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Our objective was to establish an experimental model of a self-sustained and bistable extracellular signal-
regulated kinase 1/2 (ERK1/2) signaling process. A single stimulation of cells with cytokines causes rapid
ERK1/2 activation, which returns to baseline in 4 h. Repeated stimulation leads to sustained activation of
ERK1/2 but not Jun N-terminal protein kinase (JNK), p38, or STAT6. The ERK1/2 activation lasts for 3 to 7
days and depends upon a positive-feedback mechanism involving Sprouty 2. Overexpression of Sprouty 2
induces, and its genetic deletion abrogates, ERK1/2 bistability. Sprouty 2 directly activates Fyn kinase, which
then induces ERK1/2 activation. A genome-wide microarray analysis shows that the bistable phospho-ERK1/2
(pERK1/2) does not induce a high level of gene transcription. This is due to its nuclear exclusion and
compartmentalization to Rab5™ endosomes. Cells with sustained endosomal pERK1/2 manifest resistance
against growth factor withdrawal-induced cell death. They are primed for heightened cytokine production.
Epithelial cells from cases of human asthma and from a mouse model of chronic asthma manifest increased
pERK1/2, which is associated with Rab5* endosomes. The increase in pERK1/2 was associated with a
simultaneous increase in Sprouty 2 expression in these tissues. Thus, we have developed a cellular model of
sustained ERK1/2 activation, which may provide a mechanistic understanding of self-sustained biological

processes in chronic illnesses such as asthma.

An adaptive response of cells to environmental cues is a fun-
damental biological process that allows optimization of growth,
function, and survival. Cells that are unable to adapt to changing
environmental cues are unlikely to survive. One of the important
elements of this adaptive response is the formation of a “cellular
memory” that leads to a programmatic change in the cellular
response. Hysteresis, a property of some biochemical systems, is
well suited to respond to environmental changes. In physics, hys-
teresis indicates the history dependence of physical systems (J.
Sethna, What is hysteresis? [http://www.lassp.cornell.edu/sethna
/hysteresis/WhatIsHysteresis.html]). Systems that display hystere-
sis can toggle between two alternative stable steady states. This is
known as system bistability (18). A bistable system can exist in
three states: an “on” state, an “off” state, and an unstable inter-
mediate state. Early examples of biological bistable systems in-
clude the lambda phage lysis-lysogeny switch and the hysteretic
lac repressor system (55). Lisman in 1985 first suggested that a
bistable system could serve as a self-sustaining biochemical mem-
ory (29). Bistability arises from a positive-feedback loop or a
mutually inhibitory, double-negative-feedback loop (10, 33).

We are interested in exploring bistability in the extracellular
signal-regulated kinase 1/2 (ERK1/2) signaling module. Bist-
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ability in ERK1/2 has been demonstrated in frog oocytes (53)
and in mammalian cells (28). Recent studies have demon-
strated bistability in the Sos (5) and Ras (20, 44) signaling
modules, which are upstream activators of ERK1/2. In this
study we asked the following questions. Does ERK1/2 manifest
bistability in human cells? What type of stimulation is needed
to induce bistability? What is the mechanism of bistability?
How long does bistability persist? What is the biological rele-
vance of ERK1/2 bistability?

MATERIALS AND METHODS

Cell culture and Western blotting. Human primary small airway epithelial cells
(SAEC; Cambrex, Inc., East Rutherford, NJ) were cultured with basal serum-
free medium (SABM) containing SingleQuot growth supplement. BEAS-2B
epithelial cells were grown in bronchial epithelial cell basal medium (BEBM;
Lonza) with the addition of the growth factor-enriched supplement bronchial
epithelial cell growth medium (BEGM; Cambrex, Inc., East Rutherford, NJ),
and the medium was changed every 3 days. The human airway epithelial cell line
A549, the human airway fibroblast cell line IMR-90, and the Src family kinase-
deficient fibroblast cell line SYF were maintained in Dulbecco’s modified Eagle
medium (DMEM) containing 10% fetal bovine serum (FBS). The PC12 cell line
(ATCC) was cultured in DMEM with 5% horse serum and 10% FBS. Before
stimulation, cells were trypsinized and then plated at 4 X 10*/ml in a 6-well tissue
culture plate. A sample of mouse embryonic fibroblasts with a null mutation for
Sprouty 2 was a generous gift from Ben Yu, University of California, San Diego,
La Jolla, CA. Epithelial cells and fibroblasts were stimulated with cytokines,
growth factors, and inhibitors (epidermal growth factor [EGF], 100 ng/ml;
eotaxin, 10 ng/ml; nerve growth factor [NGF], 50 ng/ml; interleukin-4 [IL-4], 10
ng/ml; IL-13, 10 ng/ml; PP2, 10 wM; PD98059, 10 uM). The whole-cell lysate was
extracted with radioimmunoprecipitation assay (RIPA) buffer, subjected to 8%
SDS-PAGE, and then transferred to a Hybond-P polyvinylidene difluoride
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(PVDF) membrane (Amersham Biosciences). The membrane was blocked with
5% bovine serum albumin (BSA) in 50 mM Tris, 0.15 M NaCl, and 0.015%
Tween 20 (TBS-T), immunoblotted with a mouse monoclonal anti-phospho-
ERK1/2 (anti-pERK1/2) antibody (Santa Cruz Biotechnology, Santa Cruz, CA),
and then incubated with a horseradish peroxidase (HRP)-conjugated anti-mouse
IgG (Sigma) antibody. After extensive washing with TBS-T, enhanced chemilu-
minescence (ECL; Amersham) was added and the membrane was subjected to
autoradiography. Even loading of the gel was ascertained by reprobing the
membrane with anti-ERK1/2, antiactin, or other appropriate antibodies.

Immunofluorescent staining (IFS). BEAS-2B cells were seeded on sterilized
cover slides. After stimulation with IL-13, cells on cover slides were fixed in 4%
paraformaldehyde for 20 min at room temperature, incubated with 0.05% sapo-
nin for 10 min, blocked with 10% goat serum with 0.05% saponin in phosphate-
buffered saline (PBS), and immunostained with the following primary antibodies
overnight at 4°C: mouse anti-phospho-ERK1/2 (Cell Signaling, Inc.) or isotype
control IgG2a; rabbit polyclonal antibodies against Rab4, Rab5, Rab7, Rab13
(Santa Cruz Biotechnology, Santa Cruz, CA), Rabll (Zymed), or GM130
(against the Golgi apparatus; Cell Signaling, Inc.); or control rabbit IgG. Mito-
tracker was used for mitochondrial staining in accordance with the manufactur-
er’s instructions. After a washing, the slides were incubated with a labeled
secondary antibody in darkness for 1 h, washed with 0.05% saponin in PBS 3
times, rinsed with PBS, and mounted. The slides were viewed under an epiflu-
orescence microscope (Nikon; Eclipse TE-2000 U microscope with a Coolsnap
HQ camera, an automated station, and a z-axis motor linked to a personal
computer [PC] that is equipped with the Metamorph software, v.6.2 [Molecular
Devices, San Diego, CA]). For morphometric and comparative analyses, pictures
were taken with an appropriate objective (see the Fig. 9 legend) and the same
exposure time.

Quantitative real-time PCR for cytokines. BEAS-2B cells were trypsinized and
then plated at 1 X10%ml in a 60-mm tissue culture plate. Before stimulation, cells
were treated with dimethyl sulfoxide (DMSO) or the MEK inhibitor PD98059
(20 nM) for 30 min and then stimulated with IL-13 and tumor necrosis factor
alpha (TNF-a). Total cellular RNA was extracted using Trizol reagent (Invitro-
gen) according to the manufacturer’s protocol; the RNA pellet was dissolved in
RNase-free water and stored at —80°C until used. RNA was immediately con-
verted to cDNA. A portion (2 pg) of the RNA was converted to cDNA using the
first-strand cDNA synthesis kit for reverse transcription-PCR (RT-PCR) as
directed by the manufacturer (Invitrogen) in a final volume of 20 pl. The
resulting cDNA was stored at —20°C. After the reverse transcription reaction,
the first-strand cDNA was then diluted 1:5, and 5 pl of reaction mixture was used
in each subsequent PCR. For the real-time PCR, 5 pl of cDNA was used with
SYBR green and PCR was performed on an ABI 7000 sequence detection
system (Applied Biosystems) according to the manufacturer’s protocol. The
real-time PCR conditions were as follows: for reverse transcription, incubation at
50°C for 50 min; for PCR, 95° for 10 min; for cycling, 95°C for 0.15 min, 60°C for
1 min, and 72°C for 1 min for 40 cycles.

