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Abstract
Lung adenocarcinoma (LUAD) is a major subtype of non–small-cell lung cancer, which 
is the leading cause of cancer death worldwide. The histone H3K36  methyltrans-
ferase SETD2 has been reported to be frequently mutated or deleted in types of 
human cancer. However, the functions of SETD2 in tumor growth and metastasis 
in LUAD has not been well illustrated. Here, we found that SETD2 was significantly 
downregulated in human lung cancer and greatly impaired proliferation, migration, 
and invasion in vitro and in vivo. Furthermore, we found that SETD2 overexpression 
significantly attenuated the epithelial–mesenchymal transition (EMT) of LUAD cells. 
RNA-seq analysis identified differentially expressed transcripts that showed an ele-
vated level of interleukin 8 (IL-8) in STED2-knockdown LUAD cells, which was further 
verified using qPCR, western blot, and promoter luciferase report assay. Mechanically, 
SETD2-mediated H3K36me3 prevented assembly of Stat1 on the IL-8 promoter and 
contributed to the inhibition of tumorigenesis in LUAD. Our findings highlight the 
suppressive role of SETD2/H3K36me3 in cell proliferation, migration, invasion, and 
EMT during LUAD carcinogenesis, via regulation of the STAT1–IL-8 signaling pathway. 
Therefore, our studies on the molecular mechanism of SETD2 will advance our under-
standing of epigenetic dysregulation at LUAD progression.
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1  |  INTRODUC TION

Lung cancer remains one of the deadliest malignancies worldwide.1-3 
Most patients have advanced NSCLC. Histologically, it can be divided 
into lung adenocarcinoma (LUAD) and squamous cell carcinoma, 
between which LUAD is the most common subtype, accounting for 
more than 70% of NSCLC.4 Despite tremendous advances in che-
motherapy and radiation over the past few decades, the outlook for 
LUAD patients is bleak, with just over 15% surviving for 5 years after 
diagnosis.5,6 Therefore, there is an urgent need to unveil underlying 
mechanisms and develop new therapeutic strategies to improve the 
treatment of LUAD.

Epigenetics is defined as heritable changes in gene expression, 
not as a result of changes in DNA sequence.7 Over the past few 
years, it has become increasingly clear that dysfunctional epigene-
tic regulatory processes play a central role in the development and 
progression of cancer.8,9 In contrast with DNA mutations, epigenetic 
modifications are reversible and therefore suitable for drug inter-
vention.10 Reversible histone methylation is an important process in 
epigenetic regulation and its role in cancer has made lysine meth-
yltransferase and demethylase promising targets for new antican-
cer drugs.11 Set domain-containing 2 (SETD2) is a major mammalian 
methyltransferase, responsible for catalyzing the trimethylation of 
histone 3 on lysine 36 (H3K36me3).12,13 The SETD2 mutation has 
been found in colorectal cancer, renal clear cell carcinoma, breast 
cancer, glioma, acute leukemia, chronic lymphocytic leukemia, and 
other tumors.13-15 Previous studies have identified that SETD2 and 
its dependent H3K36me3 both participate in both active or sup-
pressed transcriptional regulation in a series of cellular processes re-
viewed previously.16 SETD2-mediated H3K36me3 can prevent the 
initiation of spurious transcription by recruiting histone deacetylase 
complexes, and depletion of Set2 results in increased levels of this 
adverse transcription.17,18 In recent decades, research on SETD2 
dysfunction has been ongoing in order to explore its role in NSCLC 
progression.15,19-21 However, the underlying mechanism of SETD2 in 
the pathological progression of LUAD is largely unknown.

Here, combined with data mining of public patient data sets and 
human LUAD tissue arrays, we mainly utilized lung cancer cell lines 
to establish that SETD2 functions as a putative tumor suppressor in 
LUAD. Mechanistic investigation indicated that SETD2 and its me-
diated H3K36me3 negatively regulate IL-8 transcription in a Stat1-
dependent manner. Consequently, SETD2 ablation upregulates IL-8 
expression to stimulate EMT progression to promote tumorigenesis in 
LUAD. Therefore, our results highlight that patients with SETD2 loss 
exhibit worse clinical outcomes with potentially therapeutic implica-
tions in LUAD.

