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Cyclooxygenase-2 (COX-2) is highly expressed in tumor cells and has been regarded as a

hallmarker for cancers, but the excise regulatory mechanism of COX-2 in tumorigenesis re-

mains largely unknown. Here, we pulled down and identified a novel COX-2 regulator, het-

erogeneous nuclear ribonucleoprotein A2/B1 (hnRNPA2/B1), which could specifically bind

to COX-2 core promoter and regulate tumor growth in non-small-cell lung cancers

(NSCLCs). Knockdown of hnRNPA2/B1 by shRNA or siRNA downregulated COX-2 expres-

sion and prostaglandin E2 (PGE2) production, and suppressed tumor cell growth in NSCLC

cells in vitro and in vivo. Conversely, overexpression of hnRNPA2/B1 up-regulated the levels

of COX-2 and PGE2 and promoted tumor cell growth. We also showed that hnRNPA2/B1

expression was positively correlated with COX-2 expression in NSCLC cell lines and tumor

tissues, and the up-regulated expression of hnRNPA2/B1 and COX-2 predicted worse prog-

nosis in NSCLC patients. Furthermore, we demonstrated that the activation of COX-2

expression by hnRNPA2/B1 was mediated through the cooperation with p300, a transcrip-

tional co-activator, in NSCLC cells. The hnRNPA2/B1 could interact with p300 directly and

be acetylated by p300. Exogenous overexpression of p300, but not its histone acetyltrans-

ferase (HAT) domain deletion mutation, augmented the acetylation of hnRNPA2/B1 and

enhanced its binding on COX-2 promoter, thereby promoted COX-2 expression and lung

cancer cell growth. Collectively, our results demonstrate that hnRNPA2/B1 promotes tumor
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cell growth by activating COX-2 signaling in NSCLC cells and imply that the hnRNPA2/B1/

COX-2 pathway may be a potential therapeutic target for human lung cancers.

ª 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.
1. Introduction lung cancer. It is also expressed in benign and malignant
Non-small-cell lung cancer (NSCLC) patients have bad prog-

nostic and short term survival (Belani et al., 2012; Chen

et al., 2015). Besides smoking, occupational and environment

factors, chronic inflammation has been extensively proved

to be a common feature in NSCLCs (Hashim and Boffetta,

2014; Lee and Hashibe, 2014; Takiguchi et al., 2014; Florou

et al., 2014). Recent evidence suggests that in inflammatory

response heterogeneous nuclear ribonucleoproteins (hnRNPs)

have ability to modulate the expression of inflammatory me-

diators (Tauler and Mulshine, 2009). Overexpression of

hnRNPs, such as hnRNPA2/B1, can affect mRNA stability to

regulate post-transcription in lung cancer (Percipalle et al.,

2009; Han et al., 2010). hnRNPs are consist of RNA and protein

which present in the cell nucleus.

The inflammatory microenvironment can promote tumor

formation and stimulate tumor progression. In lung cancers,

bacterial infection and neutrophilia can contribute to a poor

prognosis (Razmi et al., 2013; Okada, 2014). A large amount of

evidences support the role of cyclooxygenase-2 (COX-2) in

inflammation and oncogenesis. High expression of COX-2 is

significantly associated with cell apoptosis, tumor occurrence,

development and invasion (Aziz et al., 2014; Norouzi et al.,

2015). COX-2 inhibition has been shown to suppress tumor

growth and lymph node metastasis (Zhao et al., 2010;

Masferrer et al., 2000), and, of importance, is an effective strat-

egy for cancer treatment. Prostaglandin E2 (PGE2), a COX-2

product, can enhance angiogenesis and lymphangiogenesis

during chronic inflammation and tumor progression (Qiu

et al., 2014, Li et al., 2014). Therefore, the crucial role of COX-2

in tumor progression highlights the importance of discovering

and identifying novel regulators of COX-2. In this study, we

combined streptavidin-agarose pulldown assay and mass

spectrum identification criteria to pull down and discover

several new COX-2 expression regulators in NSCLC cells, and

identified hnRNPA2/B1 (heterogeneous nuclear ribonucleopro-

tein A2/B1) as a specific COX-2 promoter binding protein. How-

ever, the precise mechanism of hnRNPA2/B1 involved in

the regulation of COX-2 expression and lung cancer growth

remains unknown.

hnRNPA2/B1 has been supposed to be overexpressed in a

variety of cancers, including breast, pancreas, liver, and pros-

tate cancer (Tauler et al., 2010; Torosyan et al., 2010;

Katsimpoula et al., 2009; Turck et al., 2004). hnRNPA2/B1 is a

protein which ubiquitously participates in RNA-binding and

pre-RNA processing, and is involved in the regulation of can-

cer cell metabolism, migration, invasion, proliferation, sur-

vival, and apoptosis (Clower et al., 2010; Moran-Jones et al.,

2009; Patry et al., 2003; He et al., 2005, 2009). It also plays an

important role in epithelialemesenchymal transition (Tauler

et al., 2010). hnRNPA2/B1 is not the unique characteristic for
lung diseases, such as sarcoidosis, pneumonia, tuberculosis,

mineral dust disease and smoker lung (Ma et al., 2009). How-

ever, whether hnRNPA2/B1 regulates lung cancer growth by

modulating inflammatory mediator COX-2 expression in

lung cancer cells is still unclear.

