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Mitogen-activated protein kinase (MAPK) pathway signaling
plays an important role in the majority of non-small-cell lung can-
cers (NSCLCs). In a prior microarray analysis of epidermal
growth factor receptor (EGFR) inhibition in NSCLC cell lines,
we noted that several dual specificity phosphatases (DUSPs) were
among the most highly and immediately regulated genes. DUSPs
act as natural terminators of MAPK signal transduction and there-
fore, we hypothesized a tumor suppressive role via feedback mech-
anisms. In the current study, we focus on the assessment of DUSP6,
a cytoplasmic DUSP with high specificity for extracellular signal-
regulated kinase (ERK). We demonstrate that DUSP6 expression
tracks in tandem with ERK inhibition and that regulation of
DUSP6 is mediated at the promoter level by ETS1, a well-known
nuclear target of activated ERK. Small interfering RNA knock-
down in DUSP6-high H441 lung cancer cells significantly increased
ERK activation and cellular proliferation, whereas plasmid-driven
overexpression in DUSP6-low H1975 lung cancer cells significantly
reduced ERK activation and cellular proliferation and promoted
apoptosis. Also, DUSP6 overexpression synergized with EGFR in-
hibitor treatment in EGFR-mutant HCC827 cells. Our results in-
dicate that DUSP6 expression is regulated by ERK signaling
and that DUSP6 exerts antitumor effects via negative feedback
regulation, pointing to an important feedback loop in NSCLC. Fur-
ther studies assessing the tumor suppressive role of DUSP6 and
strategies aimed at modulation of its activity are warranted.

Introduction

Lung cancer, in particular non-small-cell lung cancer (NSCLC) re-
mains the leading cause of cancer deaths in both men and women in
the USA (1). Despite recent progress in the diagnosis and treatment of
NSCLC, survival remains poor (2). Improved outcomes are expected
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from better understanding of the molecular mechanisms underlying
tumorigenesis. The extracellular signal-regulated kinase (ERK) path-
way plays an important role in oncogenesis and its overactivation is
present in the majority of NSCLC, particularly those with epidermal
growth factor receptor (EGFR) and K-RAS mutations (3). EGFR
belongs to the HER (or ErbB) family of growth factor receptor tyro-
sine kinases. Upon ligand binding, these receptors homodimerize or
heterodimerize, resulting in autophosphorylation, activation and sub-
sequent activation of intracellular signaling cascades, most notably
the RAS-RAF-MEK-ERK pathway. Small-molecule EGFR tyrosine
kinase inhibitors (TKIs), such as gefitinib and erlotinib, have shown
benefit in patients with advanced NSCLC (4,5). The majority of pa-
tients with EGFR TKI-responsive tumors carry activating mutations
of EGFR, such as L858R or exon 19 deletions (6-8). Depending on
the population studied, EGFR mutations occur on average in 10-20%
of patients and identify a specific subset of patients highly dependent
on oncogenic EGFR signaling (9). K-RAS mutations, which appear to
be mutually exclusive of EGFR mutations occur in ~20 to 30% of
adenocarcinomas and their oncogenic potential is principally medi-
ated via overactivation of ERK (10). Therefore, ERK signaling ap-
pears important or critical in at least 30-50% of NSCLC. However,
little is known regarding regulation of ERK signaling. ERK1/2 is
activated by dual threonine and tyrosine phosphorylation of a TEY
motif by the mitogen-activated protein kinases (MAPKs), mitogen-
activated protein kinase kinase 1 (MEK1) and mitogen-activated pro-
tein kinase kinase 2 (MEK2). Inactivation of ERK1/2 is achieved by
dephosphorylation of this TEY motif by distinct members of the dual
specificity phosphatase (DUSP) family, including both cytoplasmic
(DUSP6, 7 and 9) and nuclear DUSPs (DUSP5) (11). The specific
feedback regulatory mechanisms of ERK signaling in lung cancer
cells have not been defined. Defects of feedback regulation are posited
to contribute to oncogenesis, and an understanding of these mecha-
nisms could provide novel strategies for biomarker and treatment
development.

Clinical experience has shown that the majority of patients who
initially respond to EGFR TKI treatment eventually develop resis-
tance, most commonly via secondary mutations in EGFR such as
T790M (12,13). Irreversible EGFR inhibitors, such as CL-387,785
or HKI-272 can overcome the resistance conferred by this secondary
mutation (14-16). H1975, an NSCLC cell line harboring the EGFR-
T790M mutation, is highly resistant to gefitinib/erlotinib but sensitive
to CL-387,785. Using microarray transcriptional profiling of H1975
cells exposed to CL-387,785 or gefitinib, we identified candidate
downstream effectors of oncogenic EGFR signaling, specifically
demonstrating that the transcription of several DUSPs is highly sup-
pressed at 6 h by CL-387,785 but not by gefitinib (17). There are ~65
genes encoding a heterogeneous group of phosphatases broadly de-
scribed as DUSPs (18). The structure of DUSP proteins confers ac-
tivity for both phosphoserine/threonine and phosphotyrosine residues.
DUSPs are characterized by a common structure, comprising a
C-terminal catalytic domain and an N-terminal non-catalytic domain.
These enzymes are defined by the active-site signature motif HCXsR,
in which the cysteine residue functions as a nucleophile essential to
catalysis. A subgroup of DUSPs, mitogen-activated protein kinase-
specific phosphatases (MKPs) display distinct patterns of induction,
subcellular localization and specificity for individual MAPKSs
and constitute a response network of phosphatases which attenuate
MAPK-dependent signaling (11).

