is 
encoded by the KDM4C gene and has been 
shown to be a transcription target of HIF1 [13]. 
KDM4C has been shown to demethylate lysine 
9 of histone H3 (H3K9me2 and H3K9me3) and 
lysine 36 of histone H3, (H3K36me2 and 
H3K36me3) in vitro and in cells overexpressing 
KDM4C [14-16]. It has been reported that 
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KDM4C drives the proliferation and transfor-
mation of various cancer cells, including breast 
and leukemia cells [14, 17-19]. KDM4C has 
also been reported to function as a co-activa-
tion factor for HIF-1/VEGF signaling activation 
in breast cancer cells [20]. However, the func-
tion of KDM4C in NSCLC has not been previ-
ously interrogated.

In this study, we investigated the role of KDM4C 
in NSCLC using eighty NSCLC and eighty ma- 
tched normal control clinical tissues. Our analy-
ses revealed that KDM4C was significantly 
upregulated in NSCLC tumors relative to the 
matching normal, paracancerous tissues. We 
demonstrated that KDM4C demethylated both 
H3K9me3 and H3K36me3 in the HIF1α gene 
promoter region and activated the expression 
of HIF1α. Moreover, we found that KDM4C over-
expression promoted proliferation, migration, 
and invasion of NSCLC cells in vitro as well and 
their growth in vivo, in a mouse xenograft 
model. Furthermore, we demonstrated that 
KDM4C cooperated with STAT3 as its costimu-
latory factor, in the modulation of HIF1α expres-
sion by KDM4C. Knocking down STAT3 or inhib-
iting its activation, suppressed the demethyl-
ation of H3K9me3 and H3K36me3 on the 
HIF1α gene by KDM4C in NSCLC cells. These 
findings enhanced our understanding of the 
molecular mechanisms of tumor angiogenesis. 
Our report suggested that the KDM4C/STAT3/
HIF1α/VEGFA signaling pathway presented a 
novel therapeutic window for targeting tumor 
angiogenesis in the treatment and/or manage-
ment of NSCLC.

Materials and methods

Cell lines and culture

The cell lines HEK 293 T, H460, HCC827 were 
obtained in the American Type Culture Co- 
llection (ATCC, Manassas, VA, USA). All cells 
were cultured at 5% CO2 and 37°C with 
Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% fetal bovine serum 
(Thermo Fisher Scientifific, Shanghai, China). 
For hypoxic conditions, cells were cultured in 
the hypoxic chamber (Coy Laboratory Products, 
Inc.) in the presence of 1% O2, 5% CO2, and 94% 
N2 at 37°C. Y705 STAT3 phosphorylation was 
abrogated by adding 200 μM S3I-201 (sc-
204304; Santa Cruz, Dallas, TX, USA) to media 
for 2 hours before hypoxia treatment. 

Clinical samples

Primary tumor samples and the matched adja-
cent normal tissue were collected form NSCLC 
patients and restored in -80°C until used. 
Eighty NSCLC tumor and eighty matched nor-
mal controls were analyzed. Tissues from this 
study were obtained from Tongji hospital, Tong- 
ji medical college of Huazhong University of 
Science and Technology. This study was 
approved by the Huazhong University of Science 
and Technology Ethics Committee.

Antibodies and reagents

Antibodies for HIF1α (sc-71247), HIF1β (sc-
55526), STAT3 (sc-8019), STAT3 Y705 phos-
phorylation (sc-8059), GAPDH (sc-47724), 
Histone3 (sc-517, 576), mouse IgG (sc-69, 
786), and KDM4C (sc-515767) were obtained 
form Santa Cruz Biotechnology (Santa Cruz, CA, 
USA). VEGF-A (ab52917) were purchased from 
Abcam (Cambridge, MA, USA). The human 
VEGF-A ELISA Kit (EK0541) was purchased 
from BOSTER Biological Technology (Wuhan, 
China). H3K36me3 (#4909) and H3K9me3 
(#13969) antibodies were purchased from Cell 
Signaling Technology (Danvers, MA, USA).

Western blot and immunoprecipitation (IP)

Cells were then lysed with NP40 lysis buffer 
supplemented with protease inhibitors and 
phosphatase inhibitors. Protein concentration 
was determined using the BCA protein assay kit 
(Thermo) following the manufacturer’s instruc-
tions. Protein samples were then separated by 
SDS-PAGE. Next, proteins were transferred 
onto PVDF membranes. The membranes were 
then blocked by incubating in 5% milk in TBST 
for 1 hour, at room temperature. The mem-
brane was then incubated with indicated pri-
mary antibodies overnight at 4°C. Following 
primary antibody incubation, the membranes 
were washed three times, 15 minutes per 
wash, with TBST buffer to remove excess anti-
body. The membranes were next incubated 
with HRP-conjugated secondary antibodies at 
room temperature for 1 hour. Following second-
ary antibody incubation, signal was developed 
using chemiluminescence substrate following 
the manufacturer’s instructions. 

