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The chitinase-like protein YKL-40, encoded by the CHI3L1
gene, is a biomarker and functional effector of chronic inflam-
matory and allergic diseases. In the lung it is associated with
asthma severity and reduced lung function. The cellular sources
of YKL-40 in human airways and the mechanisms regulating
YKL-40 expression are poorly understood. We previously
showed that mechanical stress similar to that experienced
during bronchoconstriction triggers epithelial cell signaling
through epidermal growth factor receptor (EGFR), fibrotic
mediator release, and goblet cell hyperplasia consistent with air-
way remodeling in asthma. We now show that well differenti-
ated normal human bronchial epithelial cells express CHI3L1
and secrete YKL-40 under base-line culture conditions.
Mechanical stress (30-cm H,O transcellular compressive stress)
applied for 3 h induces CHI3L1 expression by ~4-fold com-
pared with time matched controls, resulting in increased secre-
tion of YKL-40 by 3.6-fold 24 h after onset of the 3-h stimulus.
Inhibition of EGFR or MEK1/2 (ERK kinase) significantly but
incompletely attenuates mechanical stress-induced up-regula-
tion of CHI3L1 expression in normal human bronchial epithe-
lial cells. Direct activation of EGFR utilizing EGF-family ligands
induces CHI3L1 expression. Our results reveal that human air-
way epithelial cells are a source of YKL-40 and demonstrate that
mechanical stress potently induces CHI3L1 expression leading
to increased secretion of YKL-40 protein in an EGFR and MEK1/
2-dependent pathway. In the asthmatic airway mechanical
stress may contribute to enhanced YKL-40 levels.

Asthma is characterized by chronic inflammation dominated
by Th2 cytokines and hyperresponsiveness of the airways. Air-
way epithelial cells experience altered physical forces during
airway constriction (1), but the role that these physical forces
plays in airway inflammation in asthma is not well understood.
Previously, our laboratory showed that compressive mechani-
cal stress similar in magnitude to that caused by bronchocon-
striction initiates a program of signaling and gene expression
supportive of airway remodeling (2—5). These studies identified
a novel mechanotransduction mechanism acting through con-
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stitutively shed epidermal growth factor receptor (EGFR)?
ligands accumulating in a dynamically shrinking interstitial
space (3, 5), with EGFR activation also observed during airway
constriction in situ (3). How this mechanical signaling response
alters airway function and inflammation and the secreted fac-
tors participating in such responses remain to be determined.
In the current study we expand on this prior work to investigate
the role of compressive mechanical stress in regulating the
expression of the key inflammatory gene CHI3LI and its pro-
tein product YKL-40.

YKL-40 is a chitinase like glycoprotein expressed and se-
creted by a variety of cell types including articular chondro-
cytes, synoviocytes, osteoblasts, macrophages, neutrophils, and
epithelial cells (6 —10). Since it was identified as a secreted prod-
uct of articular chondrocytes and synovial cells in 1993 (11), a
growing body of evidence has accumulated showing that high
serum levels of YKL-40 are associated with various pathological
conditions including chronic inflammation (7, 8, 12, 13),
hepatic fibrosis (14, 15), poor prognosis cancers (16), and aller-
gic diseases (17-19).

In the lung YKL-40 is both a biomarker of various disease
states and an important functional mediator of asthma-like dis-
ease. High serum levels of YKL-40 are associated with asthma
(20, 21), chronic obstructive pulmonary disease (22), and lung
cancer (23). In asthma, increased serum levels of YKL-40 and
expression of CHI3L1 in the lung are correlated with disease
severity, airway remodeling, and decreased pulmonary function
(24). Ober et al. (21) reported that CHI3L1 is a susceptibility
gene for asthma, bronchial hyperresponsiveness, and decreased
lung function. Several single nucleotide polymorphisms have
been identified for CHI3L1, and these variants are correlated
with serum levels of YKL-40 and the incidence of asthma (21,
25). Recently, Lee et al. (9) showed in a mouse model of ovalbu-
min sensitization and challenge that BRP-39, the mouse homo-
logue for YKL-40, is prominently up-regulated in the airways,
that BRP39-deficient mice have blunted Th2 responses and air-
way hyperresponsiveness, and that reconstitution of YKL-40
expression in pulmonary epithelium of BRP-39-deficient mice
restores these prototypical responses to ovalbumin. These
studies indicate a critical role for lung epithelial BRP39/YKL-40
expression in airway inflammation and reactivity. However, the

2 The abbreviations used are: EGFR, EGF receptor; NHBE cells, normal human
bronchial epithelial cells; FAK, focal adhesion kinase; MARCKS, myristoy-
lated alanine-rich protein kinase C substrate.
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role of human airway epithelial cells in YKL-40 production and
the intracellular signaling pathways regulating YKL-40 produc-
tion in human airway epithelium are not yet known.