DUSP6 (previously called MKP-3) is a prototypical member of
a subfamily of cytoplasmic MKPs, which includes DUSP7 and
DUSP9 as well. These enzymes all display a high degree of substrate
selectivity for ERK1/2 (19). DUSP6 has been shown to act as a central
feedback regulator attenuating ERK levels in developmental
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programs (20,21). The cytoplasmic localization of DUSP6 is medi-
ated by a chromosome region maintenance-1-dependent nuclear ex-
port pathway. DUSP6 appears to play a role in determining the
subcellular localization of ERK by serving as a bona fide cytoplasmic
anchor for ERK, thereby mediating a spatio-temporal mechanism of
ERK signaling regulation. Cytoplasmic retention of ERK requires
both a functional kinase interaction motif and nuclear export site.
DUSP6 null mice demonstrate enhanced ERK1/2 phosphorylation
leading to increased myocyte proliferation and cardiac hypercellular-
ity (22). A recent in vivo study identified DUSPG6 as a negative feedback
regulator of fibroblast growth factor-stimulated ERK signaling during
murine development (21). Several in vitro studies have demonstrated
that DUSP6 acts as a negative regulator of fibroblast growth factor
receptor signaling and endothelial cell platelet-derived growth factor
receptor signaling via termination of ERK activation (23,24). The
DUSP6 gene is localized to 12q21-q22, a chromosomal region show-
ing frequent loss of heterozygosity in pancreatic cancer (25). Immu-
nohistochemical staining demonstrated reduced DUSP6 expression in
about half of all invasive pancreatic carcinomas, whereas expression
was preserved in precursor lesions suggesting that loss of DUSP6
plays a role in tumor progression (26,27). Similarly, loss of DUSP6
expression mediated by oxidative stress-mediated degradation was
also noted in ovarian cancer and correlated with high ERK1/2 activity
(28). The functional and clinical significance of DUSP6-mediated
regulation of ERK signaling in lung cancer has not been carefully
investigated. In the current study, we examine effects on DUSP6
expression by EGFR/ERK inhibition and study its negative feedback
regulation of ERK activation in NSCLC cell lines.

Materials and methods

Cell lines

The following NSCLC cell lines were obtained from American Type Tissue
Collection (Manassas, VA): HCC827, PC9, H1975, A549, H441, H358, Calu-
3, H1838, H1650, H125, H1703, H23, H2228, Calu-1, Calu-6, SW900, SK-
LU-1, H1993, H1734, H520, SK-MES-1, H157, H460 and H3255. Normal
human airway epithelial cell line NuLi-1 cells were provided as a gift from
Dr Jeffrey Kern and cultured in F-12/Dulbecco’s modified Eagle’s medium
(1:1 ratio) media with 10% fetal bovine serum (FBS). Lung cancer cells were
grown in RPMI 1640 supplemented with 10% FBS and 1x Antibiotic/Anti-
mycotic (Invitrogen, Carlsbad, CA) and were in the logarithmic growth phase
at initiation of all experiments. EGFR inhibitor erlotinib was obtained from
Selleck Chemicals (Houston, TX); irreversible EGFR inhibitor CL-387,785
and MEK1/2 inhibitor U0126 were purchased from Calbiochem (San Diego,
CA). Drugs were dissolved in dimethyl sulfoxide (DMSO) at 10 mM and
stored at —20°C. The final DMSO concentration in all experiments was
<0.5% in medium.

Immunoblotting

Cells were serum-starved overnight and whole cell lysates were analyzed by
western blotting as described previously (14). Antibodies to DUSP6, ETS1,
ETS2 and hemagglutinin (HA) tag were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA). Antibodies against phosphor-EGFR at different
tyrosine sites, total-EGFR, phosphorylated-ERK1/2, total-ERK1/2, poly
ADP ribose polymerase (PARP) and Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) were purchased from Cell Signaling Technology (Boston,
MA).

Immunohistochemistry

Formalin-fixed primary lung tumor tissue sections were deparaffinized and
rehydrated and incubated with 0.6% hydrogen peroxide in methanol, followed
by staining using the R.T.U Vectastain Universal Quick Kit (Vector Laborato-
ries, Burlingame, CA). Antigen retrieval treatment with sodium citrate (10
mM, pH 6.0) was used for the detection of DUSP6, whereas a specific re-
trieving reagent (Dako, target retrieval solution, pH 9.0) was used for the
detection of P-ERK1/2. Rabbit polyclonal antibody specific against DUSP6
(Santa Cruz Biotechnology) was used at a dilution of 1:100 (optimal dilution
determined in serial dilution studies) and a rabbit antibody against P-ERK1/2
was used (Cell Signaling Technology) at a dilution of 1:1000 for overnight
incubation at 4°C followed by hematoxylin nuclear counterstaining. The inten-
sity of the staining of DUSP6/P-ERK was scored by a pulmonary pathologist
(A.C.B.) as 0/1 (non-detectable/weak) versus 2 (strong staining).
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Quantitative reverse transcription—polymerase chain reaction assay

Total RNA was collected from cultured cells using PureLink Micro-to-Midi
Total RNA Purification kit (Invitrogen). Complementary DNA was synthesized
and reverse transcription—polymerase chain reaction (PCR) was performed as
described previously (29). The primers used for DUSP6 quantitative reverse
transcription—PCR were sense 5'-GAGTCTGACCTTGACCGAGACCCCAA-
3’ and antisense 5'-TTCCTCCAACACGTCCAAGTTGGTGGAGTC-3'.

Plasmid constructs and cellular transfection

Original vector containing the complementary DNA sequence of human
DUSP6 was purchased from OPEN Biosystems (Huntsville, AL) and modified
with an HA-tag at the C-terminus by overlapping PCR to distinguish plasmid
derived from native protein. An enzyme-dead DUSP6 expression construct was
generated via 293 Cysteine to Glycine (C293G) point mutation (30,31) using
the QuikChange Site-Directed Mutagenesis XL II kit (Stratagene, La Jolla,
CA). The accuracy of all constructs was confirmed by direct DNA sequencing.
The C293G mutation was constructed using the following oligonucleotides:
sense 5 -TGGTGTCTTGGTACATGGCTTGGCTGGCATTAGCC-3" and an-
tisense 5'-GGCTAATGCCAGCCAAGCCATGTACCAAGACACCA-3'. Both
variants were subcloned into the pcDNA3.1 backbone vector. COS7 cells were
transiently transfected with one of three expression vectors as follows: wild-
type DUSP6 (pcDNA3.1-DUSP6), enzyme-dead DUSP6 (pcDNA3.1-DUSP6-
CG) with C293G mutation or empty pcDNA3.1 vector (p)cDNA3.1-EV), using
Fugene 6 according to the manufacturer’s protocol (Roche, Indianapolis, IN).
Whole cell lysates for immunoblotting were collected at indicated time points
after transfection to confirm appropriate plasmid DUSP6 expression. H1975
and HCCS827 cells were transfected by identical means. Stably transfected
subclones were selected with G418 at a concentration of 500 pg/ml starting
48 h posttransfection.