2  |  MATERIAL S AND METHODS

2.1  |  Expression plasmids and siRNA

Full-length human SETD2 and IL-8 cDNA were cloned into the pLVX-
IRES-Puro vector (Clontech) to generate SETD2 and IL-8 expression 
plasmids, respectively. The siRNA targeting SETD2 was purchased 
from GenePharma. The siRNA sequences are listed as follows: 
siSETD2-1: 5′-CCGGAGTAGTGCTTCCCGTTATAAA-3′; siSETD2-2: 
5′-CCGGACGAATTAAAGACCGCAATAA-3′; siSETD2-3: 5′-CCGGT
TCCGACGAGGGTCATCATAT-3′.

2.2  |  Cell line culture and reagents

All cells in this study were obtained from the Chinese Cell Bank of 
the Chinese Academy of Sciences (Shanghai, China). Human bron-
chial epithelial cells HBE and human lung cancer cells A549 and 
H1975 were cultured in RPMI 1640 culture medium supplemented 
with 10% fetal bovine serum and 1% penicillin/streptomycin (P/S) 
solution. Lentivirus was used to establish individual stable cell 
lines. siRNA duplexes targeting SETD2 (100 nM) and corresponding 
negative control (NC) oligonucleotides were transfected into cells 
mediated by Lipofectamine 3000 (Invitrogen) according to the man-
ufacturer's instructions.

2.3  |  RNA isolation and real-time qPCR

Total RNA was extracted using TRIzol reagent according to the man-
ufacturer's instructions. First-strand cDNA was synthesized using 
Superscript II (Invitrogen) and 1 μg of total RNA was used in each 
cDNA synthesis reaction. SYBR green Universal Master Mix reagent 
(Roche) and primer mixtures were used for real-time qPCR. GAPDH 
was used as the internal reference for mRNAs.

2.4  |  Western blotting analyses

Total proteins were extracted and separated using SDS-PAGE 
gels. Anti-SETD2 antibody (Invitrogen), anti-E-cadherin antibody 
(Cell Signaling Technology), anti-vimentin antibody (Abcam), and 
H3K36me3 antibody (Cell Signaling Technology) were used at a 
concentration of 1:2000. H3 antibody (Cell Signaling Technology, 
1:2000) and GAPDH antibody (Santa Cruz Biotechnology, 1:2000) 
were used as loading controls.

F I G U R E  1  SETD2 expression is downregulated in human lung cancer. (A) The mRNA expression differences for SETD2 between LUAD 
tissues and matched tumor-adjacent tissues were analyzed using real-time PCR. (B) Protein levels of SETD2 in LUAD tissues and matched 
tumor-adjacent tissues were analyzed using IHC. (C) Kaplan–Meier analyses were conducted to explore the correlation of SETD2 expression 
with overall survival of NSCLC patients. (D) mRNA expression differences for SETD2 between human lung cancer cell lines (A549, H1975, 
H1299, H1650, and PC-9) and human bronchial epithelial cell line HBE. Data are presented as means ± SEM; statistical significance: 
*p < 0.05; **p < 0.01
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2.5  |  Cell proliferation assay

Cell proliferation assay was performed using CellTiter 96® Non-
Radioactive Cell Proliferation Assay (CCK-8) kit (Dojindo) accord-
ing to the manufacturer's instructions. Cells (1 × 104 cells/ml) were 
seeded into a 96-well plate (100 µl/well) and cultured in an incuba-
tor with 5% CO2 at 37°C. Each well was supplemented with 10 µl 
CCK-8 solution and then incubated at 37°C for 2 h. The spectropho-
tometric absorbance at 590 nm was measured for each sample. All 
experiments were repeated three times in triplicate.

For soft agar colony formation assays, cells were suspended in 
RPMI 1640 medium containing 0.35% low-melting agar (Invitrogen) 
and 10% FBS and seeded onto a coating of 0.8% low-melting agar in 
RPMI 1640 medium containing 10% FBS. Plates were incubated at 
37°C and 5% CO2. Colonies were counted after a 3-week or 4-week 
culture. Triplicates were required for each experiment.

