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Cr(VI)-stimulated STAT3 tyrosine phosphorylation and nuclear translocation
in human airway epithelial cells requires Lck
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Chronic inhalation of low amounts of Cr(VI) promotes pulmonary
diseases and cancers through poorly defined mechanisms. SFKs
(Src family kinases) in pulmonary airway cells may mediate
Cr(VI) signalling for lung injury, although the downstream effec-
tors of Cr(VI)-stimulated SFKs and how they relate to pathogenic
gene induction are unknown. Therefore SFK-dependent activation
of transcription factors by non-cytotoxic exposure of human
bronchial epithelial cells to Cr(VI) was determined. Protein-DNA
binding arrays demonstrated that exposing BEAS 2B cells to
5 uM Cr(VI) for 4 and 24 h resulted in increased protein binding
to 25 and 43 cis-elements respectively, while binding to 12 and
16 cis-elements decreased. Of note, Cr(VI) increased protein
binding to several STAT (signal transducer and activator of tran-
scription) cis-elements. Cr(VI) stimulated acute tyrosine phos-
phorylation and nuclear translocation of STAT1 over a 4 h period
and a prolonged activation of STAT3 that reached a peak be-
tween 48 and 72 h. This prolonged activation was observed for

both STAT3« and STAT3S. Immunofluorescent confocal micro-
scopy confirmed that Cr(VI) increased nuclear localization of
phosphorylated STAT3 for more than 72 h in both primary and
BEAS 2B human airway cells. Cr(VI) induced transactivation of
both a STAT3-driven luciferase reporter construct and the endo-
genous inflammatory gene IL-6 (interleukin-6). Inhibition with
siRNA (small interfering RNA) targeting the SFK Lck, but not
dominant-negative JAK (Janus kinase), prevented Cr(VI)-stimul-
ated phosphorylation of both STAT3 isoforms and induction of
IL-6. The results suggest that Cr(VI) activates epithelial cell Lck
to signal for prolonged STAT3 activation and transactivation of
IL-6, an important immunomodulator of lung disease progression.

Key words: airway epithelial cell, chromium, interleukin-6, Lck,
signal transducer and activator of transcription 3 (STAT3), small
interfering RNA (siRNA), Src family kinase.

INTRODUCTION

Chromium is a ubiquitous metal that exists predominantly in two
physiologically relevant valence states: Cr(VI) and Cr(III). As
an essential nutrient (reviewed in [1]), Cr(III) may contribute to
the efficiency of insulin signalling [2]. In contrast, chronic occu-
pational and environmental exposure to Cr(VI), which occurs pre-
dominantly through inhalation, leads to airway disease [3,4] and
lung cancer [5,6]. Cr(VI) is the more toxic species, since its struc-
ture is similar to sulfate and phosphate [7], allowing it to be
easily absorbed and retained by lung cells [8]. Once in the cells,
Cr(VI) can be reduced to Cr(IIl), which is highly reactive with
macromolecules, such as proteins and DNA [8-10].

Modification of signalling proteins may play a significant role
in the aetiology of Cr(VI)-induced pulmonary diseases. Cr(VI)
selectively activates the SFKs (Src family kinases), Lck and Fyn,
in pulmonary epithelial cells [11] as well as in lymphocytes [12].
Cr(VD) stimulates recombinant SFK activity in vitro, indicating
a direct action on the kinase protein [11]. Downstream of the
SFKs are the MAPKSs (mitogen-activated protein kinases): JNK
(c-Jun N-terminal kinase), ERK (extracellular-signal-regulated
kinase) and p38. High levels of Cr(VI) (>10 uM) activate all
three MAPKs individually [13—15] or simultaneously [15-17].
Lower concentrations (<10 M) are more selective in activating
JNK in pulmonary epithelial cells [11].