We show here for the first time that well differentiated
human bronchial epithelial cells express CHI3L1 and secrete
YKL-40 under air-liquid interface culture conditions. Applica-
tion of compressive mechanical stress mimicking bronchocon-
striction significantly induces CHI3L1 expression and YKL-40
secretion in a magnitude of mechanical stress-dependent man-
ner. We show that mechanical induction of CHI3L1 is driven in
part by an EGFR/MEK1/2 dependent mechanism, and EGF-
family ligands induce CHI3L1 expression in NHBE cells. Our
findings establish a link between the airway mechanical envi-
ronment and a critical regulator of airway inflammation and
provide the first evidence that airway epithelial expression of
CHI3L1 is regulated through an EGFR-dependent pathway.

MATERIALS AND METHODS

Culture of Bronchial Epithelial Cells—Primary human nor-
mal bronchial epithelial (NHBE) cells were expanded and main-
tained in a humidified 95% air, 5% CO, incubator as described
previously (26). Briefly, Passage-2 NHBE cells were plated on a
12- Transwell plate (Corning, Inc., Corning, NY) coated with 50
ng/ml type 1 rat tail collagen (BD Biosciences) at a density of
2 X 10* cells/cm* NHBE cells were maintained in submerged
culture conditions until cells reached confluence, at which
pointan air/liquid interface was established by removing media
from the apical surface of cells. NHBE cells were fed with a 1:1

TABLE 1
Gene Primer sequence Reference
CHI3L1 Forward 5'-TTCTGTGGCCAGGATCTG-3' Primer
express 3
Reverse 5'-TTGCAGCGAGTGCATCCTT-3'
GAPDH Forward 5'-TGGGCTACACTGAGCACCAG-3" Primer
express 3 (49)
Reverse 5'-GGGTGTCGCTGTTGAAGTCA-3'
A. B. C.

100

2 3 4 5 1 2 3 4 5 1 2 3 4 5
80
60
50
~40 - -

mixture of bronchial epithelial basal medium and high glucose
(4.5 g/liter) Dulbecco’s modified Eagle’s medium supplemented
as described previously (4). Primary cells from three different
donors were used.

Permeability Assay; Dextran-FITC Flux—To assess the
integrity of airway epithelial cells after exposure to the mechan-
ical stress, a dextran-FITC flux assay was performed (27).
Briefly, well differentiated NHBE cells were exposed to 30-cm
H,O-compressive mechanical stress for 3 h, 1 pug/ml of Dex-
tran-FITC (40 KDa; Invitrogen) was added to the apical surface
of cells, and basal media were collected at the indicated time
point in the figure. As a positive control for disrupting integrity
of epithelial cells, cells were incubated with media containing
various concentrations of EDTA (0.5, 1, and 2 mm) basally for
3 h followed by removal of the EDTA containing medium
before the apical addition of dextran-FITC. 100 wul of1.5 ml
basal medium was used to measure the accumulation of fluo-
rescence signal across the epithelium using a Fluoroskan
Ascent Fluorometer (Thermo Scientific, Waltham, MA) using
an excitation wavelength of 485 nm and an emission wave-
length of 520 nm.

Exposure of NHBE cells to Compressive Mechanical Stress or
EGF-family Ligands—For all experiments, cells maintained in
the air/liquid interface condition for 13—15 days were used. To
expose cells to mechanical stress, non-toxic silicon plugs were
press fit into the top of each Transwell with an access port for
pressure application, which creates a sealed pressure chamber
over the apical surface of the NHBE cells (1, 2). Each plug was
connected to a 5% CO,, (balance room air) pressure cylinder via
a humidified chamber maintained at 37 °C with gas pressure
regulated as noted. After cells were connected to plugs, they
were stabilized for at least 2 h before exposure to transcellular
pressure. The pressure in the apical chamber was increased by
30 cm of H,O for the indicated duration, whereas the basal
surface and medium remained at atmospheric pressure. The
compressive stress (30 cm of H,O) is comparable with that
present in the airway epithelium
during bronchoconstriction and
orders of magnitude higher than the
stress experienced by the airway
epithelium during normal breathing
(1, 28). Application of transcellular
mechanical stress on the epithelial
cells has been routinely used in our
laboratory, and physiologic rele-
vance of this system has been docu-
mented previously (1, 3).