2.6  |  Wound healing assay

The evaluation of cell migration ability was performed using a wound 
scrape assay to examine the role of SETD2 and IL-8 in the regulation 
of the migration ability of LUAD cell lines as described previously.20

2.7  |  Transwell invasion assay

The transwell culture system was performed to examine the in-
vasive ability of SETD2 and IL-8 on LUAD cell lines as described 
previously.20

2.8  |  Reporter vector construction and luciferase 
reporter assays

Five IL-8 promoter truncations containing the respective −3.0 k, −2.5 
k, −2.0 k, −1.5 k and −1.0 k regions of the IL-8 promoter were am-
plified and cloned into pGL3-basic vectors (Promega) to construct 
specific IL-8 promoter luciferase reporter vectors.

siNC or siSETD2 was co-transfected with distinct IL-8 promoter 
reporter vectors into A549 and H1975 cells using Lipofectamine 
3000 (Invitrogen). The luciferase activity was measured at 48  h 
after transfection using the Dual Luciferase Reporter Assay System 

(Promega) according to the manufacturer's instructions. Triplicates 
were required for each experiment.

2.9  |  RNA-seq and data analysis

HiSeq RNA-seq was used to detect total RNA with or without the 
SETD2 deletion in A549 cells. Transcriptome reads from the RNA-
seq assay were mapped to the reference genome (HG19) using the 
bow tie tool. The gene expression level was quantified using the 
RSEM software package. Significance was treated by setting the p-
value threshold to 0.05. Differentially expressed genes were then 
analyzed using the clusterProfile software package to enrich for bio-
logical pathways.

2.10  |  Co-immunoprecipitation

Co-immunoprecipitation experiments were conducted using the 
methods described previously. Anti-SETD2, anti-H3K36me2, 
and anti-p-STAT1 antibodies (10  μg) were used individually for 
the co-immunoprecipitation experiments with normal or SETD2-
knockdown A549/H1975 cells lysates. The mixture of antibodies 
and powders dissolved products was incubated at room temperature 
during a 50-min rotation and immunoprecipitation reaction of anti-
bodies was performed by adding 50 μl protein A–Sepharose (Sigma-
Aldrich) from 50% (W/V) and phosphate mud at room temperature 
for 30 min. The protein A–Sepharose–antibody protein complex was 
centrifuged at 2000 g for 5 min at 4°C in a chilled microcentrifuge, 
and the supernatant was discarded. Beads were washed with PBS 
five times. The washed beads were boiled in SDS loading buffer, 
separated by SDS-PAGE, and then analyzed using western blotting.

2.11  |  ChIP assays

ChIP assays were performed using the Magnetic ChIP kit (Millipore) 
according to the manufacturer's instructions. Briefly, A549 and 
H1975 cells were fixed in 1% formaldehyde, then fragmented by 
a combination of MNase and sonication. ChIP grade anti-SETD2, 
anti-Stat1, and anti-H3K36me3 antibodies were then used for im-
munoprecipitation. After washing and reverse crosslinking, the pre-
cipitated DNA was amplified using IL-8 promoter primers and then 

F I G U R E  2  SETD2 inhibits the cell proliferation, migration, and invasion abilities of LUAD cells in vitro. (A) The efficiency of 
overexpression and knockdown of SETD2 was confirmed using real-time PCR. (B) The efficiency of overexpression and knockdown of 
SETD2 was confirmed using western blot. (C) The effect of SETD2 overexpression and knockdown on the cell proliferation ability of A549 
and H1975 cells was analyzed using CCK-8 assay. (D) The effect of SETD2 overexpression and knockdown on the cell migration ability 
of A549 and H1975 cells was analyzed using wound healing assay. (E) The effect of SETD2 overexpression and knockdown on the cell 
invasion ability of A549 and H1975 cells was analyzed using transwell invasion assay. Data are presented as means ± SEM, n = 3; statistical 
significance: *p < 0.05, **p < 0.01
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quantified using a Step One Plus real-time PCR machine and DNA 
gel electrophoresis, respectively.