Selective activation of kinase cascades may explain Cr(VI)
effects on transcription factors and gene transactivation. While

multiple transcription factors have been demonstrated to respond
to Cr(VI) exposure, a majority of studies have focused solely on
activation of NF-«B (nuclear factor kB) [16-18] or NF-«B in
combination with AP-1 (activator protein-1) [19-21]. High con-
centrations of Cr(VI), as well as other metals, directly disrupt
interactions between NF-xB protein and its canonical cis-ele-
ment in vitro [22]. However, in intact cells, Cr(VI) either has no
effect or increases NF-«B binding to DNA [16,18,21]. More im-
portantly, Cr(VI) has been shown to disrupt the transactivational
activity of NF-xB and other factors, such as MTF-1 (metal tran-
scription factor-1), by shifting patterns of co-activator interactions
[23,24]. Additional transcription factors reported to respond to
Cr(VI) by changing DNA binding include Sp-1 [19], p53 [13,24],
HIF-1« (hypoxia inducible factor-1«) [14] and MTF-1 [23].
Despite a significant body of literature focused on Cr(VI)-
stimulated effects on signalling enzymes and transcription factors,
there have been few studies that address the proximal targets of
chronic Cr(VI) exposure in the signalling cascades that activate
transcription factors involved in pathogenic gene induction. To
establish these links in airway epithelial cells, transcription factor
arrays were conducted to identify Cr(VI)-dependent patterns
of protein—DNA binding. In this process, a novel mechanism for
prolonged activation of STAT3 (signal transducer and activator
of transcription 3) following Cr(VI) exposure was identified. This
translocation of STAT3 in response to Cr(VI) was linked to a non-
traditional signalling pathway that requires the SFK, Lck, rather
than the traditional phosphorylation of STAT3 by JAK (Janus
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kinase). The implication of the data linking these changes in cell
signalling to increased expression of IL-6 (interleukin-6) is that
chronic exposure to Cr(VI) may activate long-term phenotypic
changes by promoting prolonged nuclear localization and DNA
binding of transcription factors.

MATERIALS AND METHODS

Cell culture and treatment

Human bronchial epithelial cells (BEAS 2B; A.T.C.C., Rockville,
MD, U.S.A.) were cultured on a matrix of 0.01 mg/ml fibronectin
(Invitrogen, Carlsbad, CA, U.S.A.), 0.029 mg/ml Vitrogen 100
(COHESION, Palo Alto, CA, U.S.A.) and 0.01 mg/ml BSA
(Invitrogen) in LHC-9 medium (Invitrogen). The cultures were
maintained in serum-free LHC-9 medium at 37°C and 5 % CO,
as described previously [25]. Cultures of pHBE (primary human
bronchiolar epithelial) cells isolated from discarded airways were
cultured from excess pathological tissue following lung trans-
plantation and organ donation under a protocol approved by the
University of Pittsburgh Investigational Review Board. pHBE
cells were cultured in modified LHC-9 medium on human plac-
ental collagen-coated Corning transwell permeable supports
(0.4 uM pore size, 0.33 cm?; Fisher Scientific, Pittsburgh, PA,
U.S.A.) at an air/liquid interface as described previously [26,27].
The cells were cultured for 4 weeks to allow for confluence
and differentiation to a polarized epithelium. The medium was
changed every 2 days and 24 h before experiments. BEAS 2B
studies were conducted with 1 day post-confluent cells treated
with 5 uM potassium dichromate [Cr(VI); Sigma—Aldrich, St.
Louis, MO, U.S.A.] for 1, 4, 24, 48 and 72 h, unless stated other-
wise. For the 72 h time point, the medium for both cell types was
changed 24 h after adding Cr(VI). The positive control for STAT
activation, 0.01 pg/ml human IL-6 (PeproTech, Rocky Hill, NJ,
U.S.A.), was added 30 min prior to harvesting.

Cell viabhility assay

The viability of cells following Cr(VI) treatments was determined
by measuring retention of calcein dye (Invitrogen). Briefly, cells
were grown in 12-well plates and treated for 72 h, as described
above, with 1, 2.5, 5, 10 or 20 uM Cr(VI). Cells were washed
twice with PBS and incubated for 15 min at room temperature
(20°C) in PBS containing 1 uM calcein AM (acetoxymethyl
ester). Relative fluorescence was measured (A, =495 nm and
Aem = 530 nm) in a fluorescence microplate reader (Invitrogen).