To investigate the direct activa-
tion of EGFR using various EGF

A. Chemiluminescence detection (arrow: YKL-40)

Lane 1: Recombinant human YKL- 40 (15ng)
Lane 2: Biotinylated protein ladder

Lane 3: Prestained protein ladder

Lane 4 and 5 : Basal media from NHBE cells

B. PVDF membrane stained with Coomassie brilliant blue after Chemiluminescence detection
C. Original SDS-PAGE stained with Coomassie brilliant blue after transferring proteins to PVDF membrane

ligands on the induction of CHI3L1,
recombinant human EGF, Hepa-
rin binding EGF-like growth factor
and transforming growth factor-
a (TGF-a) were applied to cells
at indicated concentrations. Re-

FIGURE 1. YKL-40 protein is secreted from bronchial epithelial cells. A, YKL-40 protein secreted from NHBE
cells was detected by Western blot analysis. Recombinant human YKL-40 was used as a positive control.
B, Coomassie Blue R250 staining of PVDF membrane after chemiluminescence detection is shown. C, shown is
Coomassie Blue R250 staining of original SDS-PAGE stained after transferring proteins to the PVDF membrane.
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combinant ligands were purchased
from R&D systems (R&D Systems,
Minneapolis, MN). For detecting
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FIGURE 2. Mechanical stress induces CHI3L1T mRNA expression. A, well differentiated NHBE cells were exposed to 30 cm of H,0 transcellular compressive
stress for 3 h, and pressure was released for the rest of period. CHI3L1T mRNA expression was measured by real-time PCR. Fold increase was calculated by AACt
method. CHI3L1T mRNA expression was significantly up-regulated by 3 h of compressive stress by 4.43-fold and sustained up to 24 h by 1.6-fold (¥, p < 0.005
versus control; T, p < 0.05 versus control). Data are represented as the mean = S.E. from independent experiments (n = 7 (for 3 h) or 4 (for other time points)).
The arrows indicate the points of basal media collection used for detection of YKL-40 secretion. B, YKL-40 secretion was detected by Western blotting on the
basal media collected at different time points (arrows in A) after 3 h of compressive stress. Induction of YKL-40 secretion response to mechanical stress follows
the up-regulation of CHI3LT mRNA expression. C, a dextran-FITC flux assay was performed to assess epithelial cell integrity after exposure to 30 cm of H,0 of
transcellular compressive stress or various concentrations of EDTA (0, 0.5, 1, or 2 mw) for 3 h. D, to understand the mechanism of mRNA induction in response
to mechanical stress, 5 ug/ml actinomycin D was pretreated to the basal media for 30 min before exposure to mechanical stress for 3 h. CHI3LT mRNA
expression was measured by a real-time PCR as described previously. (¥, p < 0.05 versus control; T, p < 0.01 versus mechanical stress alone). Data are
represented as the mean = S.D. from independent experiments (n = 3).

CHI3L1 expression, NHBE cells were exposed to compressive
stress (30 cm of H,O) or various EGF ligands for 3 h. For detect-
ing phosphorylation of ERK, cells were exposed to compressive
stress for up to 30 min. Control cells were treated identically to
compressive stress samples, including placement of the wells in
the experimental apparatus, but were not exposed to the pres-
sure gradient.

Inhibitor Studies—To investigate the signaling pathway reg-
ulating CHI3L1 expression, pharmacologic inhibitors were pre-
incubated in the basal media for 30 min before application of
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mechanical stress (EGFR inhibitor AG1478 (IC,, = 3 nm), PKC
inhibitor bisindolylmaleimide 1 (IC,, = 8-20 nm), MEK1/2
inhibitor U0126 (IC,, = 72 nMm for MEK1, 58 nm for MEK?2),
Rac inhibitor NSC23766 (IC;, = 50 um, Rho inhibitor), C3
transferase (IC, = 0.5 ug/ml), Rho-associated kinase inhibitor
Y27632 (IC,, = 0.14 um), focal adhesion kinase (FAK) inhibitor
I-14 (IC5, = 1 um)). DMSO was used for preparing an initial
stock solution of AG1478, bisindolylmaleimide 1, and U0126;
the other inhibitors were dissolved in water to prepare a stock
solution. Stock solutions were dissolved to final concentrations
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in minimal media at the concentration described in each figure.
DMSO or H,O was used for a vehicle control for inhibitors. The
final concentration of DMSO in the basal media was less than
0.01% in all conditions.

Actinomycin D Treatment—To determine whether mechan-
ical stress induced CHI3L1 expression through the synthesis of
new mRNA, 5 ug/ml of actinomycin D was preincubated with
cells for 30 min before mechanical stress.