2.12  |  Immunohistochemistry assays

Tumors from xenograft models were collected and then embed-
ded in paraffin after being fixed in 4% paraformaldehyde (PFA). 
Immunohistochemistry (IHC) analyses were performed using spe-
cific anti-SETD2 (Invitrogen) and anti-vimentin (Abcam) antibodies.

2.13  |  Xenograft tumor model

Here, 5-week-old BALB/c nude mice was purchased from the SLAC 
Animal Center (Shanghai, China) and then used for the xenograft 
tumor model. A549 cells were injected subcutaneously into nude 
mice and then tumor volumes were monitored every 5 days. Tumor 
volumes were estimated by length and width and calculated using 
the following formula:

At ~1 month later, the nude mice were sacrificed and then tu-
mors were excised, photographed, and weighed.

2.14  |  Statistical analysis

All experiments were performed using three independent repeated 
experiments with cells. GraphPad Prism 8.0 software was applied 
for statistical analyses. Data in all figures are presented as the 
mean ± SEM. Statistical significance was determined using multiple 
t-test, one-way ANOVA, two-way ANOVA, Pearson correlation co-
efficients, or log-rank test. For all statistical tests, the 0.05 level of 
confidence (two-sided) was accepted for statistical significance.

3  |  RESULTS

3.1  |  SETD2 expression is downregulated in human 
lung cancer

To explore the possible role of SETD2 in lung cancer, data min-
ing using a public data set indicated that SETD2 expression was 
decreased in tumors compared with the normal counterparts 

(Figure 1A). Moreover, the SETD2 expression pattern was also ex-
amined using human LUAD tissue array. Results showed that the 
expression level of SETD2 was significantly decreased in tumors 
compared with normal adjacent lung epithelial tissues (Figure 1B). 
The survival analysis using KM Plot (http://kmplot.com/) also dem-
onstrated that the patients with low expression of SETD2 had a poor 
prognosis (Figure 1C). Similarly, human lung cancer cell lines (A549, 
H1975, H1299, H1650 and PC-9) showed a significantly lower ex-
pression of SETD2 compared with human bronchial epithelial cell 
line HBE (Figure  1D). Together, these findings highlighted SETD2 
as a prognostic biomarker for LUAD patients and the causal role of 
SETD2 in tumorigenesis of lung cancer.

3.2  |  SETD2 impairs proliferation, migration, and 
invasion ability of LUAD cells

To investigate the biological roles of SETD2 in LUAD, we first ectopi-
cally overexpressed and silenced SETD2 in lung cancer cells A549 and 
H1975. Real-time qPCR (Figure 2A) and western blotting (Figure 2B) 
analyses were performed to confirm the overexpression of SETD2. 
We found that increased expression of SETD2 significantly attenu-
ated cell proliferation (Figure 2C), migration (Figure 2D), and inva-
sion (Figure 2E) in A549 and H1975 LUAD cells, whereas silencing 
of SETD2 improved these features (except invasion). Together, our 
results indicated that SETD2 impaired proliferation, migration, and 
invasion ability of LUAD cells.

3.3  |  SETD2 impairs EMT of LUAD cells

EMT is a conserved cellular process in which epithelial tumor cells 
lack polarity and transform into a mesenchymal phenotype. To 
demonstrate whether the SETD2 affected EMT, we used western 
blotting to assay the molecular marker levels of EMT (E-cadherin, 
N-cadherin, and vimentin). As shown in Figure 3A,B, the results dis-
played that SETD2 overexpression elevated E-cadherin level and de-
creased levels of N-cadherin and vimentin in A549 and H1975 cells 
(Figure 3A) while SETD2 knockdown inhibited levels of E-cadherin 
and enhanced levels of N-cadherin and vimentin in A549 and H1975 
cells (Figure 3B), indicating that SETD2 could inhibit EMT. Moreover, 
this was further characterized by a morphological change from 
a spindle-shaped mesenchymal phenotype to a more epithelial-
like, cobblestone phenotype, and an vimentin/E-cadherin switch 
(Figure 3C) in the SETD2 overexpressed A549 and H1975 cells using 
a confocal microscope.