In this study, we pulled down and identified hnRNPA2/B1

as a novel transcriptional regulator of COX-2, and further

investigated how hnRNPA2/B1 modulated COX-2 expression

thereby promoting tumor growth in NSCLC cells. We found

that hnRNPA2/B1 bound to the promoter region of COX-2

gene, and regulated its transcription and expression. We

also assessed the clinical significance of the hnRNPA2/B1/

COX-2 signaling in NSCLC patients. The results from our study

may provide new insights into understanding the regulatory

mechanism of COX-2 and exploring new therapeutic targets

for lung cancer treatment.
2. Materials and methods

2.1. Cell lines and cell culture

H1299, H322 (NCI-H322), HLF (HLF-a) and HBE cells were

cultured in Dulbecco’s modified Eagle’s medium (DMEM) sup-

plemented with 5% fetal bovine serum. A549 and H460 (NCI-

H460) cells were cultured in RPMI1640 medium supplemented

with 5% fetal bovine serum. The cellswere grown at 37 �C in an

atmosphere of 5%CO2. All the cell lineswere obtained from the

American Type Culture Collection (ATCC, Manassas,VA).

2.2. Mass spectrometry

Cell nuclear extracts were incubated with the biotin-labeled

COX-2 promoter probe and streptavidin-agarose beads. The

purified COX-2 promoter binding proteinswere electrophores-

ised on SDS-PAGE and silver stained. The protein bands of in-

terests were excised from the gel and conducted liquid

chromatography-mass spectrometry (LC-MS/MS) and proteo-

mic analysis. The proteins which had p < 0.05 and PSMs

scores � 2 were considered as promising hits.

2.3. Transfection

The cells (2 � 105/ml) seeded in 6-well plates overnight were

mixedgently2.5ugofsiRNAand5ulofLipofectamine3000 (Invi-

trogen) in250ulopti-MEM(Gibco)and incubatedat 37 �Cfor48h.

2.4. Plasmids

The plasmid pPR244-hnRNPA2 (HM639989) and pBS-hnRNPA2

(HM639989) were obtained from Addgene. H1299 cells were
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transfected with pBS-hnRNPA2 to overexpress hnRNPA2/B1,

and H460 cells were transfected with pPR244-hnRNPA2 to

inhibit hnRNPA2/B1.

2.5. Lysate preparation from tumor tissues

Lung cancerous tumors and adjacent tissues were obtained

from 20 patients who underwent surgery therapy at Dalian

Medical University-First Affiliated Hospital between 2013

and 2014. The surgery and the study had been approved by

Dalian Medical University-First Affiliated Hospital medical

ethics committee, the informed consent was obtained from

patients in accordance with the Declaration of Helsinki and

with institutional guidelines. The tissues (100 mg) were

washed with PBS to remove blood, then transferred to liquid

nitrogen immediately and homogenized thoroughly with

RIPA buffer with protease inhibitor. After incubation on ice

30 min, the tissues were sonicated for 2e5 min at power of

about 180 W. The lysates were centrifuged at 12,000 � g for

20 min at 4 �C, and the supernatants were transferred to

new tubes.

2.6. Plasmid vectors and expression constructs

pcDNA3.1 (invitrogen, V790-20) plasmid contains T7 pro-

moters for sequencing and in vitro RNA production. To pro-

duce antisense COX-2 50UTR and 30UTR RNA, a 189 bp

antisense COX-2 50UTR full length sequence was cloned into

pcDNA3.1 expression vector using Nhe I and Kpn I sites. The

2562 bp antisense COX-2 30UTR full length sequence was

cloned into pcDNA3.1 expression vector using Kpn I and Apa

I sites. The primer of COX-2 50UTR upstream were upstream

50CTAgctagcGACCAATTGTCATACGACTTGCAGT30, down-

stream 50CTAgctagcGACCAATTGTCATACGACTTGCAGT30.
The primer of COX-2 30UTR upstream 50GGggtaccAAGTCTA
ATGATCATATTTATTTATT30, downstream50GGggtaccAAGT
CTAATGATCATATTTATTTATT30.

2.7. In vitro RNA production and labeling

First, the constructed plasmid COX-2 50UTR and 30UTR DNA

were digested with enzymes sufficiently. 1 ug of linear DNA

were prepared for in vitro transcription using Riboprobe

in vitro Transcription Systems Kit (Promega, #P1460). 2.4 ul

(100 uM) Biotin-CTP were added in the reaction. The reaction

was carried out at 37 �C for 2 h after which DNA was digested

by addition of 2 units DNAse I at 37 �C for 15 min. Next, the

RNA probes were purified by RNeasy Mini Kit (QIAGEN).

2.8. RNA pulldown

Briefly, 50 pmol of the target RNA probewere placed in a 400 ul

mixture containing 400 ug nuclear extracts, RNase inhibitor

(0.1 U/ul, 3 ul), and 50 ul Streptavidin-Agarose beads (Sigma)

incubated for 3 h at 4 �C on a rotator. RNA beads were then

washed with 2 M NaCl and equilibrated in washing buffer

(5mMHEPES pH 7.9, 1mMMgCl2, 0.8mMmagnesiumacetate).