Western Blot Analysis—To detect phosphorylation of signal-
ing proteins, Western blot analysis was performed using 20~
50 g of protein lysates per lane. The protein concentration of
cell lysates was quantified by a BCA assay (Pierce). Each sample
was boiled in 2X SDS-PAGE sample buffer (125 mm Tris-Cl
(pH 6.8), 25% glycerol, 4% SDS, 10% B-mercaptoethanol, 0.04%
bromphenol blue) for 10 min, loaded on 7.5% or 10% SDS-
polyacrylamide electrophoresis gels and transferred to a poly-
vinylidene difluoride membrane (PVDF) (Schleicher &
Schuell). After blocking with 5% skim milk, membranes were
incubated with the specific primary antibody followed by
horseradish peroxidase-conjugated anti-mouse or anti-rabbit
antibodies. All antibodies to detect phosphorylated protein
were purchased from Cell Signaling Technology (Danvers,
MA). After detecting phosphorylated form of each protein,
PVDF membranes were stripped in a prewarmed solution as
previously described (29). The deprobed membrane was
blocked with 5% skim milk, reprobed with an antibody for the
total expression of each protein, and used as a loading control
for phosphorylated protein. Final development was performed
by incubating with SuperSignal West Femto Maximum Sensi-
tivity Substrate (Pierce), and protein bands were visualized by
the ChemiGenius Bioimaging system (Syngene, Frederick,
MD). The relative amount of phospho-protein was analyzed
using GeneSnap software (Syngene) and normalized to the total
amount of each protein.

To detect YKL-40 secreted into the basal media in response
to mechanical stress, basal media samples were collected at the
indicated periods of time after mechanical stress or in the
absence of stress as a control. 20% trichloroacetic acid was used
to concentrate equal amounts of protein from the basal media
(30). Pellets were washed with ice-cold acetone 3 times and
suspended in 30 ul of 2X SDS-PAGE buffer, boiled, and loaded
on the 10% SDS-PAGE as descried above. Antibody against
human YKL-40 and recombinant human YKL-40 for a positive
control were purchased from R&D systems.

Real Time PCR Analysis—RNA was purified from cell lysates
with RNeasy Mini Kit (Qiagen, Valencia, CA) following the
manufacturer’s instructions. Two ug of total RNA was used for
synthesizing cDNA using MultiScribe reverse transcriptase
(Applied Biosystems, Foster City, CA). 20 ng of cDNA was used
for the real time PCR reaction in the mixture of primers and the
2X SYBR Green PCR master mix. The forward and reverse
primers for CHI3L1 (GenBank™ code NM_001276) and
GAPDH endogenous control were generated by Primer
Express 3.0 software (Applied Biosystems) (Table 1). All primer
sets used in this paper were validated against GAPDH using
various amounts of cDNA to ensure similar levels of PCR effi-
ciency. Fold changes were calculated by the comparative AACt
method (31).
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FIGURE 3. Mechanical stress induces YKL-40 production in a magnitude
of compressive mechanical stress-dependent manner. A, CHI3LT mRNA
was measured after exposure to increasing magnitude of compressive
mechanical stress for 3 h. CHI3L1 expression is up-regulated in a magnitude-
dependent manner. Data are represented as the mean =+ S.D. from indepen-
dent experiments (n = 2). B, YKL-40 secretion was detected at 24 h after 3 h of
compressive mechanical stress. Induction of YKL-40 secretion was detected
by either 20 or 30 cm of H,0 of transcellular compressive stress applied.

Statistical Analysis—Data are presented as the mean * S.D.
Results were evaluated by Student’s ¢ tests (p values < 0.05
considered significant) with Bonferroni posttest correction for
multiple comparisons.

RESULTS

Bronchial Epithelial Cells Are the Source of YKL-40 Produc-
tion—To determine whether NHBE cells synthesize the
YKL-40 protein product encoded by CHI3L1, total secreted
proteins in basal culture media from air-liquid interface cul-
tures of NHBE cells were concentrated by trichloroacetic acid
precipitation and separated using SDS-PAGE(10% separating
gel). 15 ng of recombinant human YKL-40 was loaded as a pos-
itive control. Western blot analysis was performed using an
antibody against human YKL-40 (R&D Systems). As shown in
Fig. 1A, secretion of YKL-40 protein from well differentiated
NHBE cells was detectable under base-line culture conditions.
Coomassie Brilliant Blue R250 staining of the PVDF membrane
(Fig. 1B) after chemiluminescence detection of YKL-40 con-
firmed the loading of protein onto the transfer membrane and
low abundance of overall protein staining at the molecular
weight of YKL-40. Similarly, Coomassie Brilliant Blue R250
staining of the original SDS-PAGE (Fig. 1C) gel after protein
transfer confirmed efficient transfer at the molecular weight of
YKL-40 but with residual high molecular weight protein
remaining in the gel. This remaining protein band on the gel
after transfer was used as a loading control for normalization of
YKL-40 in further analysis after mechanical stress.

