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Abstract

Granulocyte–macrophage colony-stimulating factor (GM-CSF) is a cytokine expressed in the non-small lung carcinoma cells

(NSCLC). However, transcriptional regulation of GM-CSF is not well characterized in NSCLC. In this study we found that

two cis-acting ETS family consensus sites are important for transcriptional regulation of GM-CSF in A549 human lung car-

cinoma cells. These two sites are located separately at around )40 and )100 bp from the transcription start site. Results of

transient transfection assays with A549 cells indicated that ETS2 had a strong positive effect on GM-CSF promoter activity.

Furthermore, this activity was enhanced by protein kinase C activator, phorbol 12-myristate 13-acetate (PMA), in an ETS

consensus-dependent manner, while PMA could also enhance the expression level of ETS2. The protein kinase C inhibitors

decreased GM-CSF promoter activity induced by the protein kinase C activator PMA. We also found that antisense ETS2

mRNA decreased PMA-induced GM-CSF promoter activity, supporting the possibility that ETS2 is involved in protein kinase

C-induced GM-CSF transcriptional function. Endogenous expression of GM-CSF mRNA was increased by ETS2 transfection

and the increased expression was further enhanced by PMA. These data indicate that GM-CSF is up-regulated by ETS2, a

target of protein kinase C.

� 2003 Elsevier Science (USA). All rights reserved.
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Granulocyte–macrophage colony-stimulating factor

(GM-CSF) is a cytokine, which stimulates the prolifera-
tion, differentiation, and function of myeloid progenitor

cells. Several clinical trials of anticancer chemotherapy

combined with recombinant human GM-CSF have been

performed [1–3]. Whilst GM-CSF can lead to rapid

neutrophil recovery, which may promote tumor pro-

gression [4]. Autocrine or paracrinemechanisms of action

of GM-CSF have been reported in hematological and

non-hematological malignancies [5–8]. The production of
GM-CSF is reported to be involved in both the in vitro

invasiveness and the local progression of squamous cell

carcinoma of the lung [9]. It has also been reported that
patients with squamous cell carcinoma co-expressing

GM-CSF and GM-CSF receptor showed significantly

poorer prognosis than those expressing neither GM-CSF

nor GM-CSF receptor, suggesting that GM-CSF can

have a stimulatory effect on some human non-small cell

lung cancer (NSCLC) [10]. Moreover, GM-CSF is in-

volved in mobilization of endothelial progenitor cells

(EPCs), so GM-CSF is likely a target for inhibition of
tumor angiogenesis [11]. However, transcriptional regu-

lation of GM-CSF in NSCLC remains unclear.

Previous studies of GM-CSF transcription control in

T-lymphocytes have identified a number of regulatory
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elements. A conserved lymphokine element 0 (CLE0)
()54 to )31) and an upstream nuclear factor kappa-B

(NF-jB) site ()85 to )76) have been identified on the

proximal functional promoter region ()620 to +34) [12].

Mutation in either of these sites resulted in a decrease in

PMA/Ca2þ-induced GM-CSF-luciferase reporter acti-

vation. It has also been confirmed that AP-1, NF-ATp,

and a higher order NF-ATp/AP-1 complex all bind to

the human CLE0 element. In addition, an enhancer re-
gion located 3.3 kb upstream containing functional NF-

AT/AP-1 binding sites appears to act in conjunction

with the proximal promoter in response to T-cell

receptor activation [13,14].

In Jurkat T cells, ETS1 has been shown to trans-

activate human GM-CSF promoter stimulated with

PMA and ionomycin [15,16]. The ETS family of

transcription factors is characterized by an 85-amino-
acid ETS domain that recognizes a core sequence

GGAA or TTCC and thereby specifically binds to

DNA. The ETS family of transcription factors plays

important roles in the development and function of

multiple mammalian cell types, including hematopoi-

etic cells [17]. The human ETS2 gene is a homologue of

the v-ets oncogene of the E26 virus, codes for a 56-kDa

nuclear protein that can be phosphorylated, is turned
over rapidly, and responds to protein kinase C [18,19].