The beads were subsequently pelleted by centrifugation at

3000 rpm for 3 min and washed 3 times with 1 ml of washing

buffer. Heat the eluted samples for 10 min at 100 �C.
Electrophorese samples on a SDS-PAGE gel and analyzed by

western blot. A fragment of non-specific RNA probe was

used as negative control followed by the same treatment.
2.9. In vitro protein IP with subsequent RNA detection

For in vitro protein RNA complex immunoprecipitation, 250 ng

RNA, 400 ug nuclear extracts, and 30 ml Protein A/G agarose

beads (Invitrogen) were saturated in 500 ml buffer IPB contain-

ing 40mM TriseHCl (pH 8.0), 150 mM sodium chloride, 0.5 mM

Magnesium acetate, 1 mM DTT, 5% Glycerol, supplemented

with 0.5% BSA, 0.1 U/ul RNase inhibitor and protease inhibi-

tors (Sigma) and mixed with 3 mg anti-hnRNPA2/B1 antibody

(Santa Cruze) for 3 h with continuous rotation at 4 �C. As a

control, pre-blocked Protein A/G agarose beads lacking

hnRNPA2/B1 antibody, but adding non-specific IgG, was added

to the same amount of protein-RNA complex and processed

identically to the sample tube. Three separate washes for

5 min duration each were implemented using IPB buffer.

The RNA from the residual mixture containing protein-RNA

complex was extracted with phenolchloroform, and then

was precipitated by ethanol for resuspension in 10 ml water

in order to use for cDNA synthesis with EasyScrip one-Step

gDNA Removal and cDNA Synthesis kit (Transgen). After

completion of the reverse transcription, DNA samples were

subjected to PCR. The primer of COX-2 30UTR upstream were

50TTGCGGAGAAAGGAGTCATAC30, downstream 50TTTAC
AGGTGATTCTACCCTA30 (457 bp).
2.10. Animal study

Female nude mice (4e5weeks old) were obtained from Dalian

Medical University andweremaintained in SPF laboratory An-

imal Central. All animal maintenance and procedures were

carried in accordance with the National Institute of Health

Guide for the Care and Use of Laboratory Animals, and passed

through the training progress and approval by Animal Care

and Ethics Committee of Dalian Medical University. Each

nude mouse was injected with 2 � 105 human H460 cells

which were suspended in 100 ul PBS, subcutaneously-

growing near the axillary fossa. Mice were randomly divided

into 4 groups (6 mice per group): (a) Control siRNA; (b) LPS (li-

popolysaccharides); (c) hnRNPA2/B1 siRNA; (d) hnRNPA2/B1

siRNA and LPS. The complex of cholesterol-conjugated siRNA

(10ug) which suspended in 100 ul saline were injected twice a

week for 3weeks. The dose of LPS for each nude mouse is

10 ug/kg. LPS was injected twice a week for 2 weeks. Tumors

volume and body weights were measured twice a week. Tu-

mor volume was calculated as V ¼ 1/2 (width2 � length).

Mice were humanely sacrificed by euthanasia after treatment.

The hnRNPA2/B1 siRNA and control siRNA were obtained

from GenePharma (Shanghai, China). The sequence of the

hnRNPA2/B1 siRNA1 was 50-GAAAUACCAUACCAUCAAUtt- 30

(sense strand) and 50-AUUGAUGGUAUGGUAUUUCtt-30 (anti-
sense strand). The sequence of the hnRNPA2/B1 siRNA2 was

50-ACAACTATGGAGGAGGAAAtt-30 (sense strand) and 50-
TTTCCTCCTCCATAGTTGTCAtt-30 (antisense strand). Because

siRNA2 had no effect on hnRNPA2/B1, we chose siRNA1 for all

the experiments. The sequence of the negative control siRNA
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was 50-UUCUCCGAACGUGUCACGUtt-30 (sense strand) and 50-
ACGUGACACGUUCGGAGAAtt-30 (antisense strand).

2.11. Immunohistochemistry

Tumors were dissected and fixed in 10% formalin overnight.

Small tissues were embedded in paraffin for sectioning and

incised to 4 um thick. Antigens were retrieved in hot citrate

buffer (PH6.0) for 20 min. Immunohistochemistry was per-

formed following the DAB (3, 30-diaminobenzidine) Kit (Ori-

gene, China). The primary antibodies hnRNPA2/B1 (Santa

Cruz Tech., dilution 1:200) and COX-2 (Abcam, dilution 1:100)

were used. Sections were stained with hematoxylin to recog-

nize nuclear.

2.12. Western blot

Protein lysates (30 ug) were separated on a 4%e12% SDS-PAGE,

transferred to PVDFmembranes and immunoblotted with an-

tibodies against hnRNPA2/B1, p300 (Santa Cruz Biotechnology,

Santa Cruz,CA), b-actin, TFIIB, COX-2 (Cell Signaling Technol-

ogy, Beverly, MA). The protein bands were detected by

enhanced chemiluminescence. Densitometric analyses were

performed with Image software.