MTS cell growth assay

H1975 stable transfectants were seeded at a density of 6000 cells per well in
96-well plates in RPMI 1640 containing 10% FBS overnight and then main-
tained in 0.5% FBS media for 3 days. Viable cell numbers were determined
using MTS assay kit according to the manufacturer’s protocol (Promega,
Madison, WI). Each assay consisted of five replicate wells.

BrdU and annexin/propidium iodide assays

For both assays, samples were analyzed on a fluorescence-activated cell scan
cytometer EPICS XL MCL (Beckman Coulter, Miami, FL). Bromo-deoxyuridine
(BrdU) cell proliferation assay was performed according to manufacturer’s in-
structions (FITC BrdU Flow Kit, BD Pharmingen, San Diego CA). Briefly,
H1975 stably transfected subclones were cultured in the 0.5% serum media for
3 days, then pulse labeled for 60 min with 10 uM BrdU, collected by trypsiniza-
tion and washed with phosphate-buffered saline, stained with fluorescent
anti-BrdU antibody, counterstained with 7-amino-actinomycin D for total DNA
content and analyzed by flow cytometry. Annexin/propidium iodide (PI) apopto-
sis assay was performed according to the manufacturer’s instructions (Annexin
V-FLUOS staining kit, Roche). Briefly, H1975 stably transfected subclones were
cultured in 0.5% serum media for 3 days, collected by trypsinization and washed
with phosphate-buffered saline, stained with annexin/PI and analyzed by flow
cytometry. In synergism studies, HCC827 cells were transiently transfected with
plasmid constructs 24 h prior to 48 h treatment with erlotinib, followed by
annexin/PI staining as above.

Small interfering RNA knockdown

Knockdown of DUSP6 or ETS1 was performed using specific small interfering
RNA (siRNA) pools targeting DUSP6 or ETS1 (SMARTpool) purchased from
Dharmacon RNAi Technologies (Thermo, Rockford, IL). SiIGENOME Non-
targeting siRNA Pools and siGLO Lamin A/C Control siRNA served as neg-
ative and positive control, respectively. Introduction of siRNA was performed
with DharmaFectl according to the manufacturer’s instructions (Thermo).
Levels of DUSP6 or ETS1 knockdown at different time points were assessed
by immunoblot analysis in pools of transfected cells.

Luciferase reporter assay

HCC827 cells were grown to 40-50% confluence in triplicates on six-well
plates and then transfected using Fugene HD (Roche) with 50 ng of
pGL4.74-Renilla luciferase and one of the following plasmids: 0.5 pg of
pGL3Basic-DUSP6-Firefly luciferase construct containing 508 bp promoter
sequence (—359 to —866) upstream of the DUSP6 gene start codon, generously
provided by Dr Stephen M.Keyse, Ninewells Hospital and Medical School,
Dundee, UK (23), or 0.5 pg of pGL3Basic empty vector. After 24 h of trans-
fection, cells were treated with 1 uM erlotinib or DMSO as a vehicle control
for 6 h. Cell extracts were prepared and luciferase assays were run as described
previously (29).



Chromatin immunoprecipitation assay

HCC827 cells were starved with serum-free media overnight, then treated with
1 uM erlotinib or 0.01% DMSO control for 6 h, followed by chromatin im-
munoprecipitation assay according to manufacturer’s instructions (Upstate
Biotechnology, Lake Placid, NY). Briefly, cells were cross-linked with 1%
formaldehyde, then chromatin was extracted, sonicated and immunoprecipi-
tated with 5 pg of ETS1 or ETS2 antibody (Santa Cruz Biotechnology) at 4°C
overnight with rotation. Prior to immunoprecipitation, 10% of each nuclear
extract was set aside as input chromatin DNA for use in assay controls. Cross-
linking of immunoprecipitated and input samples was reversed by heating at
65°C in the presence of 5 M NaCl for 4 h followed by DNA isolation using
QIAquick PCR Purification Kit (QIAGEN, Valencia, CA). Immune complexes
were collected by incubation with supplied protein A agarose/Salmon Sperm
DNA beads for 1 h at 4°C with rotation. Binding of ETS1/2 to the DUSP6
promoter was assessed by nested PCR and with primer sets amplifying ETS1/
2-binding site regions spanning —844 to —404 bp (441 bp in size) and —743
to —487 bp (257 bp in size) of the DUSP6 promoter. An unrelated anti-HA
antibody and an unrelated primer pair was used to amplify the sequence down-
stream of the ETS-binding site, +995 to +1311 bp (317 bp) to serve as control.
PCR products were analyzed using a 1% agarose gel run in 1x TAE and
stained with ethidium bromide.

Electrophoretic mobility shift assay

All oligonucleotides probes were obtained from Invitrogen. 5'-Biotin-labeled
and identical unlabeled oligonucleotide probes, corresponding to the ETS1/2-
binding sequences in the DUSP6 promoter region, were used as follows:
(sense) 5'-GGCTTATCCGGAGCGGAAATTCCTTTC and (antisense) 5'-
GAAAGGAATTTCCGCTCCGGATAAGCC. Two mutant oligonucleotide
probes were generated by introduction of mutations within the 508 bp DUSP6
promoter sequence as follows (23): core ETS-binding site GGA (underlined)

a K-Ras mutation - - - + + + - - -
EGFR mutation + + + - - - - =«

+ -

= % =

DUSP6 in lung cancer cells

mutated to TGA; palindromic ETS-binding site TCC (underlined) mutated to
GAA. Nuclear extracts were collected from HCC827 cells in presence of
erlotinib (1 pM) or 0.01% DMSO control for 6 h. Double-stranded DNA
annealing was achieved by incubating complementary pairs of oligonucleotide
probes at 95°C for 5 min followed by slow cooling to room temperature.
Binding reactions were performed using Pierce LightShift Chemiluminescent
EMSA Kit as described previously (29).