The PCR primers were as follows: eotaxin 3 forward, TGCTTCCAATACAG
CCACAA, and reverse, GAGCAGCTGTTACTGGTGAA; RANTES forward,
AGCCCTCGCTGTCATCCTCATT, and reverse, TTGCCACTGGTGTAGAA
ATACT; matrix metalloproteinase 9 (MMP9) forward, CGAACTTTGACAGC
GACAAG, and reverse, TTCAGGGCGAGGACCATAGA; SCF forward, CC
AGGCTCTTTACTCCTGGCT, and reverse, CTGCCCTTGTAAGACTTG
GCT; IL-13 forward, TACTCGTTGGCTGAGAGCTG, and reverse, GAGTG
TGTTTGTCACCGTTG; TSLP forward, ACCTTCAATCCCACCGCCGGCT,
and reverse, GGCAGCCTTAGTTTTCATGGCGA; CCL20 forward, CACAG
ACCGTATTCTTCATCCTAAATTTATTG, and reverse, CCCCAGCAAGGT
TCTTTCTGTTCTTGGGCTATTGCC; Bel2 forward, GTGGAGGAGCTCTT
CAGGGA, and reverse, AGGCACCCAGGGTGATGCAA,; Bax forward, CA
CCAGCTCTGAGCAGATC, and reverse, GCTGCCACTCGGAAAAAG; Bim
forward, TGGCAAAGCAACCTTCTGATG, and reverse, GCAGGCTGCAAT
TGTCTACCT; FOXO3a forward, CTGTCTCCATGGACAATAG, and reverse
GCTGGCTTGTTCTCTTGGAT; BID forward, GGCAACCGCAGCAGC
CAC, and reverse, TCAGTCCATCCCATTTCT; B-actin forward, CCCTGGA
GAAGAGCTACGA, and reverse, TAAAGCCATGCCAATCTCAT. After
PCR, the relative expression of each gene was normalized to B-actin to give a
relative expression level.

Thymidine incorporation assay. BEAS-2B cells were seeded at 5 X 10 per
well in a 96-well plate in triplicate for each group. After repeated stimulation
with IL-13 for 3 days, cells were incubated with 1 wCi/ul of [*H]thymidine in 200
pl of medium per well overnight and harvested for thymidine incorporation.

Plasmid construction and transfection. BEAS-2B cells were seeded at 5 X
10*/ml in a 6-well plate and transfected with pCGN-sprouty 2 (kindly provided by
D. Bar-Sagi, State University of New York at Stony Brook) using Lipofectamine

MoL. CELL. BIOL.

2000 (Invitrogen) according to the manufacturer’s instructions following IL-13
stimulation. After 48 h, overexpression of Sprouty 2 was examined by Western
blotting. The Y55F mutant of Sprouty 2 was constructed by site-directed mu-
tagenesis (14). For expression of the recombinant protein, human Sprouty 2
cDNA was isolated from pCGN-sprouty 2 and cloned into the EcoRI/Xhol sites
of the pGEX-5x-1 vector (Amersham). The open reading frame was confirmed
by sequencing. Glutathione S-transferase (GST) fusion proteins were produced
and purified according to the method described previously (14) and stored at
—80°C.

Sprouty 2 knockdown using siRNA. BEAS-2B cells were plated at 3 X 10°/ml
in a 6-well plate. Following IL-13 stimulation Sprouty 2 was knocked down with
small interfering RNA (siRNA; 20 nm) using the Smart pool (Dharmacon) by
electroporation (Amaxa) according to the manufacturer’s protocol. Briefly, after
stimulation with IL-13, cells were washed, trypsinized, and then suspended at 1 X
10%ml in 400 pl of a mixture of supplement and Nucleofector containing 20 nM
Sprouty 2 siRNA. Cells were incubated for 48 h after electroporation before lysis
for Western blotting.

In vitro kinase assay. Fyn and ERK1/2 were immunoprecipitated from the
whole-cell lysate or lung tissue using 2 g of anti-Fyn and anti-ERK1/2 antibod-
ies (Santa Cruz Biotechnology, Inc.) and washed three times with lysis buffer and
once with kinase buffer (20 mM Tris, pH 7.4, 20 mM NaCl, 1 mM dithiothreitol,
and 10 mM MgCl,). The kinase activity of Fyn was determined by measuring the
phosphorylation of enolase as a substrate in the presence of recombinant GST or
GST-Sprouty 2. The kinase activity of ERK1/2 was determined by measuring the
phosphorylation of myelin basic protein. The washed immunoprecipitates were
incubated in 40 pl of kinase buffer containing 10 wCi of [y->*P]JATP at 30°C for
30 min. The samples were resolved by SDS-PAGE and transferred to a nitro-
cellulose membrane, and detection was accomplished by autoradiography. The
membranes were then Western blotted for the respective kinases.

GeneChip microarray experiments and statistical analysis. Isolated RNA was
submitted to the University of Colorado Microarray Core Facility for GeneChip
analysis using the Affymetrix GeneChip Human Gene 1.0 ST array. The chip
comprises more than 22,000 probe sets and 500,000 distinct oligonucleotide
features and analyzes the expression levels of 18,400 transcripts and variants,
including 14,500 well-characterized human genes. Signal intensity values from
the microarray were normalized using the MASS.0 algorithm. Following a three-
step filtering process (to exclude Affymetrix control probe sets, genes with an
“absent” call in all samples, and dormant genes with the least moderate varia-
tion), principal component analysis (PCA) was conducted to identify sample
distribution. Finally, using analysis of variance (ANOVA) (with 10% false-dis-
covery rate [FDR] correction), differentially expressed genes were identified
among different sample groups from the filtered data. The PCA and ANOVA
analysis were conducted using the Partek GS environment. The difference in the
gene expression levels was determined by the Student ¢ test (P = 0.05).

Cell survival assay. BEAS-2B cells were seeded in a six-well plate at 5 x 10*
per well and stimulated with IL-13 (10 ng/ml/hour/day) at different time points
(no stimulation, days 1 and 3, and day 3 only). Cells were washed on day 4,
cultured with BEBM without BEGM, trypsinized, and counted after being
stained with propidium iodide and trypan blue at 72 h, 120 h, and 168 h. In select
experiments cells were further stained with annexin V and analyzed by flow
cytometry.

Rab4a and Rab5a knockdown and survival assay. BEAS-2B cells were seeded
in a six-well plate at 5 X 10° cells per well and stimulated with IL-13 (10 ng/ml)
for 1 h per day for 3 days and then transfected with Rab4a or Rab5a siRNA on
day 4. A nontargeting siRNA that was directed against luciferase was used as a
control (Dharmacon; siGENOME SMARTDpool). Forty-eight hours later cells
were divided into two aliquots. One aliquot was lysed with RIPA buffer for
Western blotting to examine Rab4, Rab5, and pERK expression. Another ali-
quot of cells was cultured in the basic medium BEBM without growth factor-rich
BEGM (Lonza). At the conclusion the cells were trypsinized, washed, and
stained with propidium iodide.

Immunostaining of airway tissue from the mouse model of experimental
asthma and human asthma. The animal and human asthma biopsy protocols
were approved by the TACUC and Institutional Review Board (IRB). The
immunization and allergen exposure protocol for mouse studies was the same as
described previously (30). Immunofluorescent staining of the lung sections for
pERKI1/2 and Rab5 is described in the previous section.