2.13. RT-PCR

Total RNAwas isolated using TrieZol reagent according to the

manufacture’s instruction. RNA (A260/A280 value of 1.8e2.1)

concentration was measured using the NanoDrop spectro-

photometer. cDNA synthesis was performed using Prime-

ScriptTM RT-PCR Kit (TaKaRa) according to the protocol

described. The sequence of hnRNPA2/B1 primer was 50-
GTTGAGCCAAAACGTGCTGT-30 (sense strand),50-ATCCC-
CAAATCCACGTCCAC-30 (antisense strand). COX-2 (sense:50-
TCACAGGCTTCCATTGACCAG-30,antisense:50-
CCGAGGCTTTTCTACCAGA-30).

2.14. PGE2 assay

The cells were transfected with plasmids. After 36 h, cell cul-

ture media were collected at the same time. The amounts of

PGE2 in the media were determined by Human Prostagland

in E2 (PGE2) ELISA Kit (Shenzhen Kerunda Biotech).

2.15. Analysis of promoter activity

The promoter of human COX-2 gene (�891 to þ9) was frac-

tured into 6 fragments in different length. Each fragment

and a non-specific vector were constructed into a luciferase

reporter vector pGL3. Luciferase reporter assays were per-

formed using the kit (Promega, Madison, WI).

2.16. Cell viability assay

H1299 and H460 cells were seeded into 96 well plates (2000

cells per well). H1299 cells were used to transfect the overex-

pression plasmid pBS-hnRNPA2. pPR244-hnRNPA2 was used

to knock down hnRNPA2 in H460 cells. At 48 h after transfec-

tion, cell viability was measured by MTT assay.
2.17. Chromatin immunoprecipitation (ChIP)

Cells were fixed with 1% formaldehyde for 10 min and the end

cross link with 0.125M glycine 10 min. Cells were washedwith

1� PBS twice, scraped and collected, resuspended in SDS lysis

buffer (1% SDS, 10 mM TriseHCL, pH 8.0), then sonicated on

ice with 150 W 5 repeats of 15 s. The 1/4 volume of lysates

were used as the input control. The rest of lysates were incu-

bated with non-immune rabbit IgG or specific antibody at 4 �C
overnight. The complex of antibody-chromatin were immu-

noprecipitated by protein A/G plus agarose beads. The pro-

tein/DNA complex were washed with elution buffer (20%

SDS, 1M NaHCO3), then revers-crosslinking at 65 �C and

phenol/chloroform extracted DNA. The primer of PCR amplifi-

cation was COX-2 promoter (50-L488ATGTCAGCCTTTCT-

TAACCTL468-30, antisense:50-L10CCGATAGAACCTTCCTTT

TTL30-30), (50-L362CATCCAAGGCGATCAGTCCAL342-30,anti-
sense:50-L196TCGGAAACCCAGGAAGCTGCL216-30) (50-L196GC

AGCTTCCTGGGTTTCCGAL176-30,antisense:50-L30AAGACTGA

AAACCAAGCCCAL50-30)

2.18. Confocal immunofluorescence

H1299 cells were incubated on chamber slides in 6-well plates

with or without p300 transfection. The samples were fixed

with 4% polyoxymethylene 30 min at room temperature and

permeabilized with PBST (PBS with 0.2%Triton X-100), then

blocked with bovine serum albumin (BSA) 30 min and incu-

bated with hnRNPA2/B1 and p300 antibodies (1:200 dilution)

overnight at 4 �C. After washing 3 times, cells were incubated

with the fluorescein isothiocyanate- and rhodamine-

conjugated secondary antibodies for 1 h. The nuclei were

counterstained with 40,6-diamidino-2-phenylindole (DAPI).

The results were visualized by Leica DM 14000B cofocal laser

scanning microscope.

2.19. Immunoprecipitation (IP)

300 ug nuclear protein was used for each IP. The proteins were

pulled down with Protein A/G sepharose and detected by

Western blot analysis with specific antibodies.

2.20. Migration assay

H460 cells (3 � 105 cells per well) were seeded in 6-well plates.

Five groups were divided: (a) control, (b) Celecoxib (CB)

(Sigma Aldrich, St. Louis, USA, 15 uM), (c) LacZ, (d) shRNA

of pPR244-hnRNPA2 plasmid, (e) shRNA of pPR244-hnRNPA2

plasmid and Celecoxib. After transfection for 12 h, cell layers

were scratched by sterile tips and photographed at 0, 24, and

48 h.

2.21. Human tissue micro array

The human tissue micro arrays were purchased from Outdo

Biotech Company (Shanghai, China). Total 150 cases from 75

lung cancer patents were arranged into two tissue array

blocks. The antibodies against hnRNPA2/B1 (Santa Cruz

Tech., dilution 1:200) and COX-2 (Abcam, dilution 1:100)

were used.
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2.22. DNA-protein binding by pulldown assay

hnRNPA2/B1 binding to COX-2 a core promoter probes were

verified by a streptavidin-agarose pulldown assay as previ-

ously described (Deng et al., 2007). COX-2 promoter probe

is the biotin-labeled double-stranded oligonucleotide probe.