Immunoprecipitation

For immunoprecipitation, clear cell lysates 
were prepared by NP40. The clear lysates were 
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then incubated with the indicated antibodies or 
control IgGs overnight at 4°C. The antibody 
incubated lysates were then incubated with 
protein A/G beads for 2 hours at 4°C while 
rotating. The beads were then washed three 
times using NP-40 lysis buffer and analyzed by 
western blot analysis.

Cell viability assay

Cell viability assays were done using the CCK8 
cell viability kit. Briefly, NSCLC cells were seed-
ed in 96-well plates (5×10^3 cells/well) and 10 
μl of CCK8 added into each well, followed by 
incubation a humidified incubator for 3 hours at 
37°C, 5% CO2. Following the incubation, absor-
bance was measured at 450 nm using a 
Thermomax microplate reader.

Flow cytometry 

For flow cytometry, Cells were seeded in 6-well 
plates and cultured to 90% confluence. For flow 
cytometry, the cells were fixed in iced 80% eth-
anol overnight at -20°C. Next, cells were 
washed three times using 1×PBS. DNA was 
stained by incubating the fixed cells with 5 mg/
ml of propidium iodide diluted in 1×PBS con-
taining RNase, at room temperature for 1 hour, 
away from light. Cell cycle analysis was then 
using a Becton-Dickinson FACScan System 
(Franklin Lakes, NJ, USA).

Real-time PCR assay (RT-PCR)

Total RNA was extracted using TRIzol Reagent 
and reverse transcription was performed using 
an RT-PCR kit according to the manufacturer’s 
instructions. Quantitative PCR was performed 
using an ABI 7300 real-time PCR system 
(Applied Biosystems). The following primers (5’-
3’) were used: KDM4C: forward cgaggtggaa- 
agtcctctgaa, reverse gggctcctttagactccatgtat. 
GAPDH: forward ggagcgagatccctccaaaat, re- 
verse ggctgttgtcatacttctcatgg. The fold-change 
in gene expression was calculated using the 
2^-ΔΔCT method using GAPDH as the house-
keeping reference gene. 

Immunohistochemistry (IHC)

Humans NSCLC samples were obtain form 
Tongji Hospital. The procedures followed stan-
dard manufacturer’s protocols as described 
previously. Two experienced pathologists evalu-
ated and reviewed immunostaining results 

independently. IRS system was used to quanti-
fy IHC staining by multiplying a proportion score 
and an intensity score. The proportion score 
reflected the fraction of positively stained 
tumor cells: 1 (<10%); 2 (10%-50%; 3 (50-75%); 
4 (>75%). the intensity score revealed the stain-
ing intensity (0, no staining; 1, weak; 2, inter-
mediate; 3, strong). Finally, the staining score 
ranged from 0 to 12. 

ChIP assay

Cells were exposed to 1% O2 for 24 h, cross-
linked with 1% formaldehyde for 20 min at 
37°C, and stop the reaction with 0.125 M gly-
cine. DNA was immunoprecipitated from the 
sonicated cell lysates. The HIF1α primers used 
for CHIP assays were as follows: forward prim-
er: 5’-AAGTTCTTGATATAACTGAAA-3’, reverse 
primer: 5’-ATTGCTTGAAGAAAATCTCCG-3’. 

Enzyme-linked immunosorbent assay (ELISA)

Pretreated NSCLC cells were cultured in DMEM 
medium without fetal bovine serum. Overnight, 
Supernatant of conditioned medium was col-
lected for VEGFA-ELISA analysis according to its 
instructions. The absorbance was set to 450 
nm, and the OD values in the sample was 
obtained.

Luciferase reporter assays

Pretreated NSCLC cells were seeded onto 
48-well plates and transfected with the follow-
ing: HIF1α promoter-luciferase reporter plas-
mid (PGL3-HIF1α promoter) and Renilla lucifer-
ase control vector. Transfected cells were 
exposed 1% O2 for 24 h. Firefly luciferase and 
Renilla luciferase activities in cell lysates were 
determined using the Dual-Luciferase Assay 
System (Promega).