Statistical analysis

Fisher’s exact test was used to estimate association between categorical meas-
urements. Differences in a continuous measurement between two or more
groups were examined by ¥ test. All tests were two sided and P-value <
0.05 was considered statistically significant.

Results

DUSPG6 protein expression correlates with ERK signaling activation
in lung cancer cell lines and primary NSCLCs

We assayed cellular expression of DUSP6 by immunoblot using an
anti-DUSP6 antibody in 24 NSCLC cell lines and a normal human
airway epithelial cell line (NuLi-1), correlated to total and P-ERK
expression to assess ERK-activation (Figure 1a). We observed DUSP6
expression in the majority of lung cancer cell lines. Although DUSP6
levels varied widely among different cell lines, a positive association
between DUSP6 expression and ERK activity was observed
(P = 0.011). Only 15.4% (2/13) of cell lines with low P-ERK expres-
sion had high expression of DUSP6, whereas 72.7% (8/11) of cell
lines with high P-ERK expression had high expression of DUSP6.
Next, we performed an immunohistochemical study of DUSP6 and
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Fig. 1. DUSP6 expression in NSCLC cell lines and primary patient samples. (a) Cells were plated and starved with serum-free media overnight, then lysed with
10% trichloroacetic acid lysis buffer, followed by immunoblotting for DUSP6, phosphor-ERK, total-ERK and GAPDH. Mutation status of EGFR and K-Ras was
annotated for all the NSCLC cell lines. (b) Expression of DUSP6 and phospho-ERK in 48 primary NSCLC tumors. The expression of DUSP6 and P-ERK in
normal lung epithelia (panels A and B) and primary lung cancers was examined by immunohistochemistry. Cytoplasmic immunoreactivity of DUSP6 and P-ERK
expression were subdivided into two categories: low (panels C and D) and high (panels E and F, A-F, diaminobenzidene immunohistochemistry, original
magnification x100). Fisher’s exact test was used for the statistical analysis of the correlation between DUSP6 and P-ERK levels for both the cell lines and patient

samples.
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P-ERK expression on 48 primary, human non-small cell lung tumors.
As expected, no nuclear expression of DUSP6 was detected consistent
with exclusive cytoplasmic localization of this protein. Altogether, 15/
48 (31%) of tumors showed strong expression of DUSP6, whereas 11/
48 (23%) of the tumors demonstrated strong cytoplasmic and 19/48
(40%) strong nuclear P-ERK staining (Figure 1b). Analogous to our
cell line data, a statistically significant correlation was found between
cytoplasmic P-ERK and DUSP6 expression (P = 0.022), whereas
a trend was also observed between DUSP6 expression and nuclear
P-ERK (P = 0.051). Most strikingly, 13/15 (87%) specimens with
strong DUSP6 expression showed strong P-ERK staining in either
cytoplasmic or nuclear localization as compared with only 11/34
(32%) samples with weak DUSP6 had strong cytoplasmic or nuclear
P-ERK (P < 0.001). These results altogether show a close correlation
between ERK pathway activation and DUSP6 expression in NSCLC.

DUSP6 expression is downregulated by EGFR inhibition in EGFR-
dependent lung cancer cell lines

EGFR L858R-mutant H1975 cells also and PC9 are NSCLC cell lines
that carry an EGFR exon 19 deletion and thereby are highly sensitive
to gefitinib or erlotinib. EGFR L858R-mutant H1975 cells also harbor
the T790M resistance mutation but are sensitive to the irreversible
EGFR inhibitor CL-387,785. Downregulation of DUSP6 strongly cor-
related with effective inhibition of EGFR as well as ERK activation
demonstrated by diminished P-EGFR and P-ERK expression in
EGFR-dependent cell lines (Figure 2a and b and supplementary Fig-
ure 1 is available at Carcinogenesis Online). Of note is that the anti-
DUSP6 antibody detects two distinct protein bands corresponding in
size to translation products initiating at the first ATG and the second
ATG (Met14) as previously reported (32). Our studies reveal that
the larger of these two proteins is more rapidly suppressed by TKI
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Fig. 2. DUSP6 is regulated by EGFR/ERK inhibition in NSCLC cell lines. Protein expression levels were assayed by immunoblot for phosphor-EGFR at indicated
tyrosine sites, total-EGFR, phosphor-ERK, total-ERK, ETS1, DUSP6 and GAPDH demonstrating suppression of DUSP6 following inhibition of activated
ERK (P-ERK) and ETSI levels in the presence of appropriate drug for each of the following cell lines: (a) HCC827 cells treated with erlotinib; (b) H1975 cells
treated with erlotinib or CL-387,785 (an irreversible EGFR inhibitor); H441 cells treated with (¢) erlotinib or U0126 (an MEK1/2 inhibitor) and (d) erlotinib
or AG1478 (specific EGFR inhibitor) (d). Cells were starved overnight with serum-free media and then treated with drug as indicated by the following
abbreviations: (E) 100 ng/ml epidermal growth factor; (D) 0.01% DMSO control; (Er) 1 pM erlotinib, (CL) 1 uM CL-387,785, (U) 20 pM U0126 or AG1478.
Whole cell lysates were obtained using 10% trichloroacetic acid lysis buffer and immunoblotting was performed at indicated time points.
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treatment; the mechanism is currently unclear. Quantitative reverse
transcription—-PCR demonstrated downregulation of DUSP6 tran-
scription following erlotinib treatment in both HCC827 and PC9 cells
(supplementary Figure 2 is available at Carcinogenesis Online), in
line with our prior transcriptional profiling findings in CL-387,785
treated H1975 cells (17). DUSP6 downregulation was also observed
upon treatment of HCC827 cells with the MEK1/2 inhibitor U0126
accompanied by effective inhibition of P-ERK but no changes in
EGFR activation status suggesting that the regulation of DUSP6
expression occurs downstream of EGFR (supplementary Figure 1 is
available at Carcinogenesis Online).