Biotin labeled in the 5’end. The 3 fragments of COX-2 pro-

moter sequence were synthesized by Invitrogen Company.

The sequence of non-specific probe (NSP) is 50-AGAGTGGT-

CACTACCCCCTCTG-30. The COX-2 promoter probes were

synthesized by PCR. The biotin-labeled primer sequences

were: sense:50-L891GGCCATCGCCGCTTCCTTTGL871-30,
antisense:50-L30AAGACTGAAAACCAAGCCCAL50-30; sense:

50-L459GGCGGCGGGAGAGGGGATTCL439-30, antisense:

50-L30AAGACTGAAAACCAAGCCCAL50-30; sense: 50-L362CAT

CCAAGGCGATCAGTCCAL342-30, antisense: 50-L30AAGACT-

GAAAACCAAGCCCAL50-30. All the probes were biotin-

labeled.
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3. Results
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(Figure 1A). The pulled down and purified protein factors

bound to the COX-2 promoter probe were separated by SDS/

PAGE electrophoresis and then visualized by silver staining

(Figure 1B). Compared to the differential binding capabilities

on COX-2 promoter between human normal cell lines (HLF),

immortalized HBE cells and NSCLC cell lines (A549, H1299),
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we selected the protein bands of interests for further analysis

using mass spectrum and proteomic techniques. One protein

band with molecular weight about 36 kDa was identified as

hnRNPA2/B1 (Figure 1B).

To further validate the binding of hnRNPA2/B1 to the COX-

2 promoter, we used western blot assay to detect the proteins
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whichwere pulled down in the streptavidin-biotinylated COX-

2 promoter probe complex in various NSCLC cell lines. As

shown in Figure 1C, all four NSCLC cell lines (A549, H1299,

H322 and H460) showed high binding of hnRNPA2/B1 on the

COX-2 promoter probe corresponding to the sequence �891

to �30, whereas a very light binding of hnRNPA2/B1 was

detected on the COX-2 promoter probe corresponding to the

sequence �360 to �30. By contrast, hnRNPA2/B1 did not bind

to the irrelevant non-specific DNA sequence (NSP)
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(Figure 1C). To further verify the binding of hnRNPA2/B1 on

COX-2 promoter region in the chromatin structure in living

cells, ChIP assay was performed. The results showed that

the DNA immunoprecipitated from the NSCLC cell lines

(A549, H1299, H322 and H460) by antibody against hnRNPA2/

B1 were amplified by PCR using the primers corresponding

to the COX-2 promoter region (�488 to �10). However, the

DNA was not amplified by the primers corresponding to the

COX-2 promoter regions (�362 to �196) and (�362 to �30),
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indicating that hnRNPA2/B1 did not bind to these two COX-2

promoter regions (Figure 1D). We also did not detect the

amplification of COX-2 promoter using the negative IgG con-

trol for the ChIP assay (Figure 1D). These results demonstrated

the binding ability of hnRNPA2/B1 on COX-2 promoter in lung

cancer cells.

We also performed RNA-Pulldown experiments to test the

binding between hnRNPA2/B1 and COX-2 50- and 30-UTR. A

very light binding of hnRNPA2/B1 was detected on the COX-2

30-UTR probe and nearly no binding was seen on the COX-2

50-UTR (Supplementary Figure 3A). Similarly, in vitro protein

IP assay indicated that COX-2 30-UTR could be detected in the
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immunoprecipitated complexes formed by hnRNPA2/B1 and

its antibody, but 50-UTR was hardly detected (Supplementary

Figure 3B). These data demonstrated the binding of

hnRNPA2/B1 at COX-2 30-UTR, though such binding is not so

strong compared to its binding at COX-2 promoter sequence.

To see whether the differential binding of hnRNPA2/B1 to

COX-2 promoter is due to the differential expression between

lung normal and cancer cells, we next detected the hnRNPA2/

B1 proteins in the nuclear extracts by Western blot. As shown

in Figure 1E, the comparatively high levels of hnRNPA2/B1 pro-

teins in nuclear extracts were detected in the four NSCLC cell

lines compared to the normal cell line HLF.
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3.2. hnRNPA2/B1 upregulated COX-2 expression and
PGE2 production

To see whether hnRNPA2/B1 could mediate the regulation of

COX-2 in NSCLC cells, we determined the effect of hnRNPA2/

B1 on the protein expression and promoter activity of COX-2
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we used H1299 cell line for the overexpression experiment.

Conversely, overexpression of hnRNPA2/B1 by transfecting

H1299, H460 and H322 cells with hnRNPA2/B1 expressing vec-

tor (hnRNP) dramatically up-regulated COX-2 protein expres-

sion (Figure 2D).