Tube formation assay

Pretreated NSCLC cells were cultured in DMEM 
medium without fetal bovine serum. The matri-
gel was plated in a 96-well plate. Approximately 
20000 HUVECs were added to each well and 
incubated in NSCLC cell-conditioned medium 
for 24 h. Microscopic images of tube formation 
was assessed.  

Wound healing and transwell assays

HCC827 and H460 cells were grown to 95% 
confluency. A linear wound was made by a 200-
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μm sterile plastic pipette tip, 24 hr after treat-
ment by mitomycin C (10 μg/ml). Cells were 
washed twice using PBS. Then, size of wounds 
were observed and measured at the indicated 
times. For the Matrigel invasion assays, poly-
carbonate membrane Transwell chambers con-
taining a filter with a diameter of 6.5 mm diam-
eter and 8 μm pores (Corning Inc., Corning, NY, 
USA). The Transwell filter was precoated or left 
uncoated with basement membrane Matrigel 
(BD Biosciences, San Jose, CA, USA). Briefly, 
HCC827 and H460 cells were pretreated for  
24 hours. 5×104 cells in 300 ul of serum-free 
DMEM were seeded onto the upper chamber of 
the Transwell chamber. The lower chamber of 
the Transwell contained DMEM supplemented 
with 10% FBS, which acted as a chemoattrac-
tant for the cells. The cells were then incubated 
for 24 hours in a humidified incubator, at 37°C 
and 5% CO2. Following this incubation, all non-
invasive cells on the upper surface of the 
Transwell chamber were discarded. Next, the 
cells on the lower surface of the filter were fixed 
with 4% formaldehyde at room temperature for 
30 minutes and then stained with 0.5% crystal 
violet for 20 min at room temperature. The filter 
was then washed three times with 1×PBS and 
the cells on the lower side of the filter were visu-
alized and imaged with a inverted microscope 
at a ×100 magnification. This assay was done 
in triplicate.

Colony formation assay

500 pretreated cells were seeded into the 
6-well plates. The medium was replaced every 
three days for approximately two weeks. 
Photographs of colonies were obtained using a 
microscope.

Mouse xenograft tumor assay

All experiments involving the mouse models 
were approved by the Animal Care and Use 
committee of Tongji Hospital. Four weeks old, 
male, nude mice were obtained from Beijing 
Huafukang Bioscience Company. 1×106 HCC- 
827 cells, stably expressing the vector, KDM4C, 
KDM4C+shHIF1α#1 and KDM4C+shHIF1α#2 
were suspended in 200 ul of Matrigel and xeno-
grafted into nude mice subcutaneous injec-
tions into the left flank. Tumor volumes were 
measured every 3 days. All mice were sacri-
ficed three weeks after xenografting.

Statistical analysis

All data were analyzed using SPSS 20.0 soft-
ware. Differences were analyzed by the Student 
t test for two groups and by ANOVA for multiple 
groups. P<0.05 was considered significant.

Result

KDM4C is upregulated in NSCLC

To characterize the expression of KDM4C in 
NSCLC, we first analyzed the Oncomine data-
base. This analysis revealed KDM4C overex-
pression in NSCLC tumors relative to matching 
paracancerous tissues. To experimentally verify 
this observation, we used RT-qPCR and west-
ern blotting to establish expression levels of 
KDM4C in our NSCLC patient tumor tissues, as 
well as their matched normal control tissue. 
These analyses revealed that KDM4C expres-
sion was significantly elevated in clinical NSCLC 
tissue, confirming the results from our On- 
comine database analysis (Figure 1A-D). These 
findings were further supported by immunohis-
tochemical analysis (Figure 1E). Statistical 
analysis proved that the tumor tissues had a 
significantly higher level of KDM4C expression 
(P<0.0001) than the matching paracancerous 
tissues (Table 1). These findings implied that 
the occurrence and progress of NSCLC were 
regulated by KDM4C.