Although previous studies have demonstrated that

PKC activation of MAPKerk1/2 in epithelial cells

is both associated with and required for phorbol

12-myristate 13-acetate (PMA)-induced GM-CSF pro-

duction [20], the responsible transcription factors in-

volved in this pathway have not yet been reported. The

goal of this study was to identify the transcription
factor that regulates PMA-induced GM-CSF expres-

sion in NSCLC.

Materials and methods

Cell culture. A549 cells were grown in Dulbecco�s modified Eagle�s
medium supplemented with 10% fetal bovine serum at 37 �C in a hu-

midified 5% CO2 and 95% air atmosphere.

Transfection. Transient transfections were performed with Trans-

fectam (Promega) according to the manufacturer�s recommendations.

Specifically, for one well, 1ll transfectam reagent and 0.5lg GM-

CSF promoter in pGL2-basic plasmid were incubated for 10min

before application to subconfluent cells in 24-well plates. Co-trans-

fection of various plasmids was performed with a mixture of 3ll
transfectam and 0.5lg GM-CSF promoter in pGL2-basic plasmid,

and 1 lg ETS factor in expression plasmid pCB6. Empty vector

(pCB6) was added to ensure constant DNA input. Co-transfection

with 10 ng per sample of the pRL-CMV vector, which expresses Re-

nilla luciferase (Promega), ensured that differences in firefly luciferase

reporter gene expression were not due to differences in transfection

efficiency. Cells were incubated for 2 h with the DNA mixture, after

which additional medium was added. Forty-eight hours after trans-

fection, the medium was removed and cells were harvested. Phorbol

12-myristate 13-acetate (PMA), 4a-phorbol 12,13-didecanonate (4a-
PDD), 4b-phorbol 12,13-dibutyrate (PDBu), sphingosine, stauro-

sporine, Go6983, Go6976, or Ro-31-8220 (Sigma) was added to

samples as indicated in each figure. Luciferase activity was measured

using a dual-luciferase reporter assay system (Promega) and a lumi-

nometer (Lumat LB9507, EG & G Berthold). Absolute light emission

generated from the luciferase activity was plotted and represents the

fold induction of activity generated by experimental treatments with

respect to the activity associated with basic vector alone. Values are

shown as means�SE (n ¼ 4).

Plasmid constructs. The GMP()120 bp)WT promoter was prepared

by PCR using GMP()629) in pCR2.1 vector as a template. We used

the following oligonucleotide primers: 50-primer, CCGCTCGAGCTG

ATAAGGGCCAGGAGATTCC and 30-primer, M13 (reverse): CAG

GAAACAGCTATGAC. The PCR product was cloned into the XhoI

and HindIII sites of pGL2-basic (Promega), a promoter-less luciferase

expression plasmid.

The GMP()69)WT promoter was also prepared by PCR using

GMP()629) in PCR2.1 vector as a template. The following primers

were used: 50-primer, CCGCTCGAGGCATTTTGTGGTCACCATT

AATC and 30-primer, M13 (reverse). It was also cloned into XhoI and

HindIII sites of pGL2-basic.

The GMP()120)MUT is the construct GMP()120)WT with a

mutated ETS binding site. It was prepared using a Transformer site-

directed mutagenesis kit (Clontech) and a mutation primer. It contains

a mutated ETS site as indicated in boldface letters, GGCCAGGAG

ATATCA CAGTTCAGG.

The GMP()69)MUT is the construct GMP()69)WT with a mu-

tated ETS site. It was prepared using a Transformer site-directed

mutagenesis kit (Clontech) and mutation primer: GGTCACCATTA

ATCATTATCTCTG TGTATTTAAGAG.

GM-CSF promoter GMP()629) was obtained by PCR using a

Genome Walker Kit (Clontech). The following primers were used: 50-

primer, GM-()629 to 601), TTCTCAGAGTGGTGCAGTCTCGCT

GCTG and 30-primer, GM-(+58 to +29), AAGAGCAGCAGGCTCT

GCAGCCACATCCTC. The PCR product was cloned into pCR2.1

vector using the Original TA cloning kit (Invitrogen). After confirming

the sequence, it was cloned into the XhoI and HindIII sites of pGL2-

basic vector. Full-length human ETS1 (1325 bp), ETS2 (1410bp, a gift

from Dr. D.K. Watson), Elf1 (1870 bp, cloned by us), PEA3 (a gift

from Dr. J.A. Hassel), and ESE1 (a gift from Dr. T.A. Libermann)

were cloned into the KpnI–XbaI site of pCB6 downstream of the

cytomegalovirus promoter. All constructs were verified by DNA

sequence.