Tumor volume =
(

length ∗ width2
)

∕2

F I G U R E  3  SETD2 inhibits EMT of A549 and H1975 cells. (A) The molecular marker levels of EMT (E-cadherin, N-cadherin, and vimentin) 
in SETD2-overexpressed A549 and H1975 cell were evaluated using western blot. (B) The molecular marker levels of EMT (E-cadherin, 
N-cadherin, and vimentin) in the SETD2-knockdown A549 and H1975 cells were evaluated using western blot. (C) The morphological 
change and vimentin/E-cadherin switch in SETD2-overexpressed A549 and H1975 cells were evaluated using confocal microscopy. Data are 
presented as means ± SEM, n = 3; statistical significance: *p < 0.05

http://kmplot.com/
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3.4  |  SETD2 negatively regulates IL-8 expression

To get an insight into the molecular basis of SETD2 impairing lung 
cancer progression, we performed gene expression analysis using the 

SETD2 overexpression and control A549 cells. As shown in the volcano 
plots (Figure  4A), IL-8 was found to be significantly downregulated 
upon SETD2 overexpression and upregulated by SETD2 knockdown 
(Figure  4B). We further found that IL-8 expression was significantly 

F I G U R E  4  SETD2 transcriptionally inhibits the expression of IL-8. (A) IL-8 was downregulated upon SETD2 overexpression as indicated 
in the volcano plot. (B) The significantly upregulated IL-8 upon SETD2 knockdown and downregulated IL-8 in SETD2 overexpression were 
verified using real-time PCR. (C) The mRNA expression differences of IL-8 between lung tumors and adjacent normal tissues were analyzed 
using real-time PCR. (D) The mRNA expression differences in IL-8 between human lung cancer cell lines (A549, H1975 and H1299) and 
human bronchial epithelial cell line HBE were analyzed using real-time PCR. (E) Kaplan–Meier analyses were conducted to explore the 
correlation of IL-8 expression with overall survival of patients with NSCLC. (F) A schematic diagram showing the IL-8 promoter luciferase 
reporter vectors with four distinct promoter regions, which then were co-transfected with siSETD2 or siNC into A549 and H1975 cells and 
subjected to luciferase activity assays. (G) The expression profile of lung cancer in the GEO database (ID: GSE40791) was used to evaluate 
the relationship between SETD2 and IL-8. (H) The correlation between the levels of IL-8 and SETD2 in lung tumors was analyzed. Data are 
presented as means ± SEM, n = 3; statistical significance: *p < 0.05, **p < 0.01
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more highly expressed in tumor tissues (Figure  4C) and cell lines 
(Figure  4D), compared with that in normal tissues and HBE cells. 
Therefore, we hypothesized that IL-8  might be negatively regulated 
by SETD2. Kaplan–Meier analyses were further conducted to explore 
the correlation of IL-8 expression with overall survival of NSCLC pa-
tients. Kaplan–Meier survival analysis showed that the high IL-8 ex-
pression was associated with poor prognosis in patients with NSCLC 

(p  <  0.05, Figure  4E). As mentioned previously, SETD2 catalyzed 
H3K36me3 to regulate gene transcription and was implicated in RNA 
splicing during gene transcription. Therefore, we sought to determine 
how SETD2 regulated IL-8 expression. Promoter activity assay showed 
that five truncations with different length of IL-8 promoter (−1.0  k, 
−1.5  k, −2.0  k, −2.5  k and −3.0  k) were amplified and cloned into 
pGL3-basic vectors for luciferase reporter assays (Figure 4F). Results 