KDM4C promoted cell proliferation, migration 
and invasion of NSCLC cells

Based on our observation overexpression of 
KDM4C in NSCLC patient tissue, we wondered 
whether the increased levels of KDM4C influ-
ence tumor processes like proliferation, migra-
tion and invasion in NSCLC. To address this 
question we stably transfected the human 
NSCLC cell lines HCC827 and H460, with pcD-
NA-3.1(+)-KDM4C plasmid and with pcDNA-
3.1(+) (empty vector) as negative control. 
KDM4C overexpression by transfected cells 
was confirmed by western blot analysis (Figure 
2A). To establish whether overexpression of 
KDM4C promoted cell cycle progression and 
cell proliferation, we stained the stably trans-
fected cells with PI and and carried cell prolif-
eration analysis using the CCK8 assay. KDM4C 
knockdown dramatically increased the G0/
G1-phase ratios and reduced the S-phase 
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pressing HCC827 and H460 cells when com-
pared to control cells (Figure 2B, 2C). We next 
wondered whether KDM4C might promote can-
cer cell transformation. To address this ques-
tion, we carried out a colony formation assay. 
This analysis revealed that relative to negative 
control cells, KDM4C overexpressing cells pro-
duced a significantly higher number of colonies, 
which also achieved significantly higher colony 
sizes (Figure 2D). These results suggested that 
KDM4C overexpressing cells had a more active 

Figure 1. KDM4C expression is upregulated in NSCLC. A. KDM4C 
expression level in normal VS NSCLC tissues was analyzed in the 
Oncomine public data set. B. KDM4C expression in normal and 
matched paracancerous NSCLC tissues was quantified through 
western blot. C, D. mRNA expression in normal and matched para-
cancerous NSCLC tissues was detected by RT-qPCR. *; P<0.01. E. 
KDM4C expression in normal and NSCLC tissues was analyzed by 
IHC.

Table 1. The KDM4C expression level of 
NSCLC tissue was higher than normal tissues 
(P<0.0001, by Chi-square)

Variables Cases
KDM4C

p-value
high low

Normal 80 22 58 <0.0001
Tumor 80 38 44

ratios. These analyses revealed that prolifera-
tion was significantly higher in KDM4C overex-
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Figure 2. KDM4C promotes the cell proliferation, migration and invasion of NSCLC cells. A. H460 and HCC827cells 
were transfected with vector only or with KDM4C carrying vector. KDM4C expression was subsequently analyzed by 
western blotting. B. Cell cycle distribution was analyzed by flow cytometry in KDM4C overexpressing HCC827 and 
H460 cells. C. The viability and proliferation rates of HCC827 and H460 cells stably expressing the vector only or 
KDM4C were analyzed by the CCK8 assay. D. The colony formation assay was carried out on HCC827 and H460 
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cells stably expressing the empty vector or KDM4C. *; P<0.001 **; P<0.01. E, F. The migration ability of HCC827 
and H460 cells stably expressing the empty vector or KDM4C was analyzed by Transwell analysis as well as through 
a wound healing assay. *; P<0.01 **; P<0.01.

DNA replication compared with the negative 
control cells.

The observation that KDM4C overexpression 
enhanced the ability of NSCLC cells to form 
colonies, leading us to hypothesize that this 
behavior was also likely to promote metastasis. 
To test this possibility, we carried out an inva-
sion assay and compared the invasion and 
migration ability of KDM4C overexpressing ce- 
lls relative to the negative control cells. This 
analysis revealed KDM4C enhanced the ability 
of cells to migrate and invade Matrigel (Figure 
2E). This property of KDM4C was also con-
firmed by wound healing assays (Figure 2F). 
Together, these observations indicated that 
KDM4C promoted cell proliferation, migration 
and invasion by NSCLC cells.

KDM4C knockdown inhibited proliferation, mi-
gration and invasion of NSCLC cells 

To further interrogate the function of KDM4C in 
cell proliferation, migration and invasion of 
NSCLC cells, we stably knocked down KDM4C 
in HCC827 and H460 cell lines using two dif- 
ferent lentivirus-mediated shRNAs. Downre- 
gulation of KDM4C expression was confirmed 
by western blot analysis (Figure 3A). To estab-
lish the effect of KDM4C knockdown on cell 
proliferation and the cell cycle, we carried out a 
CCK8 assay and PI analysis respectively. This 
analysis revealed that loss of KDM4C sup-
pressed the proliferation of NSCLC cells (Figure 
3B, 3C). Furthermore, we observed that knock-
ing KDM4C inhibited the ability of these cells to 
form colonies (Figure 3D). To investigate the 
effect of silencing KDM4C on NSCLC metasta-
sis, we carried out a Transwell assay. This anal-
ysis revealed that silencing KDM4C inhibited 
the ability of NSCLC cells to migration and 
invade. This observation was further confirmed 
by the wound healing assay (Figure 3E, 3F). 
Together, these observations agreed with the 
KDM4C overexpression observation and indi-
cated that KDM4C was required for prolifera-
tion, migration and invasion by NSCLC cells.