Reverse transcription-PCR. Cells were grown to about 70% con-

fluency and were transfected with ETS2 in pCB6 using transfectam.

After incubation for 24 h, cells were stimulated with PMA (50 nM).

Following another 24 h incubation, cells were harvested and total

RNA was extracted using Isogen reagent (NIPPON GENE). Reverse

transcription-PCR experiments were performed using a RNA PCR

kit (Takara) according to the manufacturer�s instructions: 30 �C
for 10min, 42 �C for 60min, 99 �C for 5min, and 5 �C for 5min for

reverse transcription; 95 �C for 30 s, 60 �C for 30 s, and 72 �C for

60 s for 35 cycle. The following primers were used: for GM-CSF,

50-primer, hGM-CSF-up, GGAGCATGTGAATGCCATC, and 30-

primer, hGM-CSF-down, GGATGACAAGCAGAAAGTC; and for

glyceraldehyde-3-phosphate dehydrogenase, 50-primer, GAPDH-up,

CGG GAAGCTT GTGATCAATGG, and 30-primer, GAPDH-

down, GGCAGTGATGGCATGGACTG.

Western blot analysis. Whole cell lysates from A549 cells trans-

fected with plasmid DNA or treated by PMA (50 nM) were subjected

to SDS–PAGE using 10% gel and then the proteins were transferred to

PVDF membrane. After blocking with 10% skim milk at 4 �C over-

night, membranes were incubated with affinity-purified rabbit antisera

to ETS2 (1/1000; Santa Cruz Biotechnology) at 4 �C for 2 h. The

membranes were subsequently incubated with HRP-conjugated goat

anti-rabbit IgG (1/10,000; Seikagaku Corporation) at room tempera-

ture for 1 h. Finally chemiluminescence was detected using the ECL kit

(Amersham Life Science).
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Results

PMA induces GM-CSF promoter activity in an ETS-

binding site-dependent manner

Fig. 1A shows the constructs of GM-CSF promoter

used in this study. We focused on 120 bp proximal GM-

CSF promoter, because GMP()120)WT possessed the

strongest promoter activity compared to other longer
promoter constructs (data not shown). We found one

ETS consensus site at 40 bp and a second at 100 bp in

the 120 bp GM-CSF promoter. The ETS consensus site

was mutated from 50-TTCC-30 to 50-TATC-30 for further

experiments. Promoter activity of GMP()120)WT is

about two times higher than that of GMP()69)WT.

These activities were reduced by the mutation of ETS

consensus site. Especially, GMP()69)MUT, which had
no ETS binding site, showed almost no promoter ac-

tivity. PMA (50 nM), a PKC activator, prominently

enhanced promoter activities of GMP()69)WT and

GMP()120)WT. These activities were also reduced by

the mutation of ETS consensus sites (Fig. 1A). Because

GMP()120)WT showed the highest activity, we used it

to investigate the effects of the other PKC activator and

inhibitors. As shown in Fig. 1B, PDBu (50 nM), a pro-
tein PKC activator, also increased GMP()120)WT ac-

tivity to about the same extent as PMA, but 4a-PDD

(50 nM), an inactive PMA analogue, did not. These data

further indicate that PKC is involved in transcriptional

activation of GMP()120)WT. To confirm this conclu-

sion, the effects of PKC inhibitors were examined. Here

we used several PKC inhibitors: (1) PKC specific in-

Fig. 1. Transcriptional activity of human GM-CSF promoter in A549 cells. (A) Structures of promoters with different ETS consensus elements are

indicated in the left side. Twenty-four hours after transient transfection, A549 cells were cultured with PMA (50 nM) or NS (no stimulation) as

indicated for about 20 h and then cells were harvested for luciferase assay. (B) Twenty-four hours after transient transfection with GMP()120)WT,

A549 cells were cultured with 50 nM PMA or PDBu or 4a-PDD as indicated for about 20 h and then cells were harvested for luciferase assay. (C)

Forty hours after transient transfection with GMP()120)WT, staurosporine (0.5lM), sphingosine (2.5lM), Go6976 (1mM), Go6983 (1mM), or