PGE2 is a downstream product of COX-2 (Obermajer et al.,

2011). The COX-2/PGE2 signaling is associated with the initia-

tion and promotion of lung tumorigenesis and tumor metas-

tasis (Castellone et al., 2005; Solomon et al., 2005). We next

quantitatively analyzed the regulation of hnRNPA2/B1 on

PGE2 production in cell culture media. Consistent with the ef-

fect of hnRNPA2/B1 on COX-2 expression, knockdown of
Figure 6 e Clinical data analysis for hnRNPA2/B1 and COX-2 in human ti

B1 and COX-2 in tumor tissues from NSCLC patients detected by immun

tissues and their adjacent non-malignant lung tissues from NSCLC patients

75 NSCLC patients.
hnRNPA2/B1 by shRNA significantly inhibited PGE2 production

in H460 cells (Figure 2B). Similarly, overexpression of

hnRNPA2/B1 increased the level of PGE2 in H1299 cells

(Figure 2E). These results indicate that hnRNPA2/B1 positively

up-regulates the COX-2/PGE2 signaling in NSCLC cells.

3.3. hnRNPA2/B1 promoted transcriptional activation of
COX-2 promoter

Since hnRNPA2/B1 specifically bound to COX-2 promoter in

lung cancer cells, it might play a crucial role in the regulation

of COX-2 transcription. We next tested the effect of hnRNPA2/
ssue microarrays from NSCLC patients. (A) Expression of hnRNPA2/

ohistochemical staining. (B) Expression of hnRNPA2/B1 in tumor

. (C) Clinical prognosis factors and clinicopathologic characteristics of
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B1 on COX-2 promoter activity in various NSCLC cell lines.

Knockdown of hnRNPA2/B1 by siRNA significantly inhibited

COX-2 promoter activity in H460 and H322 cell lines

(Figure 2C). We next constructed six luciferase report gene

vectors containing full length promoter region of COX-2

(�891 to þ9) and its deletion mutants: COX-2 (�459 to þ9),

COX-2 (�362 to þ9), COX-2 (�193 to þ9), COX-2 (�96 to þ9).

As shown in Figure 2F, overexpression of hnRNPA2 in H1299

cells almost had no effect on the expression of report gene

luciferase driven by the COX-2 promoter mutants COX-2

(�362 to þ9), COX-2 (�193 to þ9) and COX-2 (�96 to þ9), while

significantly up-regulated luciferase expression driven by the

promoters COX-2 (�459 to þ9) and COX-2 (�891 to þ9). These

results indicate that hnRNPA2/B1 may bind on the region of

COX-2 promoter region (�459 to �362) and regulate COX-2

expression.

3.4. hnRNPA2/B1 and COX-2 were highly expressed in
NSCLC cell lines and tumor tissues

We next analyzed the expression of hnRNPA2/B1 and COX-2

in NSCLC cell lines and tumor tissues. High expression of

hnRNPA2/B1 at protein (Figure 3A) and mRNA (Figure 3B)

levels were detected in NSCLC cells (A549, H1299, H322,

H460) and immortalized cell line (HBE), but not in the lung

normal cell line (HLF). The COX-2 protein (Figure 3A) and

mRNA (Figure 3B) were also highly expressed in A549,

H460 and HBE cells but not in HLF cells. Consistent with

the previous reports, we detected a lower levels of COX-2

expression in H1299 and H322 cells (Yang et al., 2014). In

addition, we also determined the expression of hnRNPA2/

B1 and COX-2 in tumor tissue samples and their adjacent

tissues from 20 NSCLC patients by Western blot analysis

(Figure 3C) and immunohistochemical staining (Figure 3D).

We found that 16 out of 20 tumor samples had high expres-

sion of both hnRNPA2/B1 and COX-2 by comparison with

their adjacent tissue samples, indicating that the expression

of COX-2 is positively correlated with hnRNPA2/B1 levels in

NSCLC cells.

3.5. Knockdown of hnRNPA2/B1 inhibited NSCLC cell
migration and proliferation

We next determined the effect of hnRNPA2/B1 on cell migra-

tion and proliferation by scratch andMTT assays respectively.

The results showed that transfection of H460 cells with

hnRNPA2/B1 shRNA considerably suppressed cell migration

(Figure 4A) and cell proliferation and viability (Figure 4B,C).

Celecoxib (CB) is known as a COX-2-selective inhibitor which

has been used to inhibit tumor growth (Yang et al., 2014).
(B) Cellular co-localization of p300 and hnRNPA2/B1 in H460 cells was d

transfected with the expressing plasmids of p300 or its HAT deletion mutan

used for IP assay using anti-hnRNPA2/B1 antibody following by WB assay

binding protein pulldown assay using biotin-labeled COX-2 promoter prob

H460 cells were transfected with hnRNPA2/B1 shRNA combining with the

the effects of the shRNA on COX-2 protein (D), COX-2 promoter (L459/

viability (G) were determined, respectively. The data is the mean ± SD of

difference.
The combined treatment with hnRNPA2/B1 shRNA and cele-

coxib (CB) did not significantly enhance the cell viability inhi-

bition (Figure 4C). By contrast, overexpression of hnRNPA2/B1

in H1299 cells by transfecting cells with its expressing vector

(hnRNP) markedly increased cell proliferation, and the addi-

tion of celecoxib (CB) reduced the hnRNPA2/B1-mediated pro-

motion of cell proliferation (Figure 4D).