The novel role of KDM4C in the tumor angio-
genesis of NSCLC cells

Tumor progression was promoted by tumor 
angiogenesis, which provided the nourishment 

that supports tumor growth. A previous study 
showed that KDM4C might activate the HIF-1/
VEGFA signaling pathway. We therefore won-
dered whether the HIF-1/VEGFA signaling path-
way played and important role in NSCLC. To 
interrogate this, we evaluated the relationship 
HIF-1/VEGF signaling pathway and KDM4C in 
NSCLC cells. To interrogate this, we used ELISA 
to analyze VEGFA concentration in the superna-
tant of cultured NSCLC cell lines. This analysis 
showed that increased KDM4C expression 
actived HIF1α/VEGFA signal pathway enhanced 
VEGFA secretion (Figure 4A, 4B). On the con-
trary, reduced KDM4C expression inhibited 
HIF1α/VEGFA signal pathway and VEGFA secre-
tion (Figure 4C, 4D). Of note, this analysis 
revealed that high KDM4C expression promot-
ed HIF1α expression but not HIF-1β and acti-
vated the HIF1α/VEGFA signaling pathway dur-
ing hypoxia.  

To further investigate KDM4C function in tumor 
angiogenesis, we performed a tube formation 
assay. To this end, we incubated HUVECs with 
conditioned media (CM) and transfected them 
with empty vector plasmid as negative control, 
KDM4C plasmid, shnc and shKDM4C virus. 
This analysis revealed that as expected, cells 
overexpressing KDM4C had a higher tube for-
mation capacity relative to the negative control 
cells during hypoxia. Silencing KDM4C cells 
weakened tube formation ability than shnc 
cells in hypoxia (Figure 4E, 4F). Together, these 
results strongly implied that KDM4C can modu-
late tumor angiogenesis through the HIF1α/
VEGFA signaling pathway.

HIF1α transcriptional activation via demethyl-
ation of H3K9me3 and H3K36me3 by KDM4C

To further explore the mechanisms through 
which KDM4C modulates HIF1α/VEGFA sig- 
naling pathway, we performed a rescue experi-
ment using KDM4C plasmid in shKDM4C 
knockdown cells. This experiment revealed that 
overexpression of KDM4C reversed the sup-
pression of HIF1α/VEGFA signaling upon shK-
DM4C knockdown (Figure 5A).

KDM4C was one of various histone demethyl-
ases, that could demethylate H3K9me3 and 
H3K36me3 and affect the expression of down-
stream genes. We therefore wondered whether 
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Figure 3. KDM4C knockdown inhibits cell proliferation, migration and invasion of NSCLC cells. A. H460 and HCC827 
cells were transfected with shnc and shKDM4C virus and KDM4C protein levels measured by western blot analysis. 



Oncologist

499 Am J Cancer Res 2020;10(2):491-506

KDM4C affected HIF1α/VEGFA signaling path-
way by demethylating H3K9me3 and H3K27- 
me3 on the HIF1α gene promoter. To address 
this possibility we used western blot analysis to 
measure the level of H3K9me3 and H3K27- 
me3 in KDM4C overexpressing or KDM4C 
knockdown cells lysate relative to negative con-
trol (empty vector) cells. This analysis revealed 
that KDM4C overexpressing cells had lower 
amounts of H3K9me3 and H3K27me3 when 
compared to negative control cells. Conversely, 
KDM4C knockdown cells revealed higher level 
of H3K9me3 and H3K27me3 (Figure 5B-E). 
This consistent observation of an associa- 
tion between the levels of HIF1α, H3K9me3, 
H3K27me3 and KDM4C expression led us to 
hypothesize that KDM4C regulated HIF1α/
VEGFA signaling by demethylating H3K9me3 
and H3K27me3 of the HIF1α gene promoter. To 
test this hypothesis we performed a chromatin 
immunoprecipitation (Chip) assay in order to 
establish whether there is an interaction be- 
tween KDM4C and HIF1α gene promoter. This 
analysis revealed that anti-KDM4C antibody 
could directly immunoprecipitate the HIF1α 
gene promoter. We next used anti-H3K9me3 
and anti-H3K27me3 antibodies for further Chip 
analysis. These exoeriments revealed that 
KDM4C overexpressing cells weakened the 
interaction between HIF1α gene promoter and 
H3K9me3 and H3K27me3 relative to the nega-
tive (empty vector) controls. Conversely, silenc-
ing KDM4C enhanced the interaction between 
HIF1α gene promoter and H3K9me3 and 
H3K27me3 relative with shnc cells (Figure 5G, 
5H). To further test this hypothesis, we carried 
out a dual-luciferase assay to detect whether 
KDM4C activated the HIF1α gene promoter. As 
expected, this assay revealed that KDM4C 
expressing cells had a higher ability to active 
HIF1α gene promoter releative to negative con-
trol cells. Conversely, shKDM4C cells revealed 
an inhibition of HIF1α gene promoter activation 
relative to shnc cells (Figure 5I, 5J). Taken 
together, these results demonstrated that 
KDM4C transcriptionally modulates HIF1α 
expression via demethylation of H3K9me3 and 
H3K27me3 at promoter region in NSCLC cells.