Ro-31-8220 (1mM) was added to cells and then 20min later, PMA (50 nM) was added. Eight hours later, cells were harvested for luciferase assay. In

(B) and (C), the fold activity of GMP()120)WT in the absence of any stimulation was presented as 1.
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hibitor, sphingosine; (2) different PKC isozyme inhibi-
tors, staurosporine (inhibitor to PKC-a; bI; bII; c; d;
and e), Go6983 (inhibitor to PKC-a; b; c; d; and n),
Go6976 (inhibitor to PKC-a; bI; and l), and Ro-31-

8220 (inhibitor to PKC-a; bI; bII; c; and e). Except for
Go6976, all the other inhibitors strongly blocked PMA-

induced GMP()120)WT transactivity (Fig. 1C). Go6976

showed a weak inhibitory effect.

ETS2 is involved in GM-CSF promoter transactivation

To determine what ETS family factor(s) activate the

promoter activity in A549, we screened the following

ETS family factors, ETS1, ETS2, PEA3, ELF1, ESE1,

and MEF in pCB6. Interestingly, only ETS2 obviously

activated GMP()120)WT (Fig. 2). ETS2 was also able

to transactivate GMP()120)WT in Hela cells (data not

shown).
Further, the activation by ETS2 was obviously en-

hanced by PMA treatment (Fig. 3A). Both the individ-

ual and combined effects of ETS2 and PMA were ETS

binding-site-dependent. These data indicated the possi-

bility that ETS2 transactivated GM-CSF promoter

through the PKC pathway. Further, the involvement of

ETS2 was confirmed by the introduction of antisense

mRNA, which blocked the promoter activity (Fig. 3B).
Then we examined the protein level change of ETS2

after plasmid DNA transfection and PMA treatment

(Fig. 3C). The results proved that transfection of ETS2

and antisense ETS2 plasmids into A549 cells indeed

induced the protein expression change. The upper pro-

tein (54 kDa) is supposed to be the full-length isoform of

ETS2 and the lower one (52 kDa) may be a phosphor-

ylated form of ETS2 [21]. PMA treatment enhanced the
expression levels of both, which is consistent with pre-

vious report that PKC enhances the stability of ETS2.

Additionally, in response to the introduction of ETS2

into cells, the level of endogenous GM-CSF mRNA in-

creased and a further increase was seen upon addition of
PMA (Fig. 4). The expression of the housekeeping gene,

glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

used as a control, was not changed by any treatment.

Fig. 2. Effects of several ETS transcription factors on GM-CSF pro-

moter activity. A549 cells were transiently co-tranfected with the in-

dicated ETS transcription factor described in ‘‘Materials and

methods’’ and GMP()120)WT. Forty-eight hours after transfection,

cells were harvested for luciferase assay.

Fig. 3. PMA and ETS2 activate GM-CSF promoter activity. (A) A549

cells were transiently co-transfected with ETS2-expressing vectors and

GM-CSF promoters. Twenty-four hours after transfection, cells were

stimulated with PMA (50 nM) for about 20 h and then harvested for

luciferase assay. (B) Effect of antisense mRNA of ETS2. A549 cells

were transiently transfected with sense or antisense ETS2 in pCB6 as

indicated in the figure. Twenty-four hours after transfection, cells were

stimulated with PMA (50 nM) for about 20 h and then harvested for

luciferase assay. (C) Forty-eight hours after DNA transfection or 20 h

after treatment with PMA (50 nM), whole cell lysates were harvested

for Western blotting.

Fig. 4. PMA and ETS2 increase GM-CSF mRNA expression in A549.

Reverse transcription-PCR for GM-CSF and GAPDH transcripts was

performed as described in ‘‘Materials and methods.’’
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Discussion

The production of GM-CSF by squamous cell car-

cinoma cell lines is closely related to the in vitro inva-

siveness and MMP activity of the cancer cells [9]. In

addition, recombinant GM-CSF stimulates the inva-

siveness of less invasive LK-2 and LC-1 cells, and this

stimulation is abrogated by the neutralizing anti-GM-

CSF antibody. Furthermore, anti-GM-CSF antibody
decreases the invasiveness of highly invasive EBC-1 and