RESULTS

Establishing ERK1/2 bistability and sustained activation.
To establish bistability in the ERK1/2 signaling module, we
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used a number of human cell lines: primary airway epithelial
cells, BEAS-2B and A549 epithelial cell lines, and the lung
fibroblast cell line IMR-90. To induce ERK1/2 activation, we
used representative cytokines IL-4 and IL-13, the chemokine
eotaxin, and the growth factor EGF. However, for most studies
we used IL-13, which activates both epithelial cells and fibro-
blasts and plays an important role in Th2-type inflammatory
diseases (51). In preliminary experiments we examined the
basal phosphorylation profile of ERK1/2 without stimulation
over 6 days. Human primary small airway epithelial cells
(SAEC) were cultured and lysed on day 1 through day 6,
separately. We didn’t detect any fluctuation of ERK1/2 phos-
phorylation by Western blotting (Fig. 1A). To examine the
kinetics of ERK1/2 phosphorylation following IL-13 stimula-
tion, we stimulated cells for 0, 0.5, 1, 2, 3, and 4 h and lysed
them immediately for Western blotting. ERK1/2 phosphoryla-
tion increased significantly at 30 min, was sustained for 3 h, and
returned to baseline in 4 h (Fig. 1B). We reasoned that re-
peated exposure, as opposed to a single exposure to a stimulus,
is more likely to require cellular adaptation and induce bist-
ability. To test this hypothesis, we stimulated BEAS-2B epi-
thelial cells with IL-4, IL-13, eotaxin, and EGF for 1 h per day
for 3 consecutive days. Then the cells were rested for the next
3 days and lysed on day 6. One sample of nonstimulated cells
was stimulated on day 6 as a positive control. Western blotting
showed strong phosphorylation of ERK1/2 upon acute stimu-
lation of cells with the cytokines on day 6. Surprisingly, a
similar level of ERK1/2 phosphorylation was observed in cells
that were stimulated only for the first 3 days and then rested
for the last 3 days (Fig. 1C and D). The results suggest that
ERKI1/2 behaves as a bistable system and that 3 days of re-
peated stimulation induces a sustained phosphorylation state
of ERK1/2. Similar results were obtained when SAEC, the
lung fibroblast cell line IMR-90, and the airway epithelial cell
line A549 were studied instead of BEAS-2B (Fig. 1E). We also
applied stimulation on alternate days, which worked equally
well (Fig. 1F). A minimum of three stimulations is required, as
2 days of stimulation did not induce ERK1/2 bistability. In
order to define the duration of this sustained ERK1/2 phos-
phorylation, we treated cells with IL-13 for 3 days and studied
ERKI1/2 phosphorylation on different days after resting the
cells in the culture medium. ERK1/2 phosphorylation was de-
tected on day 6, decreased by day 9, and totally disappeared by
day 12 (Fig. 1G). A similar persistence of pERK1/2 was ob-
served when cells were stimulated for 4 days in a row and
assayed for pERK1/2 on day 10 (Fig. 1H).

We asked if repeated IL-13 stimulation induced sustained
phosphorylation of Jun N-terminal protein kinase 1/2
(JNK1/2) and p38, the two other major mitogen-activated pro-
tein kinase (MAPK) signaling pathways, and STAT6. Phos-
phorylation of STAT6 and JNK was detected after acute stim-
ulation on day 6 (Fig. 1I). However, unlike what was found for
ERK1/2, the phosphorylation of these signaling molecules af-
ter repeated IL-13 stimulation was not sustained on day 6.
IL-13 failed to induce p38 phosphorylation in this cell line. The
results suggest that among the IL-13-activated major signaling
molecules ERK1/2 uniquely manifests bistability in our exper-
imental model and that its sustained activation can be induced
by repeated stimulation with cytokines, growth factors, and
chemokines in multiple human cell types.

ESTABLISHMENT OF ERK1/2 BISTABILITY 1785

Role of Sprouty 2 in ERK1/2 bistability. Studies were next
undertaken to understand the mechanism for self-sustained
ERK1/2 phosphorylation induced by repeated IL-13 stimula-
tion. First we examined two ERKI1/2-specific cytosolic phos-
phatases: DUSP6 (MKP3) and DUSP3 (VHR). Both these
phosphatases were induced by single and repeated stimulations
(Fig. 2A), so this could not explain sustained ERK1/2 phos-
phorylation. We also examined Cbl, an E3 ubiquitin ligase that
is known to downregulate receptor-mediated signaling pro-
cesses (39). The expression of Cbl was modestly inhibited in
both acute- and repeated-stimulation models. Previous studies
suggest that Sprouty proteins inhibit ERK1/2 activation by the
fibroblast growth factor (FGF) receptor tyrosine kinase (3, 15).
On the other hand the EGF receptor-mediated activation of
ERKI1/2 has been shown to be both enhanced (9, 41, 42, 52)
and inhibited (25), depending upon the experimental model
used. We examined the role of Sprouty 2, the most frequently
studied Sprouty isoform, in our sustained ERK1/2 phosphory-
lation model. We observed a progressive increase in sustained
Sprouty 2 expression in the repeated-stimulation model (Fig.
2B). To determine if Sprouty 2 induction was ERK1/2 depen-
dent, we treated cells with the MEK inhibitor PD98059 from
day 4 to day 6 following IL-13 stimulation on days 1 to 3.
ERK1/2 phosphorylation and Sprouty 2 expression were de-
creased in the presence of PD98059 (Fig. 2C). Sprouty 2 un-
dergoes phosphorylation at different sites. Mnkl-mediated
phosphorylation of Sprouty 2 promotes its stability (6). We
observed increased activating phosphorylation of Mnk1 in our
experimental model (Fig. 2D). Since we observed that in-
creased Sprouty 2 expression was associated with sustained
ERK1/2 phosphorylation, we asked if overexpression of
Sprouty 2 alone would induce ERK1/2 phosphorylation. To
determine this, we transfected cells with a Sprouty 2 expression
plasmid at low (0.3-pg/ml) and high (1-pg/ml) concentrations.
The cells were then stimulated with IL-13 as before. We ob-
served a basal increase in ERK1/2 phosphorylation on day 6 in
cells treated with the low dose of the Sprouty 2 expression
vector (Fig. 2E). Repeated stimulation with IL-13 did not
significantly alter this expression level. In contrast, a high level
Sprouty 2 expression inhibited sustained ERK1/2 phosphory-
lation in the repeated-stimulation model. Our results provide a
dose-based explanation for some of the contradictory reports
on the effect of Sprouty 2 on ERK1/2 phosphorylation.

To better understand the function of Sprouty 2 in sustained
ERK1/2 phosphorylation, we conducted experiments with ep-
ithelial cells in which Sprouty 2 expression was knocked down
and mouse embryonic fibroblasts that are homozygous for a
Sprouty 2 null mutation (24). We used siRNA to inhibit the
expression of Sprouty 2 in BEAS-2B cells. Reduced expression
of Sprouty 2 in the knockdown epithelial cells (Fig. 2F and G)
and the absence of Sprouty 2 in the knockout fibroblasts (Fig.
2H) abrogated the sustained phosphorylation of ERK1/2 in
our experimental model. This result establishes an essential
role for Sprouty 2 in establishing ERK1/2 bistability and sus-
tained phosphorylation in our model.