Mechanical Stress Induces CHI3L1 Expression in Well Differ-
entiated NHBE Cells—In preliminary experiments, well differ-
entiated NHBE cells grown in air/liquid interface conditions
were exposed to 30 cm of H,O transcellular compressive stress
for 1, 2, 3, or 8 h. Peak induction of CHI3L1 expression was
identified at 3 h (data not shown). As shown in Fig. 24, these
preliminary findings were confirmed as illustrated by our find-
ing that 3 h of mechanical stress increased CHI3L1 expression
by ~4-fold compared with the time matched control. Induction
of CHI3L1 expression by mechanical stress was sustained up to
24 h (1.6-fold) after 3 h of mechanical stress. Induction of
YKL-40 protein secretion in response to 3 h of mechanical
stress was apparent at 19 h of post-mechanical stress, but no
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for disruption of epithelial integrity,
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were added to the basal media, and
EDTA-dependent  dextran-FITC
flux was detected (Fig. 2C).

To test whether new transcrip-
tion was involved in the CHI3L1
expression response to the mechan-
ical stress, the transcription inhibi-
tor actinomycin D (5 pg/ml) was
preincubated with cells for 30 min
before exposure to the mechanical
stress. As illustrated in Fig. 2D,
pretreatment with actinomycin D
completely attenuated mechanical
stress-induced CHI3L1 expression
in NHBE cells. These results dem-
onstrate that mechanical stress
induces CHI3L1 expression and

afre that the response is dependent on

CHI3L1 mRNA expression
(Fold Change)

0 8 16 24 32 40 48
TNF-a(100ng/ml), hrs

FIGURE 4. Secretion of YKL-40 is induced by mechanical stress. A, shown is an experimental plan for inves-
tigating kinetics of YKL-40 secretion by mechanical stress. Basal media samples were collected at 24 or 48 h
after 1 or 3 h of mechanical stress. TCA, trichloroacetic acid. B, secretion of YKL-40 was increased 3.59-fold by
mechanical stress at 24 h of post-3 h of pressure; 100 or 500 ng/ml TNF-a modestly increased YKL-40 secretion
at48h.C, shownis densitometry analysis of YKL-40 secretion at 24 or 48 h post-treatment. D, CHI3L1 expression
was induced by TNF-a treatment (100 ng/ml) for 24 and 48 h by 3.56- and 3.27-fold, respectively (¥, p < 0.001
versus control). Data are represented as the mean = S.D. from independent experiments (n = 3). E, YKL-40
secretion was induced by TNF-a treatment (100 ng/ml) and sustained up to 72 h.

increase in secretion was evident at 3 h (Fig. 2B) or 8 h (data not
shown), suggesting that the accumulation of YKL-40 in the
media in response to mechanical stress was driven by increased
transcription of CHI3L1 followed by translation and secretion
of YKL-40 rather than simply by enhanced exocytosis of intra-
cellular YKL-40.

An alternative explanation is that YKL-40 accumulated in
the basal media due to breakdown in epithelial barrier function
under mechanical loading, leading to apical to basal flux of
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Compressive Mechanical Stress Is
a Physiologically Strong Stimulator
of CHI3L1 Expression and YKL-40
Secretion from NHBE Cells—To test
the dependence of CHI3L1 induc-
tion on the magnitude of mechani-
cal stress applied, we compared the
responses to three increasing levels
of mechanical stress (10, 20, or 30
cm H,0). CHI3L1 expression (Fig.
3A) was induced in a magnitude-de-
pendent manner with a maximal
response at 30 cm of H,0O. YKL-40
protein secretion was relatively
unchanged by 10 cm of H,O of
mechanical stress but prominently
increased by 20 and 30 cm of H,O of
mechanical stress. These responses to mechanical stress in the
induction of CHI3L1 and YKL-40 secretion occur within the
physiological range expected in the epithelium of constricted
airways (32).

To investigate the kinetics of YKL-40 secretion from NHBE
cells, basal media samples were collected at 8, 24, or 48 h after
initiation of mechanical stress of either 1 or 3 h of duration (Fig.
4A). Both 1 and 3 h of mechanical stress induced YKL-40 secre-
tion from NHBE cells measured at 24 h by 3.07- and 3.59-fold,