KDM4C regulated HIF1α expression through 
the costimulatory factor STAT3

VEGF had been reported to be a common down-
stream target of STAT3 and HIF1 during hypox-
ia. Inhibition of STAT3 phosphorylation at Y705 
suppressed HIF1α expression [21]. These 
observations implied that STAT3 phosphoryla-
tion at Y705 was associated with HIF1α expres-
sion. We therefore hypothesized that p-Y705-
STAT3 functioned as a costimulatory factor dur-
ing the regulation of HIF1α expression by 
KDM4C. To test this hypothesis, we performed 
a co-IP analysis to establish whether there  
was interaction between KDM4C and STAT3 
(Figure 6A, 6B). A Chip analysis showed that 
the HIF1α gene promoter was directly immuno-
precipitated by the anti-STAT3 antibody (Figure 
6C). Anti-H3K9me3 and anti-H3K27me3 anti-
bodies were used for further Chip analysis in 
STAT3 overexpressing cells. This analysis 
revealed that STAT3 overexpression weakened 
the interaction between the HIF1α gene pro-
moter and H3K9me3 and H3K27me3 relative 
to the negative controls (Figure 6E). Conversely, 
shSTAT3 cells or S3I-201, an inhibitor of STAT3 
Y705 phosphorylation, enhanced the interac-
tion between HIF1α gene promoter and 
H3K9me3 and H3K27me3 relative to shnc 
cells or DMSO (Figures 6D and S1A-D). To fur-
ther interrogate the function of STAT3 as a 
costimulatory factor, we performed a dual-lucif-
erase assay so as to determine if STAT3 acti-
vates HIF1α gene promoter. These experiments 
revealed that STAT3 overexpressing cells 
enhance HIF1α gene promoter activation when 
compared to negative control cells (Figure 6F). 
In contrast, shSTAT3 cells or pharmacologically 
inhibiting STAT3 Y705 phosphorylation inhibit-
ed HIF1α gene promoter activation relative to 
shnc cells or DMSO treated cells (Figures 6G 
and S1E). Together, these experiments indicat-
ed that STAT3 functions as a costimulatory fac-
tor in the regulation HIF1α expression by 
KDM4C. Knockdown of STAT3 or pharmacolog-
ic inhibition of STAT3 Y705 phosphorylation 
impaired the modulation HIF1α/VEGFA signal-
ing pathway by KDM4C by increasing the intera-
tion between H3K9me3, H3K36me3 and 
HIF1α gene promoter.