Role of Src family kinases. The Src family kinases frequently
function upstream of the ERK1/2 signaling module in various
receptor signaling pathways. To elucidate the role of Src ki-
nases in IL-13-stimulated ERK1/2 activation and Sprouty 2
expression, we treated cells with the Src family kinase inhibitor
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FIG. 1. Development of ERK1/2 bistability in human cells. (A) Basal phosphorylation of ERK1/2 in cultured airway epithelial cell line
BEAS-2B studied over a period of 6 consecutive days without any stimulation. Following Western blotting with pERK1/2, the membrane was
reprobed with an anti-ERK1/2 antibody (n = 3). (B) Kinetics of pERK1/2 in BEAS-2B cells stimulated with IL-13 (20 ng/ml), as measured by
Western blotting (n = 3). (C) BEAS-2B cells were stimulated with IL-13 (10 ng/ml), IL-4 (10 ng/ml), eotaxin (10 ng/ml), or EGF (100 ng/ml)
separately for 1 h daily for 3 consecutive days. The cells were washed 3 times after each stimulation and cultured without stimulation for 3
additional days after the last stimulation (samples labeled D1-3). One set of controls was stimulated and washed with buffer (—), and another set
of controls was stimulated on day 6 with IL-13 or the other cytokines 1 h before lysis (D6). All these samples were lysed on day 6 and Western
blotted for pERK1/2 (n = 3 to 6). (D) Densitometric analysis of pERK1/2 expression after repeated IL-13 stimulation as presented in panel C,
top (n = 6). Statistical significance (P values) is shown above the bars. (E) Small airway primary epithelial cells (SAEC), the lung fibroblast cell
line IMR-90, and the lung alveolar carcinoma cell line A549 were treated with IL-13 as described for panel D and Western blotted for pERK1/2
(n = 3). (F) BEAS-2B cells were stimulated with IL-13 on alternate days and then lysed on day 8 (n = 3). (G) BEAS-2B cells were stimulated
with IL-13 for 3 consecutive days (days 1 to 3) and then lysed on the indicated days and Western blotted for pERK1/2. Selected stimulated or
nonstimulated samples were also stimulated on day 12 before lysis (n = 3). (H) Effect of 4 days of stimulation. BEAS-2B cells were stimulated
with buffer or IL-13 for 1 h daily for 4 consecutive days and Western blotted on the indicated lysis days (n = 3). (I) BEAS-2B cells were stimulated
with IL-13 as described for panel C. The cell lysate was Western blotted using antibodies against pERK1/2, ERK1/2, pSTAT6, p-p38 MAPK, and
pINK. For p-p38, an aliquot of cells was additionally stimulated with TNF-« as a positive control. The pJNK membrane was reprobed with an
anti-B-actin antibody to demonstrate protein loading (n = 4).

PP2 from day 4 to day 6 following IL-13 stimulation on days 1 Sprouty 2 under basal conditions (Fig. 3B). Both acute and

to 3. PP2 treatment significantly inhibited ERK1/2 phosphory-
lation but partially inhibited Sprouty 2 expression (Fig. 3A).
Next we studied the SYF cell line, which has a null mutation
for the most prevalent Src family kinases in fibroblasts, Src,
Yes, and Fyn. Unlike epithelial cells (see previous experi-
ments) and control fibroblasts, SYF cells did not express

repeated stimulation induced low-level Sprouty 2 expression in
these cells. However, ERK1/2 phosphorylation was severely
impaired under both experimental conditions. The results sug-
gest that Src family kinases are important for ERK1/2 phos-
phorylation and, to a lesser extent, Sprouty 2 expression fol-
lowing IL-13 stimulation. A previous report indicates that
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FIG. 2. Role of Sprouty 2 in sustained ERK1/2 activation. (A) Expression of dual-specific phosphatases MKP3 and DUSP3 and receptor-associated
ubiquitin ligase Cbl in the repeated-stimulation model. BEAS-2B cells were stimulated repeatedly on days 1 to 3 or only once on day 6 and then Western
blotted. The membranes were reprobed for ERK1/2 to demonstrate protein loading (n = 3). (B) Sprouty 2 expression after repeated stimulation.
BEAS-2B cells were stimulated with IL-13 for the indicated number of days and then lysed and Western blotted on day 6. The membrane was reprobed
for B-actin (n = 4). (C) Mnkl1 phosphorylation. BEAS-2B epithelial cells were stimulated with IL-13 as described for Fig. 1C and then Western blotted
for pERK1/2 and pMnk1. The membrane was reprobed with an anti-ERK1/2 antibody (n = 3). (D) Effect of a MEK inhibitor on Sprouty 2 expression.
BEAS-2B cells were treated with IL-13 as described for Fig. 1C and then incubated with the MEK1/2 inhibitor PD98059 or the diluent DMSO on days
4 to 6. The cell lysate was Western blotted for Sprouty 2 and pERK1/2. The membranes were reprobed with anti-ERK1/2 and anti-B-actin antibodies,
respectively (n = 3). (E) Effect of overexpression of Sprouty 2 on pERK1/2. BEAS-2B cells were transfected with two concentrations of a hemagglutinin
(HA)-tagged Sprouty 2 expression vector or a control vector and then stimulated with IL-13 as described for Fig. 1C. The cell lysates were Western blotted
with anti-pERK1/2 and anti-HA antibodies and reprobed for ERK1/2 and B-actin, respectively (n = 3). (F) Effect of Sprouty 2 knockdown on sustained
pERK1/2. BEAS-2B cells were treated with siRNA for Sprouty 2 (SP) or luciferase (nonspecific [NS]) and then stimulated with IL-13 as described for
Fig. 1C. The cell lysates were Western blotted for Sprouty 2 and pERK1/2. The membranes were reprobed for actin and ERK1/2, respectively (n = 4).
(G) Densitometric analysis of Sprouty 2 and pERK1/2 expression as presented for panel F. Statistical significance (P value) compared to the NS and
IL-13" sample is shown above the bars. (H) Effect of Sprouty 2 knockout on pERK1/2. Mouse embryonic fibroblasts with Sprouty 2 homozygous (—/—)
and heterozygous (+/—) null deletions were stimulated with IL-13 as described for Fig. 1C. The cell lysates were Western blotted for pERK1/2 and
Sprouty 2. The pERK1/2 membrane was reprobed for ERK1/2 (n = 3).
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FIG. 3. Role of Src family kinases in sustained ERK1/2 activation and microarray data analyses. (A) Effect of Src family kinase inhibition.
BEAS-2B cells were stimulated with IL-13 as described for Fig. 1C and then incubated with the Src family kinase inhibitor PP2 on days 4 to 6. The
cell lysates were Western blotted for Sprouty 2 and pERK1/2 (n = 3). (B) Mouse embryonic fibroblasts with homozygous null mutation for Src,
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TABLE 1. Statistical analyses of GeneChip microarray data for the
4 study groups

No. of significant

Compared groups P P values
No stimulation vs acute stimulation  0.0030314 2,016
No stimulation vs repeated 0.000601468 40
stimulation
No stimulation vs priming model 0.00196078 1,304
Repeated stimulation vs acute 0.00171418 1,140
stimulation
Repeated stimulation vs priming 0.00140142 932
Priming vs acute stimulation 0.00013533 9

Sprouty 2 is a direct substrate for Src family kinases (26).
However, the effect of Sprouty 2 on Src family kinases is
unknown. Sprouty 2 has a proline-rich sequence with the SH3-
binding motif PXXPXR (residues 301 to 309) (26). SH3-bind-
ing motifs can activate Src family kinases by disrupting the
internal SH3 domain-linker region interaction (35). To deter-
mine whether Sprouty 2 could directly activate the Src family
kinase Fyn, we performed an in vitro kinase assay using purified
recombinant GST-Sprouty 2. Recombinant Sprouty 2 stimu-
lated the enzymatic activity of Fyn, which induced enolase
(substrate) phosphorylation in vitro (Fig. 3C).