YKL-40
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respectively (Fig. 4, B and C). This result demonstrates that as
little as 1 h duration of mechanical stress provokes YKL-40
production in NHBE cells. For comparison, we tested the role of
tumor necrosis factor-a (TNF-«) in stimulation of YKL-40 pro-
duction. TNF-a has been shown to induce YKL-40 production
in a variety of cell types including chondrocytes, colonic epithe-
lial cells, and alveolar macrophages (8, 22, 33). In contrast to
mechanical stress, TNF-a elicited a delayed and more muted
increase in YKL-40 secretion (Fig. 4, B and C) of ~1.5-fold at
48 h. Culture media alone did not produce an immunoreactive
band, confirming that YKL-40 secretion was produced specifi-
cally by NHBE cells. The YKL-40 response to transient
mechanical stress appeared to peak at 24 h as YKL-40 levels
were reduced by 48 h (Fig. 4, B and C). The delayed induction
of YKL-40 secretion response to 100 ng/ml of TNF-a was
sustained up to 72 h (Fig. 4, C and E) and paralleled by slower
increases in CHI3L1 gene expression relative to mechanical
stress, with peak induction of CHI3L1 of 3.56-fold at 24 h
(Fig. 4D).

CHI3LI Induction in Response to Mechanical Stress Is Medi-
ated via an EGFR/MEK1/2 Pathway—Compressive mechani-
cal stress is known to rapidly activate the EGFR, leading to
enhanced phosphorylation of ERK1/2 (3). We confirmed the
ERK1/2 response in NHBE cells (Fig. 5A4), then designed exper-
iments to test the role this pathway plays in enhanced expres-
sion of CHI3L1. We confirmed the efficacy of inhibitors of
EGFR (AG1478, 500 nMm) and ERK kinase ((also known as
MEK1/2) U0126, 10 um) by directly measuring the ERK phos-
phorylation response to mechanical stress (Fig. 5B). As illus-
trated in Fig. 5C, pretreatment with AG1478 (500 nm) and
U0126 (10 uMm) significantly but incompletely attenuated com-
pressive stress-induced CHI3L1 expression as measured by
real-time PCR. Mechanical stress-induced CH3L1 expression
was 1.44- and 1.78-fold in the presence of AG1478 and U0126,
respectively, whereas CHI3L1 expression was enhanced 3.99-
fold by mechanical stress with vehicle control. These results
demonstrate that the CHI3L1 response to mechanical stress is
driven in part by an EGFR/ERK pathway but suggests that other
pathways also contribute to this response to mechanical stress.

Among the many pathways previously linked to mechanical
signaling, the small Rho family GTPases and FAK have been
widely implicated in mechanotransduction (34, 35). Rac, Rho,
and the downstream Rho-associated kinase are the compo-
nents of the Rho GTPases most commonly implicated in

FIGURE 5. Inhibition of EGFR or MEK1/2 attenuates mechanical stress-
induced CHI3L1 expression. A, ERK phosphorylation response to mechani-
cal stress was measured by Western blot analysis. B, ERK phosphorylation in
the presence or absence of AG1478 (500 nm) and U0126 (10 um) was mea-
sured by Western blotting and quantified by densitometry analysis. E-cad-
herin was used as a loading control. C, CHI3L1 expression in the presence or
absence of AG1478 (500 nm) and U0126 (10 um) was measured by a real-time
PCR.Data are represented as the mean = S.D.from independent experiments
(n = 4) (*, p < 0.005 vehicle (Veh) + pressure versus control; T, p < 0.005
AG1478 + pressure versus vehicle + pressure; 1, p < 0.05U0126 + pressure
versus vehicle + pressure). D, CHI3L1 expression in the presence or absence of
AG1478 (500 nm) alone or in combination with each inhibitor (NSC23766
(NSC, 100 um), C3 transferase (C3, 2 wg/ml), Y27632 (10 um), or FAK inhibi-
tor-14 (FAKI-14, 50 um)) was measured by real-time PCR. Data are represented
as the mean = S.E. from independent experiments (n = 3) (¥, p < 0.005 vehi-
cle + pressure versus control; T, p < 0.05 versus vehicle + pressure).
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mechanical signaling. Thus, we used C3 transferase to inhibit
Rho, Y27632 to inhibit Rho-associated kinase, and NSC23766
to inhibit Rac. None of these compounds alone significantly
attenuated the CHI3L1 expression response to mechanical
stress (data not shown). When added in combination with the
EGER inhibitor AG1478, none of these compounds signifi-
cantly enhanced the effect of AG1478 alone (Fig. 5D); the
mechanical response was inhibited by 62-79%, with no statis-
tically significant difference between treatment conditions con-
taining AG1478 and other inhibitors or AG1478 alone. FAK
inhibitor 14, which targets the tyrosine 397 activation domain
of FAK, by itself modestly attenuated the CHI3L1 response to
mechanical loading (p < 0.05, data not shown), but it also failed
to enhance the inhibitory effect of AG1478 (Fig. 5D). We con-
clude that Rac, Rho, Rho-associated kinase, and FAK signaling
do not contribute significantly to the EGFR-independent
expression of CHI3L1 in response to mechanical loading.