B. Cell cycle distribution was analyzed by flow cytometry in shKDM4C HCC827 and H460 cells. C. The viability of 
HCC827 and H460 cells stably expressing shnc and shKDM4C was analyzed by CCK8 assay. D. A colony formation 
assay was carried out using HCC827 and H460 cells stably expressing shnc and shKDM4C. *; P<0.01 **; P<0.01. 
E, F. The migration ability HCC827 and H460 cells stably expressing shnc and shKDM4C was analyzed by Transwell 
assay and the wound healing assay. *; P<0.01 **; P<0.01.
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Figure 4. KDM4C promotes tumor angiogenesis of NSCLC cells by activating the HIF1α/VEGFA signal pathway. A. The levels of HIF1α, HIF1β and VEGFA proteins 
were analyzed by western blotting in HCC827 and H460 cells stably expressing the empty vector or KDM4C durinf hypoxia. B. HCC827 and H460 cells stably ex-
pressing the empty vector or KDM4C were cultured in serum free DMEM in hypoxic conditions overnight. On the next day, the supernatants of conditioned media 
were collected for VEGFA secretion analysis through ELISA. *; P<0.01 **; P<0.01. C, D. Western blot and ELISA analysis was used to analyze HIF1α, HIF1β and 
VEGFA protein levels in HCC827 and H460 cells stably expressing shnc or shKDM4C in hypoxic conditions. *; P<0.01 **; P<0.01. E, F. The tube formation ability of 
HUVECs stably expressing the empty vector or KDM4C, shnc or shKDM4C in hypoxix conditions was analyzed through a tube formation assay. *; P<0.01 **; P<0.01 
***; P<0.01 ****; P<0.01. 
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Figure 5. HIF1α transcriptional activation 
via demethylation of H3K9me3 and H3K-
36me3 by KDM4C. A. KDM4C plasmid ex-
pression was rescued in shKDM4C cells. 
HIF1α and VEGFA protein expression were 
measured in NSCLC cells through western 
blot analysis. B-E. The expression levels of 
H3K9m3 and H3K27m3 was analyzed by 
western blotting upon transfection of NSCLC 
cells with empty vector, KDM4C, shnc, and 
shKDM4C. F. Anti-KDM4C antibody was 
used for Chip analysis to detect the inter-
action between KDM4C and HIF1α gene 
promoter. IgG was used as negative control 
in this experiment. G, H. Anti-H3K9me3 and 
H3K27me3 antibodies were used for Chip 
analysis to detect the interaction between 
H3K9me3/H3K27me3 and HIF1α gene 
promoter in NSCLC cells transfected with 
empty vector, KDM4C, shnc and shKDM4C. 
IgG was used as a negative control in this 
experiment. I, J. Dual-luciferase assays 
were performed to detect the luciferase ac-
tivation of HIF1α in NSCLC cells transfected 
with empty vector, KDM4C. shnc and shK-
DM4C. *; P<0.01 **; P<0.01.

In vivo KDM4C regulation of angiogenesis was 
dependent on HIF1α

To further investigate if the role of KDM4C in 
tumor angiogenesis was dependent on HIF1α, 

we constructed HCC827 cell lines that stably 
expressed vector+shnc, KDM4C+shnc, KD- 
M4C+shHIF1α#1 and KDM4C+shHIF1α#2. Th- 
ese four cell lines were subcutaneously inject-
ed into the backs of 4 weeks old Balb/c nude 
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Figure 6. KDM4C regulates HIF1α expression through the costimulatory factor STAT3. A, B. Whole-cell extracts of 
HEK293 cells were collected for IP analysis using the indicated antibodies, followed by IB analysis. C. anti-STAT3 
antibody was used for Chip analysis to detect interaction between STAT3 and HIF1α gene promoter in HCC827 cells. 
IgG was used as a negative control in this experiment. D, E. Anti-H3K9me3 and H3K27me3 antibody were used for 
CHIP analysis to detect the interaction between H3K9me3/H3K36me3 and HIF1α gene promoter in NSCLC cells 
carryin the empty vector, STAT3, shnc and shSTAT3. IgG was used as negative control. F, G. Dual-luciferase assay-
swere applied to detect the luciferase activation of HIF1α in NSCLC cells transfected with empty vector, STAT3, shnc 
and shSTAT3. *; P<0.01 **; P<0.01.

mice. This analysis revealed that KDM4C cells 
grew significantly faster than negatice (empty 
vector) control cells. However, KDM4C+shHIF- 
1α cells suppressed the promotion tumor 

growth by KDM4C. Moreover, the size and 
weights of the tumors were significantly higher 
in KDM4C overexpressing tumors than in the 
negative control tumors. This effect was 
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impaired by knockdown of HIF1α gene expres-
sion (Figure 7A-C). To examine state of angio-
genesis status in the xenografted tumors, we 
performed IHC to determine the expression lev-
els of CD31 in the various xenograft groups. 
From this analysis, the expression levels CD31 
were clearly elevated in the KDM4C overex-
pressing group relative to the negative control 
group in which it was impaired by silencing 
HIF1α (Figure 7D, 7E). This observation indi-
cated that the ability of KDM4C to promote 
tumor angiogenesis was suppressed as a con-
sequence of HIF1α gene silencing in NSCLC. 
Consistently, western blot analysis revealed 
that VEGFA expression level was significantly 
increased in the KDM4C group relative to the 
negative control group. Silencing HIF1α rever- 
sed the VEGFA expression levels that were ele-
vated by KDM4C overexpression (Figure 7F). 
Taken together, our study demonstrated that 
KDM4C promotion of tumor angiogenesis in 
vivo was HIF1α dependent.