Global gene expression profile in cells with sustained
ERK1/2 phosphorylation. In order to assess the functional
consequences of sustained ERK1/2 phosphorylation in our ex-
perimental model, we performed GeneChip analysis of the
BEAS-2B cell mRNA expression profiles of four groups of
cells: (i) control cells cultured for 6 days without IL-13 stimu-
lation; (ii) cells stimulated with IL-13 (1 h/day) on days 1 to 3
and then rested for the next 3 days (repeated-stimulation or
memory model); (iii) cells cultured for 6 days and then stim-
ulated for 1 h before lysis on day 6 (acute stimulation); and (iv)
cells stimulated on days 1 to 3, rested on days 4 and 5, and then
restimulated on day 6 for 1 h before lysis (“priming” model). A
single stimulation increased the expression of 2,016 transcripts
(Table 1). To our surprise, cells from the repeated-stimulation
model increased the expression of only 40 transcripts. Re-
peated stimulation actually downregulated the expression of
many genes below the baseline level for nonstimulated cells.
This is reflected by the reduced number of upregulated genes
(a total of 1,304 transcripts) in the priming model. Despite the
reduced total number of upregulated genes, we did observe a
priming effect on many genes. Some of the relevant genes that
were primed (induced at a level significantly higher than that
for the acute model) include the CCL3, CLCA1 (calcium-
activated chloride channel 1), EGF receptor (EGFR), FOS,
RABS5B, MAP3K11, MAPKS8IP1, and SPRY4 genes. Growth-
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and proliferation-related genes that were upregulated in the
priming model are shown in Table 2. Principal component
analysis of the expression profile showed a distinct pattern of
activation state (Fig. 3D) in these four cell populations. We
recognize that one sample from the repeated-stimulation
model (memory model) clustered with the nonstimulated cells,
which is likely to reflect a lack of stimulation due to an exper-
imental error.

Some of the genes that were upregulated specifically in the
repeated-stimulation model (i.e., not induced in the acute
model) and that are relevant to the MAPK pathway and epi-
thelial function include (alphabetical order) the ARRBI (beta
1 arrestin), CCL8 (MCP2), CCL26 (eotaxin 3), CCL27,
CDC42 eff 2, IL1I7RD (Sef), MAP2K2 (MEK2), MAP3K10
(MLK2/MST), MAP3K11 (MLK3), MAP4K1 (HPKI, Ste20-
like kinase), MAPKS8IP1 (JIP1), MKNK1 (Mnk1l), MUCSB,
PFKFB4, RAB4B, and UNCI119 genes (Table 2). Of these
genes, the ARRB1, CDC42 eff 2, IL17RD, MAP2K2,
MAP3K10, MAP3K11, MAP4K1, MAPKS8IP1, and MKNK1
genes are known to function upstream or downstream of
ERK1/2 and regulate ERK1/2 activity. We have already shown
increased phosphorylation of Mnkl1 in our model. Sprouty 2
mRNA was not upregulated in the microarray screen from the
memory model but was increased in the acute and priming
models. We speculate that the increased protein level after
repeated stimulation results from Mnk1-mediated phosphory-
lation of Sprouty 2 and inhibition of its degradation. Increased
expression of UNC119 mRNA is of interest. Uncl19 is an
activator of Src family kinases including Fyn, which signals
through the ERK1/2 pathway (14).

MAPK signaling-related genes that were downregulated in
the repeated-stimulation model compared to nonstimulated
control cells include the BIM, CBL, DUSP4 (MKP2), and
IL13RA1 genes. BIM is a proapoptotic molecule, whose level
and activity are primarily regulated at the protein level. None-
theless, a reduced level of BIM mRNA could contribute to
epithelial cell survival. We confirmed the reduced expression
of Cbl at the protein level in the repeated-stimulation model
(Fig. 2A). The reduced level Cbl could also contribute to
increased Sprouty 2. DUSP4 (MKP2) is a MAPK-specific nu-
clear phosphatase, which has been shown to mediate stress-
induced cellular apoptosis (50). Reduced nuclear DUSP4 de-
lays cell senescence (48).

Reduced nuclear translocation and increased endosomal
localization of pERK1/2 in the repeated-stimulation model. In
order to examine the apparent discrepancy between increased
ERKI1/2 phosphorylation and reduced gene transcription, we
performed immunofluorescent staining (IFS) of cells for
pERKI1/2. IFS showed substantial nuclear translocation of

Yes, and Fyn (SYF) and control fibroblasts were treated with IL-13 as described for Fig. 1C and then Western blotted for pERK1/2 and Sprouty
2 (n = 4). (C) Effect of recombinant Sprouty 2 on Fyn kinase activation. (Left) Sprouty 2 was expressed as a GST-Sprouty 2 fusion protein, and
the purified GST and GST-Sprouty 2 (Spry 2) were used in a Fyn immune complex kinase assay in the presence of [y->*P]ATP and enolase as a
substrate. (Right) Densitometric analysis of phosphorylated enolase bands (from the left panel) from 4 separate experiments. Statistical signifi-
cance (P values) compared to “none” is shown above the bars. (D) Principal component analysis of the GeneChip data. No stimulation, control
cells incubated with buffer instead of IL-13 (green); memory model, cells repeatedly stimulated with IL-13 on days 1 to 3 (blue); acute stimulation,
cells stimulated with IL-13 for 30 min on day 6 (red); priming, cells repeatedly stimulated with IL-13 on days 1 to 3 and then restimulated on day

6 (purple).
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TABLE 2. Selected genes whose expression was altered in the repeated-stimulation and priming models

Gene

Description or alternate designation

Function(s) of protein

Genes upregulated in the repeated-

stimulation model

ARRBI Arrestin beta 1 gene
CDC42 eff 5
CCLS8 MCP2
CCL26 Eotaxin 3 gene
CCL27 CTACK
ILI7RD Sef
MAP3KI10 Mixed-lineage kinase 2 (MLK2) gene
MAP3KI11 Mixed-lineage kinase 3 (MLK3) gene
MAP4K1 HPKI
MAPKSIPI JNK-interacting protein 1 (JIP1) gene
MAP2K2 MAP ERK kinase 2 (MEK2) gene
MKNK]I Mnkl
MUCS5 Mucin gene
PFKFB4 6-Phosphofructo-2-kinase/fructose-2,6-
biphosphatase 4 gene
RAB4B Rab4b
SPRY4 Sprouty 4 gene
UNC119 HRG4
Genes downregulated in the
repeated-stimulation model
BIM
CBL Cbl
DUSP4 Dual-specific phosphatase gene
IL13RAI IL-13 receptor alpha 1 gene
PFKFB2 6-Phosphofructo-2-kinase/fructose-2,6-

Genes upregulated in the priming

biphosphatase 2 gene

model
CDYL Chromodomain protein Y-like gene
CHMPA4A Chromatin-modifying protein 4A gene
CLCAI
EGFR EGF receptor gene
EGRI Early growth response 1 gene
EMP3 Epithelial membrane protein 3 gene
ETVS ets variant gene 5
FOS
GPATCHI1 Gpatch domain containing 1 gene
JAG1 Jagged 1
JMJID6 Jumonji domain containing 6 gene
PLK3 polo-like kinase 3 gene
RABS5B
SERTADI serta domain containing 1 gene
ZNF264

Scaffold, activates ERK1/2

Receptor for IL-17D; also functions as
an ERK1/2 scaffold in the Golgi
apparatus

Activates ERK1/2
Cap-dependent protein translation

Aerobic glycolysis, cell proliferation

Early endosome-associated GTPase
Development/regulation of signaling
Activates Src kinases

Proapoptotic molecule

Receptor-associated ubiquitin ligase,
degrades Sprouty

Dephosphorylates nuclear ERK1/2

Aerobic glycolysis, cell proliferation

Chromatin assembly/disassembly

Calcium-activated chloride channel
regulating mucus

Regulation of transcription
Negative regulation of proliferation
Regulation of transcription
Transcription
Intracellular; nucleic acid binding
Cell fate determination/morphogenesis of
epithelial sheet
Development/differentiation
Regulation of cell cycle
Early endosome-associated GTPase
Regulation of cyclin protein kinase
Regulation of transcription

pERK1/2 upon acute (D6) stimulation of cells with IL-13 (Fig.
4A). In contrast, repeated stimulation (days 1 to 3) caused only
modest translocation of pERK1/2 to the nucleus. The cytosolic
pERKI1/2 in the repeated-stimulation model could be redi-
rected to the nucleus upon a priming stimulation (days 1 to 3
and 6). The results suggest that pERK1/2 is segregated in the
cytosolic compartment in the repeated-stimulation model and
that the cells in this model are primed for heightened nuclear
activity of pERK1/2. The cytosolic sequestration of ERK1/2
has previously been observed under specific experimental con-
ditions (12).