Protein kinase C (PKC) is another candidate to mediate
mechanoactivation of gene expression through both ERK-de-
pendent and ERK-independent mechanisms (36). To assess the
activation of PKC by mechanical stress, phosphorylation of
myristoylated alanine-rich protein kinase C substrate
(MARCKS), which is a well known substrate of PKC, was mea-
sured by Western blot analysis (29, 37). MARCKS was rapidly
phosphorylated by compressive stress with a maximum
response at 1.5 min and dephosphorylated at later time points.
Inhibition of PKC by bisindolylmaleimide 1 (1 um) completely
attenuated the MARCKS phosphorylation response to
mechanical stress (not shown) but did not alter the ERK phos-
phorylation response (Fig. 6B). However, pretreatment with
bisindolylmaleimide 1 did not alter the CHI3L1 response to
mechanical stress (Fig. 6C), demonstrating that the induction
of CHI3L1 is independent of mechanoactivation of PKC.

EGF-family Ligands Induce CHI3L1 Expression—To directly
test the role of the EGFR pathway in CHI3L1 expression, we
stimulated NHBE cells with various EGF-family ligands. Direct
ligand stimulation with EGF (50 ng/ml), HB-EGF (100 ng/ml),
or TGF-a (100 ng/ml) applied to differentiated NHBE cells led
to ERK phosphorylation peaking at 10 min (Fig. 7A4). As illus-
trated in Fig. 7B, EGF, heparin binding-EGF, and TGF-« all
significantly, but moderately induce CHI3L1 expression in well
differentiated NHBE cells. The strongest response to EGF was
45% that mediated by mechanical stress. Together these results
confirm that the EGFR pathway is upstream of CHI3L1 expres-
sion in NHBE cells and emphasize that mechanical stress pro-
vides a potent stimulus for CHI3L1 induction.

DISCUSSION

Our experiments show that NHBE cells express CHI3L1 and
secrete its protein product, YKL-40, to the basal media under
air/liquid interface culture conditions. Compressive mechani-
cal stress (30 cm of H,0O) comparable in magnitude to that
associated with bronchoconstriction enhanced CHI3L1
expression, and this response was dependent on new RNA syn-
thesis. Up-regulation of CHI3L1 in response to mechanical
stress resulted in enhanced secretion of YKL-40 protein prod-
uct. Induction of CHI3L1 expression and YKL-40 secretion was
dependent on the magnitude of transcellular mechanical stress
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FIGURE 6. PKCiis activated by mechanical stress but does not play a role
in CHI3L1 induction. A, phosphorylation of MARCKS was detected to
assess the PKC activation response to mechanical stress over the various
time points and quantified by densitometry analysis. Total MARCKS pro-
tein was detected after stripping of phospho-MARCKS antibody as a load-
ing control. B, ERK phosphorylation response to mechanical stress was
measured by Western blotting and quantified by densitometry analysis in
the presence or absence of the PKC inhibitor bisindolylmaleimide 1 (Bis T;
1 um). E-Cadherin was used as a loading control. C, CHI3L1 expression was
measured by real-time PCRin the presence or absence of the PKCinhibitor
bisindolylmaleimide 1 (1 um). Data are represented as the mean = S.D.
from independent experiments (n = 3) (¥, p < 0.005 vehicle + pressure
versus control; t, p < 0.05 bisindolylmaleimide 1 + pressure versus vehicle
+ pressure).
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FIGURE 7. Direct ligand activation of EGFR enhances CHI3L1 expression. NHBE cells were exposed to EGF
(50 ng/ml), heparin binding (HB)-EGF (100 ng/ml), or TGF-a (100 ng/ml) for 5-15 min for analysis of ERK
phosphorylation or 3 h for analysis of CHI3L1 expression. A, phosphorylation of ERK in response to EGF-family
members detected by Western blot. E-cadherin was used as a loading control. B, CHI3L1 expression was
measured by real-time PCR (¥, p < 0.01 versus Control; T, p < 0.05 versus control). Data are represented as the

mean = S.D. from independent experiments (n = 3).

applied over the physiological range experienced by the epithe-
lium of constricted airways (32). Based on our previous demon-
stration that compressive mechanical stress activates EGFR (3),
we tested whether this intracellular signaling pathway reg-
ulates CHI3L1 expression in bronchial epithelial cells. We
found that mechanical stress induced CHI3L1 expression in an
EGFR/MEK1/2-dependent manner in bronchial epithelial
cells. Further supporting this conclusion, direct activation of
EGFR by EGF-family ligands significantly induced CHI3L1
expression.