F I G U R E  5  SETD2-mediated H3K36me3 prevents STAT1 from activating IL-8 expression. (A) The levels of H3K36me3 in the SETD2-
overexpressed and -knockdown A549 and H1975 cells were evaluated using western blotting. (B) The phosphorylated levels of STAT1 in the 
SETD2-overexpressed and -knockdown A549 and H1975 cells were evaluated using western blotting. (C) The translocation of STAT1 into 
the nucleus in the SETD2-overexpressed A549 and H1975 cells was analyzed under a Zeiss confocal microscope. (D) The protein interaction 
between SETD2 and STAT1 in the SETD2-knockdown A549 and H1975 cells was evaluated using co-immunoprecipitation. (E) ChIP-qPCR 
assays of SETD2, H3K36me3, and STAT1 in the IL-8 promoter in normal and SETD2-knockdown A549 and H1875 cells. (F) Luciferase report 
assays for the IL-8 promoter in normal and SETD2-knockdown A549 and H1875 cells with or without STAT1 knockdown were performed. 
Data are presented as means ± SEM, n = 3; statistical significance: *p < 0.05, **p < 0.01
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demonstrated that SETD2 ablation significantly increased the expres-
sion levels of −2.0 k, −2.5 k and −3.0 k IL-8 promoter regions, while no 
changes were observed in the expression levels of −1.0 k and −1.5 k 
IL-8 promoter regions (Figure 4F), suggesting that SETD2 negatively 
regulated IL-8 expression via its −2.0 k to ~−1.0 k promoter region. 
To evaluate the relationship between SETD2 and IL-8, the expression 
profile of lung cancer in the Gene Expression Omnibus (GEO) data-
base (ID: GSE40791) was used. The level of IL-8 in lung tumors was 
significantly higher than that in the normal lung tissues (Figure  4G) 
and negatively correlated with the level of SETD2 (Figure 4H). Taken 
together, these results revealed that SETD2-catalyzed H3K36me3 
transcriptionally inhibited IL-8 transcription.

3.5  |  SETD2-mediated H3K36me3 prevents STAT1 
from activating IL-8 expression

To understand how H3K36me3 negatively regulated IL-8 expres-
sion, we first confirmed that SETD2-catalyzed H3K36me3 was 
associated with IL-8 expression. Western blotting analyses were 
performed using cell lysates from A549 and H1975 cells with or 

without SETD2 overexpression or knockdown. Results indicated that 
the H3K36me3  levels were significantly increased or reduced upon 
SETD2 overexpression and knockdown, respectively (Figure  5A), as 
the IL-8 promoters contained binding sequences for STAT1. Moreover, 
activation of the JAK–STAT1  signaling pathways stimulated IL-8 
transcription. Therefore, we next investigated the role of STAT1 in 
SETD2-inhibited IL-8 expression. Western blot analysis revealed that 
the phosphorylation levels of STAT1 were significantly increased or 
reduced upon SETD2 overexpression and knockdown, respectively 
(Figure 5B). It is well established that STAT family members are phos-
phorylated by receptor associated kinases, and then form homodimers 
or heterodimers that translocate to the cell nucleus where they act 
as transcription activators. Therefore, translocation of STAT1 into the 
nucleus was analyzed using a Zeiss confocal microscope. As expected, 
SETD2 overexpression obviously increased the phosphorylation lev-
els of STAT1 in the nucleus in the A549 and H1975 cells (Figure 5C). 
Moreover, co-immunoprecipitation (co-IP) experiments in A549 and 
H1975 cells using antibodies against SETD2  showed that SETD2 
co-located with STAT1, and that this was dramatically diminished by 
SETD2 downregulation (Figure  5D). In addition, independent ChIP-
qPCR results showed enrichment of the IL-8 promoter in anti-SETD2, 

F I G U R E  6  IL-8 administration reverses the impairment of SETD2 on the proliferation, migration, and invasion ability of LUAD cells. (A) 
The effects of IL-8 treatment with or without STED2 overexpression on the cell proliferation ability of A549 and H1975 cells were analyzed 
using a CCK-8 assay. (B) The effects of IL-8 treatment with or without STED2 overexpression on the cell migration ability of A549 and H1975 
cells were analyzed using a wound healing assay. (C) The effects of IL-8 treatment with or without STED2 overexpression on the cell invasion 
ability of A549 and H1975 cells were analyzed using a transwell invasion assay. Data are presented as means ± SEM, n = 3; statistical 
significance: *p < 0.05, **p < 0.01
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H3K36me3, and STAT1 ChIP assays (Figure 5E), which were similarly 
decreased in the SETD2-knockdown A549 and H1975 cells (Figure 5E). 
Consistently, SETD2-knockdown elevated IL-8 promoter activity in 
A549 cells was obviously abolished by STAT1 knockdown (Figure 5F). 
Taken together, these results revealed that SETD2-mediated 
H3K36me3 prevented STAT1 from activating IL-8 expression.