Next we examined the enzymatic activity of pERK and its

functional consequences in the repeated-stimulation model.
An in vitro kinase assay using myelin basic protein as a
substrate showed significant enzymatic activity of pERK1/2 (Fig.
4B). To examine the transcriptional consequences of pERK1/2,
we studied the expression of c-Fos, c-Jun, JunB, and JunD.
pERKI1/2 in the acute-stimulation model induced the expression
of c-Fos and JunB. In contrast, a similar level of pERK1/2 in the
repeated-stimulation model induced only a modest level of c-Fos
and no JunB. Levels of induction of c-Jun were comparable
among the acute-, repeated-, and priming stimulation models.
Levels of JunD expression were similar in all study samples. The
differential expression of the AP1 transcription factors provides
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FIG. 4. Nuclear translocation of pERK1/2. (A, top) BEAS-2B cells were left unstimulated (no stim), stimulated with IL-13 once on day 6 (D6),
or stimulated (1 h per day and then washed) repeatedly on days 1 to 3 and then either rested on days 4 to 6 (D1-3) or stimulated again on day
6 (D1-3,6). The cells were then fixed on day 6 and processed for immunofluorescent staining using a mouse anti-pERK1/2 antibody and
counterstained with DAPI (4',6-diamidino-2-phenylindole). Z-stack images (magnification, X100) were captured and deconvolved with no
neighbors using the software Metamorph, v.7. n = 7; scale bar = 10 pm. (Middle) Immunostaining of epithelial cells with a mouse IgG1 isotype
antibody (control for the anti-pERKI1/2 antibody). The slide was counterstained with DAPI (n = 3). (Bottom) Quantification of the mean
fluorescence intensity (MFI) of nuclear and cytosolic pERK1/2 by the software Metamorph, v.7.0. *, P < 0.04 compared to D6 and D1-3,6. n =
7. (B) Kinase activity of pERK1/2 and its effect on AP1 complex proteins. BEAS-2B cells were stimulated with IL-13 as described for panel A. Cells
were lysed, and one sample was used in an immune complex kinase assay for ERK1/2 using myelin basic protein (MBP) as a substrate. The
incorporation of [y->*P]ATP into MBP was detected by autoradiography. The membrane was reprobed for ERK1/2 (n = 4). Other samples were
Western blotted for pERK1/2, c-Fos, c-Jun, JunB, and JunD. The c-Fos membrane was reprobed for actin (n = 3).
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FIG. 5. Endosomal localization of pERK1/2. BEAS-2B cells were stimulated as described for Fig. 4A and then processed for double-
immunofluorescent staining for pERK1/2 (green) and the early, late, and recycling endosomal markers Rab5 (A), Rab7 (B), and Rabl1
(C) (red), respectively, on day 6. The nucleus was stained blue with DAPI (n = 4). Z-series images (magnification, X100) were deconvolved
with no neighbors using the software Metamorph, v.7, and presented as maximal projection (n = 4). Scale bars = 5 pm. The right panels
represent higher magnifications of the boxed areas. (D and E) Immunostaining with Golgi (GM130) (D) and mitochondrial (Mitotracker)
(E) markers (n = 4). (F) Colocalization of pERK1/2 with Rab4 (n = 4). (G) Colocalization with red fluorescent protein (RFP)-Rab5.
BEAS-2B cells were stimulated with IL-13 as described for Fig. 4A and then transfected with the red fluorescent protein control vector
(RFP-V) or RFP-Rab5 fusion construct (R-Rab5) on day 4. The cells were stained for pERK1/2 on day 6 and counterstained with DAPI.
Z-series images were deconvolved, and selected images are presented (n = 3). (H) Colocalization of Sprouty 2 with pERK1/2. BEAS-2B cells
were stimulated as described for Fig. 4A and then double stained for pERK1/2 (green) and Sprouty 2 (red). Z-series images (magnification,
X100) were 3-dimensionally deconvolved with the point spread function and Metamorph software. The boxed area is enlarged in the bottom
right frame. Colocalization (yellow) is shown with arrowheads.

an explanation for the microarray data in our experimental
models.

Next we examined the cytosolic localization of pERK1/2 in
the repeated-stimulation model by double immunofluorescent
staining using specific markers for various endosomes, the
Golgi apparatus, and mitochondria. We observed significant
colocalization of pERK1/2 with Rab5™" early endosomes but
not with Rab7" late endosomes or Rab11™ recycling endo-

somes (Fig. 5A to C and 6A). There was low-level colocaliza-
tion of pERK1/2 with Rab5 in the acute-stimulation model.
The Golgi apparatus and mitochondria did not colocalize with
pERK1/2 (Fig. 5D and E). The endosomal distribution of
Rab5 partially overlaps with that of Rab4. In accordance, we
observed colocalization of Rab4 with pERK1/2 (Fig. 5F) in the
repeated-stimulation and priming models. There was also a
low-level colocalization with pERK1/2 after acute stimulation.
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FIG. 6. Subcellular localization of pERK1/2. (A) Colocalization of
pERK1/2 with Rab5. An overlay picture of pERK1/2 (green) and Rab5
(red) showing colocalization (yellow) in multiple cells is shown (n = 6).
(B) Immunostaining with a rabbit IgG antibody (control for antibodies
against Rab4, Rab5, Rab7, Rab11, GM130, and Sprouty 2) and coun-
terstaining with DAPI (n = 3). (C) Expression of Rab4, Rab5, and
Rabl1 in epithelial cells. BEAS-2B cells were stimulated with IL-13 as
described for Fig. 4A and then Western blotted for Rab4, Rab5, and
Rabll (n = 3).

In order to confirm the colocalization using another approach,
we transfected cells with Rab5-green fluorescent protein
(GFP) and then subjected them to repeated IL-13 stimulation.
We observed colocalization of Rab5-GFP with pERK1/2 (Fig.
5G). The protein levels of Rab5 and Rabl1 were largely un-
changed under the stimulation protocols (Fig. 6C). However,
Rab4 was induced in the acute-stimulation model. Cytokine
regulation of Rab expression has recently been reported (2).
Collectively, the results suggest that pERK1/2 is largely segre-
gated in the Rab5" and Rab4™" endosomal compartments.
Sprouty 2 has previously been shown to transiently colocalize
with Rab5™ endosomes upon stimulation (16). Since Sprouty 2 is
important for sustained ERK1/2 phosphorylation, we asked if
the former colocalized with pERK1/2 in the repeated-stimula-
tion model. We observed a low-level colocalization of Sprouty
2 with pERKI1/2 in the repeated-stimulation model (Fig. SH).
Functional consequences of bistable pERK1/2. (i) Effect
on cell proliferation. To define whether the self-sustained
pERK1/2 is associated with increased cell proliferation, we
performed a [*H]thymidine incorporation assay of cells on days
4,7, and 10 after repeated stimulation. There was no difference
in thymidine uptake between the control cells and cells with
sustained pERK1/2 (Fig. 7A). This is not a surprise given the
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reduced transcriptional activity in the repeated-stimulation
model.

(ii) Effect on cell survival. We asked if sustained ERK1/2
activation provided any survival advantage to the cells. Epithe-
lial cells are normally cultured in a growth factor-enriched
medium. To study the effect on survival, we stopped adding the
growth factor supplement to the basic culture medium after
the induction of sustained pERK1/2. Growth factor withdrawal
led to decreased survival of control cells over time (Fig. 7B),
which was primarily due to apoptosis (Fig. 7C). Cells from the
repeated-stimulation model survived longer after growth fac-
tor withdrawal than cells that were stimulated with IL-13 once
or not stimulated at all. We examined selected survival- and
apoptosis-promoting genes (Fig. 7D). BID was induced after
single and repeated stimulation, although the effect of re-
peated stimulation on BID was modest. The expression of
mRNA for BIM was reduced in the repeated-stimulation
model, which confirms the microarray data. Further, the ex-
pression of mRNA for Bax, and especially for FOXO3a, was
reduced in the repeated-stimulation model. The reduced ex-
pression of mRNA for the proapoptotic genes could provide a
survival benefit. The expression of Bcl2 mRNA was largely
unchanged in both models.