DUSPG6 expression is downregulated by MEK inhibition but not EGFR
TKI treatment in EGFR-independent lung cancer cell lines

As demonstrated above, DUSP6 expression is strongly downregulated
by EGFR TKI treatment in cell lines harboring activating EGFR
mutations. Next, we assessed DUSP regulation in two TKI-resistant
NSCLC cell lines with wild-type EGFR, H441 and A549. Erlotinib
treatment had no effects on DUSP6 expression or ERK-activation in
these cell lines, whereas the MEK1/2 inhibitor U0126 reduced both
ERK activation and DUSP6 expression (Figure 2¢ and d and A549
data: supplementary Figure 1 is available at Carcinogenesis Online).
Inhibition of DUSP6 expression paralleled ERK inactivation, either
through TKI treatment in EGFR-dependent NSCLC cell lines or
through MEK1/2 inhibition in EGFR-independent cell lines, indicat-

DUSP6 in lung cancer cells

ing that DUSP6 is an immediately regulated target of ERK signaling.
Epidermal growth factor treatment alone, which would drive ERK
activation, did not affect DUSP6 protein expression in any of the cell
lines studied (Figure 2 and supplementary Figure 1 is available at
Carcinogenesis Online), suggesting that DUSP6 expression in these
lung cancer cell lines may already be maximally saturated at baseline.

DUSPG6 expression is regulated by the ERK-responsive transcription
factor, ETS1

Several in vitro studies have demonstrated that DUSP6 is a negative
regulator of fibroblast growth factor receptor signaling and endothe-
lial platelet-derived growth factor receptor signaling via ERK inacti-
vation (21,24). In a recent study, DUSP6 expression in response to
fibroblast growth factor receptor signaling in fibroblasts was shown to
be mediated by ETS1/2 transcription factor binding to the DUSP6
gene promoter at a consensus binding sequence (Figure 3a) within
a 508 bp promoter region upstream of the DUSP6 gene start codon
(—359 to —866), which is highly conserved in Xenopus, Fugu, zebra-
fish, mouse, rat and human (23). We hypothesized that in analogous
fashion, ERK signaling may regulate DUSP6 expression in lung cancer
cells through ETS1/2 factor binding of the same promoter sequence.
In order to test this hypothesis, we compared promoter activity of the
DUSP6 gene in the presence or absence of the EGFR inhibitor erlo-
tinib using EGFR-dependent HCC827 cells transfected with a lucifer-
ase reporter construct (pGL3Basic-508-Firefly) containing this highly
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Fig. 3. Downregulation of DUSP6 by erlotinib is mediated by the ERK-responsive ETS family transcription factor, ETS1 through direct binding to the DUSP6
gene promoter. (a) A simplified structural map of the DUSP6 gene indicating the ETS1/2-binding site. (b) HCC827 cells were cotransfected with pGL4.74-renilla
luciferase reporter (R) plus DUSP6 promoter-conjugated luciferase reporter, pGL3Basic-508-luciferase (508) or empty pGL3Basic reporter (EV) as a control.
Twenty-four hours following transfection, cells were treated with 1 pM erlotinib or DMSO for an additional 6 h. Dual luciferase reporter assays were conducted
and Firefly luciferase was normalized to Renilla luciferase activity. (¢) Chromatin immunoprecipitation assay performed by nested PCR amplified a 257 bp
fragment in ETS1 or ETS2 immunoprecipitant. Anti-HA antibody was used as a negative control and pre-immunoprecipitant input as a positive control. An
unrelated pair of primers amplified a 317 bp band in the positive control input but not in the presence of ETS1 and ETS2 immunoprecipitant. (d) Electrophoretic
mobility shift assay using nuclear extracts from HCC827 cells and biotin-labeled oligonucleotide probes spanning the ETS-binding site domain of the DUSP6
gene promoter: lane b demonstrates detection of a specific DNA—protein complex in the absence of erlotinib, whereas lane f demonstrates diminished detection of
complex in the presence of erlotinib; lanes d and e show highly diminished DNA—protein complex detection when targeted mutations of the oligonucleotide probe
are introduced (Mutant 1 and 2) confirming binding specificity; lane ¢ demonstrates lack of detectable complex in the presence of competing unlabeled probe and
lanes g and h demonstrate lack of detectable complex in the presence of competing antibodies targeting ETS1 and ETS2; lane i demonstrates unimpeded complex
formation in the presence of anti-Foxa2 antibody, a control transcription factor; lanes c1, c¢2 and c¢3 show the Epstein-Barr virus nuclear antigen control system
containing (c1) biotin-labeled EBNA-binding sequence alone, or (c2) with EBNA-1 protein extract or (c3) with protein extract as well as 200-fold excess unlabeled
EBNA-binding sequence. (e¢) Knockdown of ETS1 by siRNA inhibits DUSP6 expression in HCC827 cells in a dose-dependent manner.
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conserved sequence. Luciferase reporter assays demonstrated signif-
icantly suppressed DUSP6 promoter activity in the presence of erlo-
tinib, not seen in the presence of DMSO vehicle control (Figure 3b).
We then sought to confirm physical binding of ETS1/2 and the
DUSP6 promoter sequence in HCC827 cells using chromatin immu-
noprecipitation assay. A 259 bp band was amplified from either ETS1
or ETS2 immunoprecipitant from HCC827 cells by nested PCR using
primers spanning the specific ETS-binding site, indicating direct bind-
ing of ETS1/2 to the DUSP6 promoter sequence (Figure 3c). Erlotinib
treatment reduced binding of ETS1 but not ETS2 in these assays
suggestive of the direct involvement of ETSI in erlotinib-mediated
regulation of promoter activity. In order to further demonstrate
erlotinib-induced attenuation of ETS1/2 promoter binding, we per-
formed electrophoretic mobility shift assays using a labeled double-
stranded oligonucleotide probe spanning the DUSP6 promoter
sequence (Figure 3d). Strong detection of a specific DNA—protein
complex was demonstrated in the absence of erlotinib using nuclear
extracts from HCC287 cells and the biotin-labeled oligonucleotide
probe, whereas diminished binding was seen in the presence of erlo-
tinib. Oligonucleotide probes with targeted mutations led to dramat-
ically reduced complex formation (Mutant 1 and 2), and no complex
was seen in the presence of excess unlabeled probe confirming bind-
ing specificity of the assay. Antibodies targeting ETS1 and ETS2 led
to disappearance of the binding complex, whereas complex formation
was unimpeded in the presence of anti-Foxa2 antibody, a control
transcription factor again suggestive of physical binding of ETS1/2
to the binding site oligonucleotide. Supershifts in the presence of
ETS1/2 antibodies were not observable in the electrophoretic mobility
shift assay, potentially due to steric interference between antibody and
oligonucleotide binding preventing formation of the antibody—DNA—
protein super-complex, as has been previously reported for ETS1/2 by
other groups (33). Western blotting studies demonstrated expression
of ETS1 in HCCS827 cells, whereas ETS2 expression was not
detectable and ETS1 expression was also found to closely track
the activation status of ERK in HCC827, H1975 and H441 cells
(Figure 2). To further corroborate that indeed ETSI1 is the critical me-
diator of DUSP6 regulation in these cells, we pursued siRNA knock-
down studies of ETS1 and indeed ETS1 knockdown is accompanied