3.6. Knockdown of hnRNPA2/B1 suppressed tumor
growth in a xenograft mouse model

We also validated the hnRNPA2/B1-mediated regulation of tu-

mor growth via COX-2 signaling in a mouse model. H460 cells

were injected into nudemice (flank). Knockdown of hnRNPA2/

B1 by siRNA significantly inhibited tumor volume

(Figure 5A,B,C,E) and tumor weight (Figure 5D). However,

treatment with LPS, a COX-2 inducer, effectively rescued the

inhibitions of tumor growth caused by hnRNPA2/B1 silencing

(Figure 5AeE). The results fromWestern blot also showed that

the hnRNPA2/B1 knockdown considerably suppressed COX-2

protein expression in the mouse groups treated with

hnRNPA2/B1 siRNA compared to the control siRNA groups

(Figure 5F). Moreover, immunohistochemical staining also

confirmed that the expression of hnRNPA2/B1 was positively

correlated with COX-2 expression (Figure 5G). These data

further demonstrate that the hnRNPA2/B1-mediated regula-

tion of tumor cell growth is in part realized through the mod-

ulation of COX-2 signaling in NSCLC cells.

3.7. hnRNPA2/B1 expression was positively correlated
with COX-2 expression in NSCLC patients

We next evaluated the expression of hnRNPA2/B1 and COX-2

in tumor tissues and their adjacent samples in 150 tumor sam-

ples from 75 NSCLC patients by tissue microarray and immu-

nohistochemical assay. We found that the expression level of

COX-2 positively correlated with hnRNPA2/B1 expression

( p¼ 0.011) (Figure 6A,B,C), and the overall survival in these pa-

tients was significantly poorer than in those with low expres-

sion of hnRNPA2/B1 ( p ¼ 0.014) (Supplementary Figure 1A).

Cumulative hazard function in the patients with high expres-

sion of hnRNPA2/B1 was higher than those with low expres-

sion of hnRNPA2/B1 (Supplementary Figure 1B). In addition,

the worse statues of clinical TNM stage was significantly

correlated with the high expression of hnRNPA2/B1

(HR ¼ 0.306, p ¼ 0.003) (Figure 6C).

P300 interacted with and acetylated hnRNPA2/B1 to regu-

late COX-2 expression.

P300 is an important co-activator for COX-2 transcription

and has been shown to acetylate COX-2 promoter-bound
etected by confocal immunofluorescence assay. (C) H1299 cells were

t. LacZ was used for the control. After 48 h, the nuclear extracts were

using anti-hnRNPA2/B1 or anti-pan-Acetyl antibody, and for DNA-

e following by Western blot assay using anti-hnRNPA2/B1. (DeG)

expressing plasmids of p300 or its HAT deletion mutant. After 48 h,

D9) activity (E), PGE2 production in cell culture media (F), and cell

three independent experiments. p < 0.05 represents significant
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transactivators (Deng et al., 2003; Subbaramaiah et al., 2001).

To determine whether p300 plays a role in the hnRNPA2/B1-

mediated regulation of COX-2 transcription, we first deter-

mined the interaction of p300 with hnRNPA2/B1. As shown

in Figure 7A, direct interaction between hnRNPA2/B1 and

p300 were observed in A549, H1299 and H460 cell lines by

immunoprecipitation experiments. To further confirm the

interaction between p300 and hnRNPA2/B1, we also analyzed

the subcellular co-localization of p300 and hnRNPA2/B1 in

H460, H322, H1299 cells by immunofluorescence confocal

assay, and found that most of hnRNPA2/B1 and p300 proteins

colocalized in the cell nuclei of H460 cells (Figure 7B) andH322,

H1299 cells (Supplementary Figure 4), which are consistent

with the previous study (Mizuno et al., 2012).

To see whether hnRNPA2/B1-induced COX-2 expression is

mediated by its acetylation, we used hnRNPA2/B1 antibody to

immunoprecipitate the total hnRNPA2/B1, and used the pan-

acetylated antibody to detected acetylated-hnRNPA2/B1

(Figure 7A). The results demonstrated the acetylation of

hnRNPA2/B1 in lung cancer cells tested.

P300 has HAT domain and can acetylatemultiple transacti-

vators, such as NF-kB, which binds on COX-2 promoter

thereby activating COX-2 expression. To illustrate whether

p300 could also acetylate hnRNPA2/B1 and promote its binding

activity, we evaluated the effect of overexpression of p300 and

its HAT deletion mutant (DHAT) on hnRNPA2/B1 acetylation

and its binding on COX-2 promoter. The results showed that

overexpression of p300, but not its HAT deletion mutant

(DHAT), augmented hnRNPA2/B1 acetylation (Figure 7C) and

enhanced its binding on COX-2 promoter (Figure 7C). We

also further validate whether p300 HAT is important for the

hnRNPA2/B1-mediated activation of COX-2 expression. As ex-

pected, overexpression of p300, but not its HAT deletion

mutant (DHAT), rescued the shRNPA2/B1 shRNA-mediated in-

hibitions of COX-2 protein expression (Figure 7D), promoter

activity (Figure 7E), PGE2 production (Figure 7F), as well as

cell proliferation (Figure 7G) in H460 cells.
4. Discussion

The data presented here has demonstrated that hnRNPA2/B1

functioned as a COX-2 regulator in human NSCLC cells. The

up-regulated expression of COX-2 and hnRNPA2/B1 has been

documented in various cancer types (Markkula et al., 2014;