3.6  |  IL-8 administration reverses the 
impairment of SETD2 on proliferation, migration, and 
invasion ability of LUAD cells

To evaluated the critical role of IL-8 in the SETD2 impaired prolifera-
tion, migration, and invasion ability of LUAD cells, we next detected 
the effect of exogenous IL-8 treatment in SETD2-overexpressed 
LUAD cells, compared with vector control LUAD cells. As shown 
in Figure 6A, the SETD2-impaired cell viability of LUADs was obvi-
ously rescued using endogenous IL-8 treatment. Similarly, the de-
creased migration (Figure  6B) and invasion (Figure  6C) caused by 
SETD2 overexpression eventually rose again with endogenous IL-8 

treatment in A549 and H1975 cells. However, STAT1 overexpres-
sion failed to alter the SETD2-impaired cell viability, migration, inva-
sion, and EMT in A549 and H1975 cells (Figure S1A–D). By contrast, 
STAT1  knockdown or IL-8 neutralized antibody (IL-8 Abs) signifi-
cantly reversed SETD2-overexpression improved cell viability, mi-
gration, invasion, and EMT in A549 and H1975 cells (Figure S2A–D).

3.7  |  In vivo verification of the tumorigenesis 
inhibition of SETD2-IL8 axis in LUAD

We further validated the regulatory relationship between SETD2 
and IL-8 in a nude mice xenograft model. SETD2 and IL-8 were ec-
topically overexpressed separately or simultaneously in luciferase-
labeled A549 cells to establish the SETD2-overexpressing 
(Lv-SETD2), IL-8-overexpressing (Lv-IL-8) and SETD2/IL-8 double 
overexpressing (Lv-SETD2+IL-8) A549 cells, which were subcuta-
neously injected into nude mice by tail vein injection. SETD2 over-
expression resulted in a significant reduction in tumor metastasis, 
whereas intermittent therapy with IL-8 alone had no significant 

F I G U R E  7  In vivo verification of the tumorigenesis inhibition of SETD2-IL8 axis in LUAD. (A) Representative image of bioluminescent 
imaging mice injected with SETD2-overexpressing (Lv-SETD2), IL-8-overexpressing (Lv-IL-8), or SETD2/IL-8 double overexpressing (Lv-
SETD2+IL-8) A549 cells. (B) The bioluminescence intensities in these four mice groups were counted. (C) H&E, SETD2, and vimentin staining 
of subcutaneous tumors of control and SETD2-overexpressing A548 cells with or without IL-8 treatment. Scale bars, 50 μm. (D) Graphic 
model of SETD2 functions in LUAD. SETD2-mediated H3K36me3 prevents the assembly of Stat1 on the IL-8 promoter and contributes 
to the inhibition of tumorigenesis in lung adenocarcinoma. Data are presented as means ± SEM, n = 3; statistical significance: *p < 0.05; 
**p < 0.01
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effect on tumor metastasis reduction, but reversed the SETD2-
inhibited tumor metastasis, as measured using bioluminescent im-
aging (Figure 7A). Bioluminescence counts were strongly correlated 
with tumor metastasis (Figure  7B). H&E staining and IHC staining 
confirmed the expression levels of SETD2 and vimentin in these 
tumors (Figure 7C). These results collectively suggested the modu-
latory effects of the SETD2/STAT1/IL-8 axis on tumor growth and 
metastasis in LUAD (Figure 7D).