DAPI DUSP6 Merge

by a marked reduction in DUSP6 expression confirming DUSP6
regulation by ETS1 (Figure 3e)

DUSP6 protein localizes to the cytoplasm and functions as a negative
regulator for ERK activity

DUSP activity is in part regulated by intracellular localization (34).
For example, DUSP®6 is primarily cytoplasmic and DUSP1 primarily
nuclear, whereas DUSP16 shuttles between compartments (26,35,36).
Overexpression of DUSP6 has been reported to result in aberrant
accumulation within the nucleus (37). In order to assess endogenous
DUSP6 localization in lung cancer cells and confirm appropriate lo-
calization of HA-tagged exogenous DUSP6, we performed immuno-
cytochemistry by fluorescent staining using DUSP6-high HCC827
and DUSP6-low H1975 cells. Anti-DUSP6 antibody was used to de-
tect endogenous DUSP6 in naive HCC827 cells and anti-HA antibody
was used to detect exogenous DUSP6 in HI1975 transfectants,
demonstrating appropriate cytoplasmic localization of HA-tagged
exogenous DUSP6 (Figure 4a).

H1975 cells are optimal for DUSP6 functional studies in an over-
expression system, given that these cells have very low baseline levels
of DUSP6 protein (Figure 1b), and were also used in our prior tran-
scriptional profiling study, which identified DUSP6 regulation by
EGEFR signaling (17). Stable pcDNA3.1-DUSP6-HA subclonal trans-
fectants of H1975 cells with wild-type (WT), C293G-mutated
enzyme-dead (CG) and empty vector pcDNA3.1 controls (EV) were
generated. Appropriate plasmid expression was confirmed in transient
transfection experiments of COS7 cells, which lack endogenous
DUSP6 (Figure 4b). To test whether HA-tagged exogenous DUSP6
preserves the functional properties expected of a DUSP, we measured
mitogen-stimulated ERK1/2 phosphorylation levels and observed sig-
nificant reduction in P-ERK levels 2 h post-epidermal growth factor
stimulation (Figure 4c), confirming functional activity of plasmid-
driven DUSP6 expression, whereas similar changes were not ob-
served for enzyme dead (CG) and empty vector (EV) transfectants.
A recent paper also corroborates our findings by reporting analogous
results by retroviral transfection of DUSP6 into immortalized normal
human airway epithelial cell line NHBE-T and three NSCLC cell lines
including A549, H1299 and TKB1 (38).

COS7-WT COS7-EV
Time (Hr) 0 12h 24h  48h T72h 12h  24h  48h T72h

=

e -

Anti-DUSPE

Anti-HA
c EGF(100ng/iml)
H1875-EV. H1975-CG H1975-WT
Time(hr) © 41 2 4 0 1 2 4 0 1 2 4

DUSP6 E=Eo ===

T-ERK -"‘——_—————-—-—--/
GAPDH W

Fig. 4. DUSP6 protein localizes to the cytoplasm and functions as a negative regulator for ERK activity. (a) DUSP6 protein is present in the cytoplasm. Upper
row: endogenous DUSP6 in HCC827 cells stained with fluorescent-conjugated secondary antibody after anti-DUSP6 binding, middle panel Red Alexa 560, 4',6-
diamidino-2-phenylindole blue nuclear stain left, merged image right. Lower row: exogenous DUSP6 in H1975 cells expressing DUSP6 stained with anti-HA
antibody followed by fluorescent-conjugated secondary antibody, middle panel Green Alexa 488, 4’,6-diamidino-2-phenylindole left, merge right. Amplification x200.
(b) Appropriate expression time course of the pcDNA3.1-DUSP6-HA construct was confirmed in COS7 cells by transient transfection, followed by immunoblot
with anti-DUSP6 or anti-HA tag antibody, anti-GAPDH as a control. (¢) Stably transfected H1975 subclones (WT) wild-type DUSP6 plasmid, (CG) enzyme-
dead C293G mutant DUSP6 plasmid and (EV) empty vector pcDNA3.1 tested by immunoblot for exogenous DUSP6 (anti-HA), phosphor-ERK, total-ERK
and GAPDH control at the indicated time points following epidermal growth factor (EGF) stimulation.
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Fig. 5. DUSP6 overexpression inhibited H1975 cell growth through a combination of increased apoptosis and decreased cell proliferation. Stably transfected
H1975 subclones: (EV) empty vector pcDNA3.1; (CG) enzyme-dead C293G mut+ DUSP6; (WT) wild-type DUSP6. (a) Cellular growth curve of H1975
subclones by MTS assay. (b) BrdU assay: H1975 subclones were cultured in 0.5% serum media for 3 days and then pulse labeled for 60 min with 10 pM BrdU,
followed by staining with fluorescent anti-BrdU antibody and counterstaining with 7-amino-actinomycin D (7-AAD) for total DNA, then analyzed by flow
cytometry; (top) representative flow histograms, (bottom) chart showing percentage of cells in S-phases of the cell cycle by subclone. (¢) Annexin/PI assay: H1975
subclones were grown in 0.5% serum media for 3 days, stained with Annexin V and PI, then analyzed by flow cytometry, results with percentage of cells listed for
each quadrant; left lower—viable cells; right lower—early apoptosis; right upper—Ilate apoptosis; (top) representative flow histograms, (bottom) chart showing
percentage of cells in apoptosis by subclone. (d) PARP assay: apoptosis in wild type DUSP6 overexpressing H1975 subclone confirmed by immunoblot detection
of the 89 kD PARP cleavage product. (e) Overexpression of DUSP6 synergized with erlotinib treatment to induce apoptosis in HCC827 cells by flow cytometry
analysis. HCC827 cells were transiently transfected with the indicated expression plasmids as used for above H1975 cells for 48 h before addition of 1 pM erlotinib
for 24 h, followed by detection of cellular apoptosis by Annexin/PI staining by flow cytometry. Annexin/PI assay (left): representative flow histograms, (right)
chart showing calculated percentage of cells in apoptosis (early and late) as derived from the flow cytometry analysis.