NCI-H157 cells. GM-CSF also increases the MMP ac-

tivity of LK-2 and LC-1 cells [2,9]. Considering the fact

that GM-CSF is actively involved in cancer progression

as proven by previous studies, it is important to know

how the GM-CSF expression is regulated at transcrip-

tional levels. So, we investigated how the GM-CSF

expression is controlled in A549 cells.
Our study indicates that ETS2 and PMA up-regu-

lated not only the activity of a transiently transfected

GM-CSF promoter, but also the transcription of the

endogenous GM-CSF gene in A549 cells. It seems that

ETS2 and PMA activated GM-CSF promoter through

the two ETS-binding sites. Moreover, antisense experi-

ments showed that inhibition of endogenous ETS2 in

A549 cells attenuated not only the base-line level of
promoter activity, but also the activity activated by

PMA. Taken together, these results indicate that ETS2

is a crucial transcription factor, which regulates GM-

CSF expression in A549 cells. Compared to the proxi-

mal GM-CSF promoter ()629 to +58), and to other

truncated mutant promoters with different lengths and

ETS consensus sites, GMP()120)WT produced the

strongest transactivation activity (data not shown).
Therefore, in this study, we focused on two proximal

ETS sites on the promoter. It has also been reported that

neither the upstream enhancer region nor other regions

outside the proximal promoter are involved in the acti-

vation of GM-CSF transcription in epithelial cells [22].

However, the possibility still exists that some other ele-

ments on this promoter, such as the NF-jB binding

region, can respond to PMA stimulation and account
for the total observed activity of PMA-induced

GMP()120)WT in A549 cells. In T cells, both the

proximal ()85 to )76) and distal ()2002 to )1984) NF-

jB binding sites have been reported to be involved in

PMA induction of the GM-CSF promoter [23]. In Jur-

kat T cells, ETS1 has been shown to transactivate hu-

man GM-CSF promoter stimulated with PMA and

ionomycin [15,16]. ETS1 and ETS2 interact with the
same DNA-recognition sites and may function antago-

nistically, either activating or repressing transcription of

the same target gene, depending on promoter context,

cell-type, or stage of differentiation [24,25]. Cell-specific

regulation of GM-CSF by different transcription factors

may be an interesting subject for future studies. ETS1

and ETS2 have a mitogenic and transforming activity

when over-expressed in NIH3T3 cells [26]. It was also
reported that the oncogene PyMT-positive mice having

heterozygous ETS2 allele developed smaller size tumor

than those having two wild type ETS2 alleles [27].

Therefore, our studies indicate that ETS2 is a key

transcription factor in the protein kinase C pathway that

transactivates the GM-CSF promoter related to tumor

progression in A549 cells.

Acknowledgments

We thank Dr. T.A. Libermann for kindly providing the ESE-1

cDNA, Dr. D.K. Watson for Ets-1 and Ets-2 cDNAs, and Dr. J.A.

Hassel for PEA3. This work has been supported by Grants in Aid for

Scientific Research from the Ministry of Education, Science, Culture

and Sport, Japan and by Grants from Kowa Life Science Foundation,

Japan (to H. Kai).

References

[1] S. Hohaus, H. Martin, B. Wassmann, G. Egerer, U. Haus, L.

Farber, K.J. Burger, H. Goldschmidt, D. Hoelzer, R. Haas,

Recombinant human granulocyte and granulocyte–macrophage

colony-stimulating factor (G-CSF and GM-CSF) administered

following cytotoxic chemotherapy have a similar ability to

mobilize peripheral blood stem cells, Bone Marrow Transpl. 22

(1998) 625–630.

[2] G.B. McCowage, L. White, P. Carpenter, L. Lockwood, I.

Toogood, K. Tiedemann, P.J. Shaw, Granulocyte–macrophage

colony-stimulating factor in association with high-dose chemo-

therapy (VETOPEC) for childhood solid tumors: a report from

the Australia and New Zealand Children�s Cancer Study Group,

Med. Pediatr. Oncol. 29 (1997) 108–114.

[3] J.W. Fay, S.H. Bernstein, Recombinant human interleukin-3 and

granulocyte–macrophage colony-stimulating factor after autolo-

gous bone marrow transplantation for malignant lymphoma,

Semin. Oncol. 23 (1996) 22–27.