Rizzo, 2011; Yan-Sanders et al., 2002; Matsuyama et al.,

2000). Our data suggest hnRNPA2/B1 plays a crucial role in

the regulation of COX-2 transactivation. Inhibition of

hnRNPA2/B1 resulted in the decrease of COX-2 expression

and PGE2 production. In contrast, overexpression of

hnRNPA2/B1 promoted COX-2 expression and PGE2 produc-

tion. Knockdown of hnRNPA2/B1 in NSCLC cells also inhibited

cell migration and proliferation.

In this study, we chose the cell lines H1299, H460 and H322

as the cell models in the in vitro experiments. We found that

the expression levels of COX-2 in H460 and H322 cell lines

were higher, but comparatively low in H1299 cell line. There-

fore, we used H1299 cell line for the overexpression experi-

ments and used H460 and H322 cell lines for siRNA

knockdown experiments.We also confirmed that transfection
with hnRNPA2/B1 siRNA inhibited tumor growth and COX-2

expression in a mouse model in vivo. More importantly, in hu-

man tissue arrays, overexpression of hnRNPA2/B1 indicated a

worse prognosis in patients with NSCLCs. Consistent with our

results, recent reports also have shown that high expression

of hnRNPA2/B1 promoted tumor development, and the pa-

tients with high expression of hnRNPA2/B1 can ultimately

develop into lung cancer (Katsimpoula et al., 2009; Pino

et al., 2003).

In this study, we analyzed the levels of hnRNPA2/B1 in tu-

mors and adjacent normal tissues to demonstrate the higher

expression of hnRNPA2/B1 in tumor tissues than in adjacent

normal tissues, and found that hnRNPA2/B1 had only lower

level in adjacent normal tissues (Supplementay Figure 2A).

Although in the previous report overexpression of hnRNPB1

protein was observed in 100% of stage I lung cancer tissues

but not in normal bronchial epithelium (Sueoka et al., 2001),

the hnRNPA2/B1 protein was indeed observed in adjacent

normal tissue in our research. Moreover, another report also

showed that hnRNPB1 was widely expressed in a range of

lung carcinomas. The expression of hnRNPB1 was seen in

benign bronchial epithelial cells and inflammatory cells, and

its expression in background bronchial epithelial cells

appeared to be higher in malignant than in benign lung dis-

ease (Snead et al., 2003). Thus, it is feasible that this biomarker

may be of use in the detection of early lung cancer.

We have also performed the statistic analysis for the COX-2

expression in different tumor stages (Supplement Figure 2B).

We observedmore percentage of patients had high expression

of COX-2 in T4 stage than any other tumor stage, and found

that there was a significant positive correlation between the

co-expression of hnRNPA2/B1 and COX-2 in lung cancer

( p ¼ 0.011). In this study, we used 150 tumor samples from

75 NSCLC samples. We will conduct a larger cohort Meta-

Analysis research about the correlation of hnRNPA2/B1 with

COX-2 in lung cancers according to Evidence-Based Medicine

(EBM) in the future research.

hnRNPA2/B1 was reported to be able to bind in AU-rich el-

ements to then regulate gene post-transcriptional expression.

Our study also indicated its weak binding at 30-UTR of COX-2

gene, suggesting its possible involvement in COX-2 gene regu-

lation at post-transcriptional level. Much deeper studies

deserve to be done to confirm its underlying molecular mech-

anisms about the slicing function of hnRNPA2/B1 in the post-

transcriptional regulation of COX-2 in our future study.

As a common transcriptional coactivator, p300 has been

proved to be involved in the regulation of COX-2 gene expres-

sion. We therefore proposed the possible association of p300

with hnRNPA2/B1 and their synergizing effect in co-

regulating COX-2 gene expression.We have confirmed our hy-

pothesis that p300 interacted with and acetylated hnRNPA2/

B1 to augment the binding of hnRNPA2/B1 to the COX-2 pro-

moter, thereby activating COX-2 expression. Moreover, the

elevated p300 could rescue the si-hnRNPA2/B1-mediated inhi-

bition of COX-2 expression and cell proliferation, indicating

the vital role of p300 in hnRNPA2/B1-mediated regulation of

COX-2 expression in NSCLC cells.

In summary, we have demonstrated an important mecha-

nism of hnRNPA2/B1 in the regulation of COX-2 expression

and tumor growth in NSCLC cells. High expression of

http://dx.doi.org/10.1016/j.molonc.2015.11.010
http://dx.doi.org/10.1016/j.molonc.2015.11.010
http://dx.doi.org/10.1016/j.molonc.2015.11.010
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hnRNPA2/B1 contributes to a poor prognosis in human

NSCLCs. Our results therefore suggest that the hnRNPA2/B1/

COX-2 pathway is a potential new therapeutic target for the

treatment of lung cancers.
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