Plasmid-driven DUSP6 overexpression decreases viability via
increased apoptosis and growth arrest and synergizes with EGFR
inhibitor treatment

We next examined the functional effect of overexpressed DUSP6 on
cellular growth of stably transfected DUSP6-low H1975 cells. Of note
is that in these studies, two independent clones of WT-DUSP6 trans-
fectants were used and demonstrated identical findings. As deter-
mined by MTS assay under low serum culture conditions (0.5%
FBS), the growth of wild-type H1975 transfectants (WT) was signif-
icantly inhibited as compared with C293G-mutated enzyme-dead
(CG) and empty vector (EV) transfected cells (Figure 5a). Interestingly,
under higher serum culture conditions (2-10% FBS) differences in
growth were not observed suggestive of less critical dependence on
ERK signaling at such overstimulated conditions. In order to de-
termine whether reduced viability was a result of decreased pro-
liferation, increased apoptosis or a combination of both, cellular
proliferation and apoptosis assays were performed under low serum

conditions. We found that wild-type DUSP6 H1975 transfectants
(WT) displayed a marked reduction of cells in S-phase by BrdU pro-
liferation assay (Figure 5b and supplementary Table 2 is available at
Carcinogenesis Online) and increased apoptosis by annexin/PI assay
(Figure 5¢). Immunoblot studies also revealed the presence of cleaved
PARP product, a marker of caspase-mediated apoptosis in wild-type
transfectants (Figure 5d), in marked contrast to the C293G-mutated
enzyme-dead (CG) and empty vector (EV) transfected H1975 cells
further confirming the induction of apoptosis by DUSP6 expression in
these cells. Next, we performed synergism studies by treating stably
transfected H1975 cells with CL-387,785. These studies did not dem-
onstrate any difference in cell proliferation rates between the different
clonal variants (data not shown). To rule out the possibility that this
could be related to compensatory changes in other feedback mecha-
nisms in these long-term cultured cells, we pursued analogous studies
using transient transfection of HCC827 cells with EV, CG-mutant and
WT-DUSP6 plasmid constructs followed by erlotinib treatment.
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Fig. 6. Introduction of DUSP6 siRNA reduced DUSP6 protein levels resulting in increased ERK activity and cellular proliferation. (a and b) DUSP6 siRNA
was transfected into HCC827 and H441 cells; immunoblotting of cell lysates was performed at the indicated time points to assess levels of DUSP6, P-ERK,
total-ERK and GAPDH as control. (¢) MTS assay measuring H441 cell growth at indicated time points following siRNA knockdown. (d) H441 cells were plated
in 6 cm dishes at an initial concentration of 6 x 10%ml and counted at indicated time points following introduction of DUSP6 siRNA.

These studies showed marked synergism with erlotinib treatment in
WT-transfected but not in EV or CG-transfected cells (Figure 5e).

siRNA knockdown in DUSP6-high H441 cells enhances viability
through prolonged ERK activation

In order to complement the overexpression experiments in cells with
low expression levels of DUSP6, we pursued siRNA-mediated knock-
down experiments in H441 and HCCS827 cell lines. Knockdown effi-
ciency was demonstrated by reduced DUSP6 levels in both cell lines
but only H441 cells demonstrated a substantial increase in ERK acti-
vation 24 h following siRNA introduction (Figure 6a and b). In H441
cells, MTS assay demonstrated increased proliferation as compared
with non-targeted siRNA control, indicating that DUSP6 knockdown
led to enhanced cell growth by sustained ERK activation (Figure 6¢
and d). HCC827 cells did not demonstrate increased proliferation on
MTS assay, consistent with the unchanged level of ERK activation
seen on immunoblot (Figure 6b). This suggests comparative variability
in ERK-signaling feedback regulation in different NSCLC cell lines.