[4] K. Atkinson, J.C. Biggs, K. Downs, C. Juttner, K. Bradstock,

R.M. Lowenthal, B. Dale, J. Szer, GM-CSF after allogeneic bone

marrow transplantation: accelerated recovery of neutrophils,

monocytes and lymphocytes, Aust. N. Z. J. Med. 21 (1991) 686–

692.

[5] Z. Estrov, M. Talpaz, S. Ku, D. Harris, R. LaPushin, C.A. Koller,

C. Hirsh-Ginsberg, Y. Huh, G. Yee, R. Kurzrock, Molecular and

biologic characterization of a newly established Philadelphia-

positive acute lymphoblastic leukemia cell line (Z-33) with an

autocrine response to GM-CSF, Leukemia 10 (1996) 1534–1543.

[6] G.C. Baldwin, J.C. Gasson, S.E. Kaufman, S.G. Quan, R.E.

Williams, B.R. Avalos, A.F. Gazdar, D.W. Golde, J.F. DiPersio,

Nonhematopoietic tumor cells express functional GM-CSF re-

ceptors, Blood 73 (1989) 1033–1037.

[7] M.R. Young, S. Charboneau, Y. Lozano, A. Djordjevic, M.E.

Young, Activation of the protein kinase a signal transduction

pathway by granulocyte–macrophage colony-stimulating factor or

by genetic manipulation reduces cytoskeletal organization in

Lewis lung carcinoma variants, Int. J. Cancer 56 (1994) 446–451.

[8] J.D. Thacker, S. Dedhar, D.E. Hogge, The effect of GM-CSF and

G-CSF on the growth of human osteosarcoma cells in vitro and in

vivo, Int. J. Cancer 56 (1994) 236–243.

[9] N. Tsuruta, J. Yatsunami, K. Takayama, Y. Nakanishi, Y.

Ichinose, N. Hara, Granulocyte–macrophage-colony stimulating

194 Z. Lu et al. / Biochemical and Biophysical Research Communications 303 (2003) 190–195



factor stimulates tumor invasiveness in squamous cell lung

carcinoma, Cancer 82 (1998) 2173–2183.

[10] Y. Oshika, M. Nakamura, Y. Abe, Y. Fukuchi, M. Yoshimura,

M. Itoh, Y. Ohnishi, T. Tokunaga, Y. Fukushima, H. Hatanaka,

H. Kijima, H. Yamazaki, N. Tamaoki, Y. Ueyama, Growth

stimulation of non-small cell lung cancer xenografts by granulo-

cyte–macrophage colony-stimulating factor (GM-CSF), Eur. J.

Cancer 34 (1998) 1958–1961.

[11] T. Takahashi, C. Kalka, H. Masuda, D. Chen, M. Silver, M.

Kearney, M. Magner, J.M. Isner, T. Asahara, Ischemia- and

cytokine-induced mobilization of bone marrow-derived endothe-

lial progenitor cells for neovascularization, Nat. Med. 5 (1999)

434–438.

[12] F. Jenkins, P.N. Cockerill, D. Bohmann, M.F. Shannon, Multiple

signals are required for function of the human granulocyte–

macrophage colony-stimulating factor gene promoter in T cells, J.

Immunol. 155 (1995) 1240–1251.

[13] P.N. Cockerill, A.G. Bert, F. Jenkins, G.R. Ryan, M.F. Shannon,

M.A. Vadas, Human granulocyte–macrophage colony-stimulat-

ing factor enhancer function is associated with cooperative

interactions between AP-1 and NFATp/c, Mol. Cell Biol. 15

(1995) 2071–2079.

[14] P.N. Cockerill, M.F. Shannon, A.G. Bert, G.R. Ryan, M.A.

Vadas, The granulocyte–macrophage colony-stimulating factor/

interleukin 3 locus is regulated by an inducible cyclosporin A-

sensitive enhancer, Proc. Natl. Acad. Sci. USA 90 (1993) 2466–

2470.

[15] R.S. Thomas, M.J. Tymms, A. Seth, M.F. Shannon, I. Kola,

ETS1 transactivates the human GM-CSF promoter in Jurkat T

cells stimulated with PMA and ionomycin, Oncogene 11 (1995)

2135–2143.

[16] R.S. Thomas, M.J. Tymms, L.H. McKinlay, M.F. Shannon, A.