Discussion

Histone methylation, a process regulated by 
specific histone methyltransferases and his-
tone demethylases, controlled gene expression 
processes, therefore modulating a wide range 
of cellular processes including cell prolifera-
tion, differentiation and apoptosis [17]. Mis- 
regulation of this processes was linked with 
tumorigenesis. Here, we reported the that the 
expression level of KDM4C, a member of the 
KDM superfamily of histone demethylases, was 
markedly elevated in NSCLC tissues than in the 
matched normal tissue both in GEO datasets 
and in clinical NSCLC tissues (Figure 1). Our 
study also revealed that the expression levels 
of KDM4C were positively correlated with NS- 
CLC cell proliferation rate as well as their migra-
tion, and invasion ability (Figures 2 and 3). 
Together, these results indicated that KDM4C 
expression levels influenced the rate of tumor 
progression in NSCLC.

The HIF/VEGFA signaling pathway had been 
previously reported to be activated in many 
tumors, included NSCLC [22]. Anti-angiogenic 
therapy, a novel therapeutic strategy had been 
applied in the treatment of various types of 
aggressive malignant tumors (insert referen- 
ce). Therapeutic strategies against VEGFs sig-
nificantly decreased tumor proliferation, inva-
sion, and migration. Previous studies had 

shown that during hypoxia HIF-1α stabilized 
and dimerized with HIF-1β as a consequence of 
low O2 levels. This in turn, activates HIF target 
gene expression through interaction with the 
co-activator CBP/p300 [23]. In a previous study 
in breast cancer cells, KDM4C was demonstrat-
ed to modulate HIFs/VEGF signaling pathway 
by upregulating HIF1β but not HIF1α [20]. On 
the contrary, in this study, we found that during 
hypoxia, KDM4C modulated the HIF/VEGFA sig-
naling pathway by increasing HIF1α expression 
but not HIF1β expression in NSCLC cells. This 
discrepancy might be a reflection of the differ-
ent biology exhibited by the different cell lines 
used in this study. In addition, the use of differ-
ent experimental methods might contribute to 
this contrasting observation. In this study, we 
found that upregulated KDM4C expression 
activated the HIF1α/VEGFA signaling pathway, 
and significantly enhanced HUVEC tube forma-
tion (Figure 4).

KDM4C had been shown to demethylate 
H3K9me3 and H3K36me3 on the promoter 
regions of target genes, thereby functioning as 
a transcriptional regulator [14]. In this study, we 
found that KDM4C affects H3K9, H3K27 meth-
ylation and also bind to the HIF1α promoter. In 
addition, Chip assays showed that KDM4C 
expression levels significantly affected the 
interaction between H3K9m3, H3K36m3 and 
HIF1α promoter (Figure 5). STAT3, a transcrip-
tion factor, has been shown to modulate the 
expression of target genes and a previous study 
reported that PKR inhibits HIF-1α expression by 
impairing STAT3 phosphorylation at Y705 [9]. In 
this study, we find that KDM4C interacts with 
STAT3. Interestingly, Chip analyses showed that 
STAT3 interacts with the HIF1α promoter and 
that the level of STAT3 expression or the level of 
STAT3 phosphorylation at Y705 strongly affect-
ed the interaction between H3K9m3, H3K36m3 
and HIF1α, observations that were consistent 
with those made for KDM4C (Figures 6 and S1). 
Moreover, compared to NSCLCs cells carrying 
an empty vector, cells overexpressing KDM4C 
resulted in bigger tumors when xenografted 
into Balb/c nude mice and this corresponded 
with increased VEGFA expression and tumor 
angiogenesis. Silencing HIF1α impaired KDM4C 
promotion of tumor angiogenesis (Figure 7). 

In conclusion, this study revealed a novel 
insight, that KDM4C regulated the HIF1α/
VEGFA signaling pathway in association with 
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the costimulatory factor STAT3, thereby pro-
moting tumor angiogenesis. These findings 
advanced our understanding of the molecular 
basis of NSCLC and might elucidate novel ther-
apeutic avenues against this disease. 
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Figure S1. A. The indicated proteins were detected in HCC827 cells that stably expressed shnc, shSTAT3#1 and 
shSTAT3#2. B, C. HCC827 and H460 cells were treated with CPA-7 for 2 h, and STAT3 Y705 phosphorylation level 
detected by western blot analysis. D. Chip analysis was used to detect the interaction between STAT3 and HIF1α 
gene promoter in HCC827 and HC460 cells treated with CPA-7. IgG was used as negative control in this experiment. 
E. Dual-luciferase assays were done to detect the luciferase activation of HIF1α in HCC827 cells treated with CPA-7 
for 2 h. *; P<0.01.