Discussion

DUSP®6 is a cytoplasmic DUSP with high specificity for ERK which
functions as a negative feedback regulator of ERK activation in normal
developmental programs (21) and was also identified in previous stud-
ies as highly and immediately regulated by EGFR inhibitor treatment
in EGFR-mutant NSCLC cells (17). In the current study, we charac-
terize a feedback regulation loop involving DUSP6 expression and
ERK signaling in NSCLC. First, we screened multiple NSCLC cell
lines and primary human tumor specimens demonstrated that DUSP6
expression tracks in tandem to ERK activation. Next, we demonstrated
that pharmacologic inhibition of ERK activity leads to dramatic down-
regulation of DUSP6 expression, both in an EGFR-dependent and
EGFR-independent manner. We then conducted functional studies
with plasmid-driven DUSP6 overexpression in stably transfected
DUSP6-low lung cancer cells, demonstrating attenuation of ERK ac-
tivation, which resulted in growth arrest and apoptosis as well as
synergy with EGFR inhibitor treatment. Conversely, we found that
siRNA knockdown in DUSP6-high lung cancer cells resulted in en-
hanced ERK signaling and cellular proliferation. Finally, utilizing lu-
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ciferase reporter, chromatin immunoprecipitation and electrophoretic
mobility shift assays, we demonstrated that regulation of DUSP6 is
mediated at the promoter level by ETS family transcription factors,
well-known nuclear targets of activated ERK, more specifically ETS1
induction through activation of the ERK pathway. Taken together,
these findings indicate that DUSP6 expression is tightly regulated by
ERK signaling in NSCLC and exerts antitumor effects via negative
feedback mechanisms, pointing to an important feedback loop in
NSCLC, which may be prone to dysregulation in tumorigenesis.
K-RAS mutations are common oncogenic events detectable in the
majority of pancreatic cancers and 20-30% of NSCLCs. K-RAS mu-
tation results in increased ERK-signaling output, which in turn leads
to increased expression of inducible DUSPs, including DUSP6, re-
sulting in negative feedback inhibition of ERK signaling. Similarly,
NSCLCs with constitutive activation of cell surface growth factor
receptor pathways, such as EGFR or mesenchymal-epithelial transi-
tion factor are also at least in part dependent on overactivation of the
ERK pathway. Somatic genetic changes leading to inactivation of
DUSP6 or other DUSPs and loss of negative feedback regulation
of the ERK pathway could certainly represent steps in the progression
of such cancers. Previous reports of DUSP6 inactivation via promoter
methylation in pancreatic cancers suggest DUSP6 as a candidate tu-
mor suppressor in that disease (39). A recent manuscript reported
dowregulation of DUSP6 expression in lung cancer cell lines as well
as primary lung cancer specimens correlating with proliferative index.
No mutations of DUSP6 and a fairly low loss of heterozygosity rate
(17.2%) of the DUSP6 locus were found (38). Our cell line studies
demonstrate that in many NSCLC cells, DUSP6 regulation appears
intact and responsive to increased ERK activation, arguing against
DUSP®6 loss as a frequent oncogenic event in NSCLC. More compre-
hensive studies will be needed to assess whether DUSP6 abrogation is
indeed present in specific subsets of patients. The recent generation of
knockout mice lacking the murine DUSP6/MKP3 gene will allow
systematic evaluation of its potential role in oncogenesis, particularly
for model systems of K-RAS and EGFR-driven lung cancers.
Multiple studies demonstrate that among ERK-regulated genes,
DUSP6 is one of the most rapidly and significantly regulated. DUSP6
was identified as one of only three genes significantly overexpressed
in myeloma cells harboring a constitutively active mutant N-RAS



gene and is also overexpressed in H-RAS driven human breast epi-
thelial cells and in human melanoma cell lines harboring potent
activating mutations in B-RAF (40). Interestingly, in a study of plate-
let-derived growth factor receptor signaling, DUSP6 was found to be
rapidly phosphorylated on Ser174 and Ser300 leading to platelet-
derived growth factor-induced degradation, whereas ERK activation
led to DUSP6 induction resulting in restoration of DUSP6 levels
within 1-2 h, and DUSP6 knockdown led to increased ERK activation
and mitogenic response. These results suggest that DUSP6 is an im-
portant regulator of platelet-derived growth factor-induced ERK
phosphorylation acting in both a rapid positive feed-forward and
a more delayed negative feedback loop (24). Other studies suggested
that DUSP6 protein expression is also affected by posttranslational
regulation, principally mammalian target of rapamycin-mediated
phosphorylation of Ser159 and degradation of DUSP6 (41). Our stud-
ies as well as others point to a critical role for ETS-mediated regula-
tion of the DUSP6 promoter in the control of DUSP6 expression
(23,42). DUSP6 was reported to be one of the most highly regulated
genes in chronic myeloid leukemia cells upon imatinib treatment (43)
and similarly DUSP6 is overexpressed upon inducible expression of
the EGFRVIII oncogene in glioblastoma cells (44). These data suggest
that DUSP6 overexpression may be a fairly uniform phenomenon in
oncogenic pathways relying on ERK activation. A systems biological
approach identified DUSP6 as a critical regulator shaping the activity
of the MAPK pathway during cellular transformation by oncogenic
RAS (45). DUSP6 expression was rapidly increased by inducible
expression of oncogenic RAS in immortalized rat fibroblasts damp-
ening the initial hyperactivation of ERK (46). Very interestingly,
elevated DUSP6 RNA expression was reported to be a major negative
predictor of survival in patients with resected NSCLC as part of a five
gene signature model (47). The authors did not report K-RAS or
EGFR mutational data in these patients. As our data suggests, DUSP6
expression correlates with ERK activation, and we hypothesize that
tumors with DUSP6 overexpression represent a group of tumors with
excessive activation of the ERK pathway explaining their poorer
prognosis. This observation indeed suggests that DUSP6 expression
may potentially serve as a biomarker for tumors sensitive to inhibition
of the RAS-RAF-MAPK pathway.

A large number of small molecule inhibitors of the MAPK pathway
are currently in development. For cancer therapy, the most relevant
are inhibitors of RAF kinase and MEK1/2. Initial studies with such
agents demonstrated only limited success despite the apparent impor-
tance of oncogenic ERK signaling in cancer. The unpredictable cel-
lular and clinical responses seen with such drugs belie a greater
complexity surrounding signal regulation than previously thought.
Given the critical physiological role of ERK signaling in normal
tissue maintenance and proliferation, it is not yet clear whether direct
inhibition will indeed turn out to be a successful strategy. Therefore,
MAPK drug discovery will probably need to expand to include targets
that are not classically druggable, though important modulators of
MAPK function nonetheless. Our data suggest that modulation of
DUSP-mediated feedback mechanisms in ERK signaling may provide
one such avenue for future drug development.

Supplementary material

Supplementary Tables 1 and 2 and Figures 1-6 can be found at http:
/[carcin.oxfordjournals.org/
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