The regulation of CHI3L1 expression has been previously
studied in a variety of cell types (8, 22, 33, 38, 39), but our
understanding of the molecular mechanisms influencing its
expression remains limited. The pro-inflammatory cytokine
TNEF-« has been shown to induce CHI3LI in chondrocytes,
colonic epithelial cells, alveolar macrophages, and various can-
cer cells (8, 22, 33, 38), and we observed enhanced CHI3L1
expression and YKL-40 secretion by TNF-« with similar kinet-
ics to those observed in chondrocytes (33) and macrophages
(22). However, compared with the response to mechanical
stress, the response to TNF-a was slower and weaker, indicat-
ing the relative potency of mechanical stress in CHI3L1 induc-
tion and YKL-40 secretion.

In mouse airways the expression of BRP-39, the homologue
for human YKL-40, is enhanced by overexpression of IL-13 in
lung epithelium. However, no data are currently available to
assess whether this represents a direct effect of IL-13-mediated
signaling on airway epithelial cells or a secondary effect of IL-13
overexpression. Intriguingly, several lines of evidence indicate
that IL-13 results in shedding of EGF-family ligands and EGFR
transactivation in airway epithelial cells grown in monolayer
culture (40), although most bronchial epithelial responses to
IL-13 stimulation appear distinct from those requiring EGFR
activation (41, 42). Based on our observation that direct activa-
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tion of the EGFR augments CHI3L1
expression, IL-13-mediated EGFR
transactivation could play a role in
the expression of CHI3L1 in
inflamed airways.

Although EGER clearly contrib-
utes to mechanoactivation of
CHI3L1 in our cell culture system, it
does not account for all of the
response to compressive stress.
Thus, mechanical stress appears to
activate additional EGFR-inde-
pendent pathways, which further
enhance CHI3L1 expression. We
evaluated PKC activation as one
candidate for EGFR-independent
mechanosignaling, and although we
documented significant activation
of this pathway, we found no evi-
dence that it contributes to CHI3L1
expression, although it may contrib-
ute to other responses to mechani-
cal stress (5). We also tested the
contributions of Rac, Rho, Rho-as-
sociated kinase, and FAK and found that none could account
for the EGFR-independent CHI3L1 response to mechanical
loading. Together these results emphasize the important role
for EGFR activation in response to mechanical stress in this
system, which accounts for ~60-70% of the CHI3L1 response
to mechanical loading, and suggest that the additional path-
ways activated by mechanical stress are outside the widely
known small Rho family GTPases and FAK. Additional studies
to elucidate the molecular mechanisms linking mechanical
stress to CHI3L1 expression will be needed to further our
understanding of the regulatory control of this gene.

Although YKL-40 is best known as a biomarker of inflamma-
tion and lung disease (21, 22), its functional roles are slowly
coming into focus. In a variety of cell types and contexts appli-
cation of exogenous YKL-40 has been implicated in angiogen-
esis (43), cell proliferation (44, 45), apoptosis (9), macrophage
differentiation (10), and inhibition of collagen degradation (46,
47). A closely related family member has been described that
possesses potent eosinophil chemotactic activity (48). The find-
ing that BRP39 '~ mice are protected from ovalbumin-in-
duced airway hyperresponsiveness and that adding back
human YKL-40 restores the response is the clearest evidence of
an important functional role for YKL-40 in airway disease (9).
In particular, YKL-40 was shown to play an essential role in
antigen sensitization and IgE induction, dendritic cell accumu-
lation and activation, and alternative activation of macrophages
as well as protection from inflammatory cell apoptosis. In
alveolar macrophages YKL-40 promotes the release of inflam-
matory cytokines (IL-8 and MCP-1) and matrix metallopro-
teases-9 (22). Together these findings suggest that overproduc-
tion of YKL-40 from the airway epithelium could be an
important cue for prolonged inflammation. Based on our
observations that mechanical stress activates CHI3L1 expres-
sion in vitro and EGFR in constricted airways in situ (3), we
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propose that CHI3L1/YKL-40 represents a novel link between
the mechanical stress caused by airway constriction and the
airway inflammation and airway remodeling characteristic of
chronic asthma.

In summary, our findings demonstrate for the first time that
NHBE cells are a source of YKL-40 secretion and that compres-
sive mechanical stress comparable with that experienced dur-
ing bronchoconstriction is a physiologically relevant stimulator
of CHI3L1 expression and YKL-40 synthesis. The response to
compressive mechanical stress is mediated in part through an
EGFR/MEK1/2 pathway in NHBE cells, representing the first
link between this pivotal signaling pathway and CHI3L1
expression. Based on the emerging evidence of important func-
tional roles for YKL-40, further study of the roles of EGFR acti-
vation and YKL-40 expression in regulation of airway biology
and disease appears strongly warranted.
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