(iii) Priming effect on selected cytokine production. We
asked if epithelial cells with sustained pERK1/2 were primed
for increased function. For this purpose we focused on epithe-
lial cell-secreted products that modulate the function of other
cells. We studied the expression of the eotaxin 3 (CCL26),
RANTES (CCLS5), CCL20, stem cell factor, thymic stromal
lymphopoietin (TSLP), interleukin-13, and matrix metallopro-
teinase 9 (MMPY) genes. Acute stimulation on day 6 induced
the expression of mRNA for eotaxin 3, RANTES, MMP9, and
CCL20 (Fig. 7E). Stimulation of cells with sustained pERK1/2
on day 6 induced a higher level of mRNA expression for
eotaxin 3, RANTES, stem cell factor, and TSLP. This priming
effect was absent for IL-13. The expression of MMP9 and
CCL20 was actually downregulated.

Role of Rab5 in sustaining endosomal pERK1/2 and pro-
longation of cell survival. Since pERK1/2 is compartmental-
ized to Rab4™ and Rab5" endosomes in our experimental
model, we asked if they were important for maintaining
ERK1/2 phosphorylation and prolonged cell survival. To de-
termine this, we knocked down the expression of Rab4 and
Rab5 using siRNA and examined the persistence of pERK1/2.
Rab5-deficient but not Rab4-deficient cells were unable to
sustain pERK1/2 in the repeated-stimulation model (Fig. 8A
and B). The loss of Rab5 led to reduced cell survival in the
repeated-stimulation model (Fig. 8C).

Repeated EGF stimulation induces neurite growth in PC12
cells. In a well-known experimental paradigm of the neuron-
like pheochromocytoma cell line PC12, NGF and EGF induce
transient and sustained ERK1/2 activation, respectively (38,
47). Transient ERK1/2 activation by EGF promotes cell pro-
liferation, whereas sustained activation by NGF induces differ-
entiation and neurite outgrowth. Since repeated EGF stimu-
lation induced sustained ERK1/2 activation in our model, we
asked if this would induce neurite outgrowth in PC12 cells. To
determine this, we treated PC12 cells with EGF 1 h a day for
1,2, and 3 consecutive days. Neurite growth was studied on day
5 and compared with that after treatment with NGF. We ob-
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FIG. 7. Biological relevance of sustained ERK1/2 activation. (A) Effect on proliferation. BEAS-2B cells were stimulated with IL-13 as described
for Fig. 4A and then cultured in the presence of [?H]thymidine overnight before the conclusion of the culture at the indicated time point. No Stim,
no stimulation (n = 3). (B) Effect on cell survival. BEAS-2B cells were stimulated repeatedly with IL-13 (1 h per day) on days 1 to 3 (IL-13 D1-3)
or only day 3 (IL-13 D3) and then cultured in basal medium with (GF+) or without (GF—) growth factor-enriched supplement. Cell survival was
monitored on days 6, 8, and 10 by staining with propidium iodide (PI). Statistical significance levels compared to the day 1 to 3 samples are shown
above the bars (n = 4). (C) Effect on apoptosis. BEAS-2B cells were stimulated with IL-13 as described for Fig. 4A, and cell apoptosis was
measured on day 8 by flow cytometry following staining with annexin V and propidium iodide. *, P < 0.04 (n = 3). (D) Real-time PCR for mRNA
for selected apoptosis-regulating genes. Fold changes in mRNA compared to that in nonstimulated cells are shown (n = 3). B-Actin and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) genes were used as housekeeping gene controls. (E) Effect on cytokine/protease production.
Real-time PCR results for eotaxin 3, RANTES, stem cell factor (SCF), IL-13, MMP9, TSLP, and CCL20 are shown. B-Actin and GAPDH genes
were used as housekeeping gene controls. Fold increases in gene expression over that in nonstimulated cells are shown (n = 6). *, P < 0.04; #,
P < 0.02.

served significant neurite outgrowth after repeated EGF stim- (DRA), 2 days a week for 8 weeks and then rested them for
ulation, especially after 3 days of stimulation (Fig. 9). The 3 weeks. We reported the persistence in this model of peri-
degree of neurite outgrowth was lower with EGF than with bronchial inflammation, airway remodeling with epithelial
NGF, indicating some inherent signaling differences between hypertrophy, and airway hyperreactivity, which lasted longer
the receptors for these two ligands. Nonetheless, the induction than 3 weeks after the last allergen exposure (13). Immu-
of significant neurite outgrowth validates the basic principle of nofluorescence studies of the airway tissue from this model

our repeated-stimulation approach in this well-characterized demonstrated significant pERK1/2 staining of airway epi-
experimental model. thelium and inflammatory cells (Fig. 10A). pERK1/2 immu-

Endosomal pERK1/2 in the airway epithelium from a mouse nostaining was predominantly localized to the cytosol and
model of chronic asthma. We were interested to find out if the only minimally to the nucleus. Double-immunostaining

bistable pERK1/2 staining pattern was present in vivo in the studies with three-dimensional (3D) deconvolution showed
tissue from a patient with a chronic disease such as asthma. We a significant colocalization of pERK1/2 with Rab5" endo-
chose allergic asthma because this disease is characterized by somes (Fig. 10B). The increased pERK1/2 immunostaining
repeated exposure to environmental agents such as allergens. was confirmed by Western blotting for pERK1/2 and by
We investigated the pERKI1/2 staining pattern in a mouse kinase assay of the lung lysate (Fig. 10C). This was associ-
model of chronic asthma where we repeatedly exposed mice to ated with an elevated expression of Sprouty 2 in the lung
three different allergens, dust mites, ragweed, and Aspergillus tissue from the asthma model (Fig. 10C).
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FIG. 8. (A and B) Effect of Rab4 and Rab5 knockdown on pERK1/2 and cell survival. BEAS-2B cells were stimulated with IL-13 on days 1
to 3 or left untreated and then transfected with Rab4a or Rab5a siRNA on day 4. A nontargeting siRNA that was directed against luciferase was
used as a control (NS). Forty-eight hours later cells were divided into two aliquots; one aliquot was Western blotted for Rab4 (A, left), Rab5 (B,
left), and pERK (A and B, middle) expression. Bar graphs at the right show densitometric analysis of the corresponding Western blot bands from
3 experiments. Statistical significance (P values) is shown above the bars. (C) One set of cells from the Rab5 knockdown experiment was further
cultured for the indicated periods of time in the basic culture medium without the growth factor-rich supplement. At the conclusion the cells were
stained with propidium iodide (PI) to determine cell survival. n = 3; %, P < 0.04.

Endosomal pERK1/2 in the airway epithelium from human
asthma. Next we examined airway biopsy samples from asth-
matic patients. We previously reported increased expression of
pERK1/2 and Sprouty 2 in airway biopsy samples from asth-
matic patients (30). There was a significant correlation be-
tween the expression level of pERK1/2 and asthma severity.
We wondered if the pERK1/2 staining pattern has any resem-
blance with that in the bistable model. Epithelial cells from the
biopsy samples demonstrated pERK1/2 immunostaining that
was primarily localized to the cytosol, with modest nuclear
staining (Fig. 10D and E). Further, double immunostaining
followed by 3D deconvolution colocalized pERKI1/2 with
Rab5™" endosomes in these biopsy samples (Fig. 10F).

DISCUSSION

Bistability of signaling molecules, especially that of the
MAPK pathway, has been a subject of interest for a number of
years. Xiong and Ferrell showed for the first time that ERK1/2
achieves a bistable form in frog oocytes following a single
stimulation with progesterone (53). Bistability arises from a
positive-feedback loop or a mutually inhibitory, double-nega-
tive-feedback loop. The authors have mathematically shown
that when the strength of positive feedback exceeds a certain
threshold the system shows hysteresis and becomes bistable.
Since then numerous studies that addressed the theoretical
basis for and experimental approaches to establishing bistabil-

ity have been published. Bashor et al. have shown that engi-
neered recruitment of the positive-feedback adapter Ste50 to
the mating MAPK scaffold Ste5 changed the steady-state out-
put of the MAPK pathways in Saccharomyces cerevisiae and led
to a more switch-like digital output (1). While the theoretical
basis for bistability in ERK1/2 and its upstream molecules such
as Sos and Ras is quite strong, most previous studies relied on
nonphysiological approaches to demonstrate ERK1/2 bistabil-
ity. Frequently, this involved targeted overexpression of certain
upstream molecules. In this paper we demonstrate for the first
time that ERK1/2 achieves a bistable form, and manifests a
digital output in normal human cells following repeated expo-
sure to physiologically relevant stimuli. This bistability is ac-
complished through the induction of an intracellular positive-
feedback loop.