Seth, I. Kola, ETS1, NFkappaB and AP1 synergistically transac-

tivate the human GM-CSF promoter of hypodense eosinophils,

Oncogene 14 (1997) 2845–2855.

[17] M.K. Anderson, G. Hernandez-Hoyos, R.A. Diamond, E.V.

Rothenberg, Precise developmental regulation of Ets family

transcription factors during specification and commitment to the

T cell lineage, Development 126 (1999) 3131–3148.

[18] S.E. Patton, M.L. Martin, L.L. Nelsen, X. Fang, G.B. Mills, R.C.

Bast Jr., M.C. Ostrowski, Activation of the ras-mitogen-activated

protein kinase pathway and phosphorylation of ets-2 at position

threonine 72 in human ovarian cancer cell lines, Cancer Res. 58

(1998) 2253–2259.

[19] L.F. Fowles, M.L. Martin, L. Nelsen, K.J. Stacey, D. Redd, Y.M.

Clark, Y. Nagamine, M. McMahon, D.A. Hume, M.C. Ostrow-

ski, Persistent activation of mitogen-activated protein kinases p42

and p44 and ets-2 phosphorylation in response to colony-

stimulating factor 1/c-fms signaling, Mol. Cell Biol. 18 (1998)

5148–5156.

[20] J. Reibman, A.T. Talbot, Y. Hsu, G. Ou, J. Jover, D. Nilsen,

M.H. Pillinger, Regulation of expression of granulocyte–macro-

phage colony-stimulating factor in human bronchial epithelial

cells: roles of protein kinase C and mitogen-activated protein

kinases, J. Immunol. 165 (2000) 1618–1625.

[21] L.M. Kilpatrick, I. Kola, L.A. Salamonsen, Transcription factors

Ets1, Ets2, and Elf1 exhibit differential localization in human

endometrium across the menstrual cycle and alternate isoforms in

cultured endometrial cells, Biol. Reprod. 61 (1999) 120–126.

[22] M. Bergmann, P.J. Barnes, R. Newton, Molecular regulation of

granulocyte macrophage colony-stimulating factor in human lung

epithelial cells by interleukin (IL)-1b, IL-4, and IL-13 involves

both transcriptional and post-transcriptional mechanisms, Am. J.

Respir. Cell Mol. Biol. 22 (2000) 582–589.

[23] P. Ghiorzo, M. Musso, M. Mantelli, C. Garre, R. Ravazzolo, G.

Bianchi-Scarra, c-Rel and p65 subunits bind to an upstream NF-

jB site in human granulocyte macrophage-colony stimulating

factor promoter involved in phorbol ester response in 5637 cells,

FEBS Lett. 418 (1997) 215–218.

[24] H. Dudek, R.V. Tantravahi, V.N. Rao, E.S. Reddy, E.P. Reddy,

Myb and Ets proteins cooperate in transcriptional activation of

the mim-1 promoter, Proc. Natl. Acad. Sci. USA 89 (1992) 1291–

1295.

[25] C. Wasylyk, A. Gutman, R. Nicholson, B. Wasylyk, The c-Ets

oncoprotein activates the stromelysin promoter through the same

elements as several non-nuclear oncoproteins, EMBO J. 10 (1991)

1127–1134.

[26] A.H. Hart, C.M. Corrick, M.J. Tymms, P.J. Hertzog, I. Kola,

Human ERG is a proto-oncogene with mitogenic and transform-

ing activity, Oncogene 10 (1995) 1423–1430.

[27] N. Neznanov, A.K. Man, H. Yamamoto, C.A. Hauser, R.D.

Cardiff, R.G. Oshima, A single targeted Ets2 allele restricts

development of mammary tumors in transgenic mice, Cancer Res.

59 (1999) 4242–4246.

Z. Lu et al. / Biochemical and Biophysical Research Communications 303 (2003) 190–195 195


	ETS2 is involved in protein kinase C-activated expression of granulocyte-macrophage colony-stimulating factor in human non-small lung carcinoma cell line, A549
	Materials and methods
	Results
	PMA induces GM-CSF promoter activity in an ETS-binding site-dependent manner
	ETS2 is involved in GM-CSF promoter transactivation

	Discussion
	Acknowledgements
	References