4  |  DISCUSSION

LUAD's tumorigenesis is thought to require multiple subsequent 
mutations in genes associated with cell growth, differentiation, and 
survival.22,23 Some studies have shown that H3K36 methylation is 
associated with abnormal differentiation or proliferation.10 It has 
been reported that the absence of SETD2 would impair the differ-
entiation of ES cells, while the expression of H3.3 mutants that in-
hibited the methylation of H3K36 would impair the differentiation 
of chondrocytes and mesenchymal progenitors.24 SETD2 and its 
catalyzed H3K36me3 play crucial roles in maintaining chromosome 
integrity and regulating gene transcription.25,26 Mutations and dele-
tions of the SETD2 gene have been identified in several cancers.27-31 
In a very recent study, SETD2 was reported to inhibit colon cancer 
by modulating alternative splicing.20 Moreover, SETD2 was reported 
to directly mediate STAT1 methylation on lysine 525 via its meth-
yltransferase activity, which reinforced IFN-activated STAT1 phos-
phorylation and antiviral cellular responses.12 However, the roles of 
SETD2 loss in the progression of LUAD have not been well estab-
lished. Here, we determined that SETD2 was significantly decreased 
in LUAD. SETD2 loss greatly upregulated IL-8 expression via its en-
zymatic activity in catalyzing H3K36me3, which bound STAT1 to the 
IL-8 promoter and activated its expression (Figure 7D).

IL-8 is a pro-inflammatory CXC chemokine associated with 
the promotion of neutrophil chemotaxis and degranulation.32 This 
chemokine activates multiple intracellular signaling pathways down-
stream of G-protein-coupled receptors on both cell surfaces.33 
Increased expression of IL-8 and/or its receptors in cancer cells, en-
dothelial cells, infiltrating neutrophils, and tumor-associated macro-
phages suggests that IL-8 may play an important regulatory role in 
the tumor microenvironment.34 Therefore, IL-8  signaling increases 
the proliferation and survival of cancer cells and enhances the mi-
gration and metastasis of cancer cells, endothelial cells, and inva-
sive neutrophils at tumor sites. In addition, stress and drug-induced 
IL-8 signaling pathways have been shown to confer chemotherapy 
resistance in cancer cells.35 Therefore, unveiling the upstream reg-
ulation of IL-8 signaling may be a significant therapeutic interven-
tion in the prevention of tumor progression. Moreover, mice do not 
have the IL-8 gene, so human cancer cell lines and xenograft studies 
have been used to study the role of IL-8 in carcinogenesis.36,37 In this 
study, we identified that SETD2-mediated H3K36me3 could prevent 
transcription factor STAT1 assembly on the IL-8 promoter, which im-
paired the activation of IL-8. Furthermore, IL-8 treatment obviously 

reversed the inhibitory effect of SETD2 in the proliferation and me-
tastasis of LUAD cells in vitro and in xenografts.

Tumor EMT is a phenotypic transformation that promotes the 
acquisition of fibroblast-like morphology by epithelial tumor cells, 
thereby enhancing the motility and aggressivity of tumor cells, en-
hancing metastasis tendency and resistance to chemotherapy, radio-
therapy, and some small-molecule targeted therapies.38,39 Evidence 
suggests that an autocrine-positive ring exists between IL-8 and the 
EMT transcription factor Brachyury in breast and lung cancer cell 
lines, which has been well documented. The addition of purified IL-8 to 
cancer cells has been shown to increase the percentage of aldehyde-
positive cells and enhance the migration and invasiveness of cancer 
cells in vitro.40-42 In this study, we demonstrated that IL-8 is negatively 
regulated by SETD2-mediated H3K36me3. Using in vivo xenograft 
experiments, we also confirmed that IL-8 administration significantly 
reversed the inhibitory of EMT by SETD2. In summary, our findings 
highlighted the suppressive role of SETD2/H3K36me3 in cell prolifer-
ation, migration, invasion, and EMT during LUAD carcinogenesis, via 
regulation of the STAT1–IL-8 signaling pathway. Therefore, our stud-
ies on the molecular mechanism of SETD2 will advance our under-
standing of epigenetic dysregulation at LUAD development.
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