Sprouty 2 is an adapter molecule that has been shown to up-
or downregulate ERK1/2 activation depending upon the cell
type and stimulating agent. Sprouty 2 binds to Grb2, FRS2,
Shp2, Gapl, Raf, FGFR2b, and Sosl (17, 44); Cbl (9); caveolin
1 (19); Hrs (23); Tesk 1 (4); PTP1B (54); PTEN (8); and
SIAH-2 (36). Sprouty 2 inhibits FGF-stimulated ERK1/2 sig-
naling by interacting with Grb2 (17). Conversely, it augments
EGF-stimulated ERK1/2 signaling by interacting with Cbl (9)
and Tesk 1 (4). Sprouty 2 functioned as a positive regulator of
sustained ERK1/2 phosphorylation in our model. Cells with a
genetically null mutation as well as Sprouty 2 knockdown were
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FIG. 9. Neurite growth in PC12 cells. PC12 cells were stimulated once with NGF on day 1 or with increasing frequency with EGF (day 1, days
1 and 2, and days 1 to 3). Images of neurite outgrowth were captured on day 5 using a 10X objective. Neurite outgrowth of 200 cells per culture
and from four different cultures was counted for statistical analyses. *, P < (.01 compared to no stimulation (none); #, P = 0.01 compared to NGF
(n = 4).

unable to sustain ERK1/2 phosphorylation. Repeated stimula-
tion of cells led to sustained Sprouty 2 induction that was
associated with a simultaneous increase in phospho-Mnkl, a
kinase known to phosphorylate and stabilize Sprouty 2 (6). It
should be noted that the positive regulation of ERK1/2 acti-
vation occurs only when the Sprouty 2 level is increased at a
moderate level. A high level of overexpression of Sprouty 2
actually inhibits ERK1/2 phosphorylation, which is consistent
with the dual mode of action of this adapter molecule. We have
uncovered a novel mechanism which involves a direct activa-
tion of Fyn kinase by Sprouty 2. We believe that moderately
increased expression of Sprouty 2 leads to preferential activa-
tion of Fyn kinase in the endosomal compartment, followed by
sustained ERK1/2 activation. A high level of overexpression is
likely to cause a differential interaction with other signaling
proteins, e.g., Grb2, which leads to ERK1/2 inhibition.
Bistability of ERK1/2 has previously been shown to arise
from the membrane-associated nanoclusters of various Ras
isoforms (45). In our model the bistable ERK1/2 was localized
to a specific endosomal compartment. Endomembranes are
derived from cell membranes. It is possible that appropriate
nanoclusters of Ras are present on endomembranes and that
these nanoclusters generates a digital output of ERK1/2 in our
model. Previously, Sprouty 2 was shown to localize to EEA1™
and Rab5™" early endosomes (23). Sprouty 2 competes with
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Tsg101 for binding to Hrs, a multidomain protein belonging to
the ESCORT family of proteins. This leads to slower degra-
dation of the EGF receptor. We have not examined the role of
Hrs and Tsgl101 in our experimental model yet.

Sustained ERK1/2 activation in the Rab5™ endosomal com-
partment led to increased cell survival. Rab5 knockdown
caused increased cell death, which points to a novel role of
Rabs5 in promoting cell survival. In this context it is interesting to
note that Rab7 promotes apoptosis following growth factor with-
drawal (40). Survival-promoting activity has been ascribed to a
number of RabS-associated molecules including Appll and -2
(adaptor protein containing PH domain, PTB domain, and
leucine zipper motif) (37, 43) and Alsin (21, 46). Appll and -2 are
essential for cell survival during development (43), and they in-
teract with FOXO1la, major regulator of the cell cycle and cell
survival (37). Rab5 interacts with the myosin complex (49). Dy-
nein light chains, a component of the myosin complex, sequester
a number of proapoptotic molecules such as BIM and BMF (7)
and protect cells from apoptosis. It is possible that Rab5 promotes
survival indirectly by sequestering BIM and BMF. Thus, there are
a number of pathways by which Rab5 and Rab5-associated
ERK1/2 could promote cell survival.

We have previously shown that pERK expression in the
airway epithelium positively correlates with the severity of
asthma (30). One of the determinants of asthma severity is
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FIG. 10. Endosomal pERK1/2 in a mouse model of chronic asthma and human asthma. (A) Mice were immunized and exposed to a
combination of three allergens, dust mites, ragweed, and Aspergillus (DRA), or saline as described previously (31). Three weeks after the last
allergen exposure the mice were examined for pERK1/2 immunostaining (green). Nuclei were stained with DAPI and pseudocolored red for better
visualization (n = 6). (B) Z-stack series of an airway epithelium stained with pERK1/2 (green) and Rab5 (red) were deconvolved by the software
Metamorph, v.7, with point spread function. An overlay image showing colocalization in yellow is also shown (n = 4). (C) Lung tissue samples from
the chronic asthma model (DRA sensitized and exposed) or control (Con; saline) were Western blotted for Sprouty 2 and pERK1/2 (n = 3).
Another sample was immunoprecipitated with an anti-ERK1/2 antibody and used in the kinase assay in the presence of myelin basic protein (MBP)
as a substrate (n = 3). (D to F) Endosomal pERK1/2 in human asthma. (D) Lung biopsy samples obtained from 6 asthmatic subjects were
immunostained for pERK1/2 and counterstained with DAPI (pseudocolored red) as described previously (31). A representative airway epithelial
image (magnification, X 100) is shown. The lower panel shows immunostaining with an isotype control antibody. Scale bar = 55 pm. (E) Cells with
nuclear staining for pERK1/2 from 100 epithelial cells per sample were counted, and the fraction of epithelial cells with nuclear pERK1/2 is
presented (n = 8). (F) Selected biopsy samples were stained for pERK1/2 (green), Rab5 (red), and nuclei (DAPI; blue). Z-stack series were
deconvolved by the software Metamorph, v.7, with point spread function. An overlay image showing colocalization in yellow is shown (n = 4).
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airway hyperreactivity (11). The presence of hyperreactivity
suggests that the airways are primed for heightened response
to environmental stimuli. In this paper we show that, in asthma
patients, the epithelial pERK1/2 is localized to Rab5™ endo-
somes and that this endosomal localization promotes priming
of epithelial cells. Experimental approaches and mathematical
analyses of the Snll branch of the Hogl MAPK pathway have
shown that a system with high basal signaling exhibits higher
efficiency, i.e., it shows a faster response time and higher sen-
sitivity to variations in external signals (32). We speculate that
the high basal activity of the endosomally localized pERK1/2
contributes to epithelial hyperreactivity. ERK1/2 has been
shown to play a nonredundant role in IL-13 activation of air-
way epithelial cells (27).

Our signaling knowledge is primarily based upon signaling
events that occur after a single stimulation of cells. In this
paper we show that repeated stimulation of cells with the same
ligand leads to a different outcome. Many hormones and other
mediators are secreted in a rhythmic and cyclical manner. Even
certain transcriptional events and chromatin remodeling follow
a cyclical rhythm (22, 34). Our repeated stimulation mimics
some of these cyclical processes. Thus, the results of our study
have broader implications beyond IL-13 activation of epithelial
cells. In summary, we have identified a mechanism of bistabil-
ity in the ERK1/2 pathway that involves repeated stimulation
with cytokines or growth factors and expression of Sprouty. We
recognize that this may be only one of a number of mecha-
nisms for achieving bistability.
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