Protein isolation

To terminate experiments, cells were rinsed twice and then
scraped in stop buffer (10 mM Tris, pH 7.4, 10 mM EDTA, 5 mM
EGTA, 0.1 M NaF, 0.2 M sucrose, 100 M sodium orthovanadate,
5 mM sodium pyrophosphate and supplemented with protease
inhibitors). After pelleting at 400 g for 10 min at 4°C, the cells
were lysed in Dignam’s buffer A [10 mM Hepes, pH 7.9, 0.1 mM
EDTA, 0.1 mM EGTA, 10 mM KCl and 1 % NP40 (Nonidet P40),
supplemented with 1 mM DTT (dithiothreitol), 100 uM sodium
orthovanadate and protease inhibitors]. An aliquot of the lysate
was removed and mixed with 4 x SDS electrophoresis buffer
for use as total protein lysate. The remainder was incubated for
10 min at 4°C and then centrifuged at 13000 g for 2 min at 4°C
to pellet the nuclei. The supernatant was collected for cytosolic
proteins, and the pellet was rinsed with buffer A and centrifuged
again. The nuclear pellet was resuspended in Dignam’s buffer
C (20 mM Hepes, pH 7.9, 0.42 M NaCl, 1 mM EDTA, 0.1 mM
EGTA, 1.0 mM DTT, 100 M sodium orthovanadate and protease
inhibitors), vortex-mixed and then shaken at 4 °C for 15 min. After
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a 5 min centrifugation at 13000 g and 4 °C, nuclear proteins in the
supernatants were recovered and mixed with Dignam’s buffer D
[20 mM Hepes, pH 7.9, 20 % (v/v) glycerol, 0.1 M KCl, 1 mM
EDTA, 0.1 mM EGTA, 1% NP40, 1 mM DTT, 100 uM sodium
orthovanadate and protease inhibitors]. Protein concentrations in
each fraction were determined by the absorbance at 595 nm after
addition of Coomassie Blue dye (Pierce Biotechnology, Rockford,
IL, U.S.A.) using BSA as a reference standard. The purity of the
nuclear and cytosolic fractions was demonstrated by Western-blot
analysis for nuclear lamin A/C or cytosolic S-tubulin protein.

Panomics TranSignal™ protein/DNA arrays

TranSignal™ protein/DNA arrays (Panomics, Redwood, CA,
U.S.A.) were used to examine the effects of Cr(VI) on the binding
of nuclear proteins to 150 transcription factor cis-elements.
Triplicate flasks of BEAS 2B cells were treated with or without
Cr(VI) (5§ uM) for 4 or 24 h. Pools of nuclear proteins from each
treatment group were made to contain 3 pg/ul of protein. Then,
15 ng of each pooled sample was processed according to the
manufacturer’s directions [28]. Briefly, the nuclear proteins were
incubated with biotin-labelled DNA-binding nucleotides to allow
protein—-DNA complexes to form. The complexes were first sep-
arated from the free probe and then DNA was separated from
the protein-DNA complexes. The probes were then hybridized
to the TranSignal™ array membranes I or II on which comple-
mentary oligonucleotides were spotted. The hybridized DNA was
detected using streptavidin—horseradish peroxidase conjugates
with chemiluminescence substrates and exposure to film. Densito-
metric analysis of scanned images was performed using Scion
Image (Scion, Frederick, MD, U.S.A.). Data are reported as fold
change over control after correction for background density.

Western blotting analysis

Changes in protein abundance or phosphorylation were measured
by Western blot analysis, as described previously [11,21]. Proteins
in cell lysates were separated by SDS/PAGE and transferred
to PVDF membranes (Millipore, Bedford, MA, U.S.A.). After
blocking, membranes were incubated overnight with primary
antibodies at 4°C. Antibodies recognizing total or phosphoryl-
ated forms of STATI (pTyr’™; pY-STAT1), STAT3 (pTyr™™; pY-
STAT3), or STATS5 (pTyr®*; pY-STAT3) were obtained from Cell
Signaling Technology (Danvers, MA, U.S.A.). Other antibodies
included STATS5 (BD Biosciences, San Diego, CA, U.S.A.), lamin
A/C (Cell Signaling Technology), S-tubulin (CEDARLANE
Laboratories, Burlington, NC, U.S.A.), Lck (Upstate Biotech-
nology, Lake Placid, NY, U.S.A.), JAK2 (Upstate Biotechnology)
and B-actin (Sigma, St. Louis, MO, U.S.A.). Antibody binding
was detected with horseradish peroxidase-conjugated secondary
antibodies (GE Healthcare, Piscataway, NJ, U.S.A.), followed
by enhanced chemiluminescence (PerkinElmer, Boston, MA,
U.S.A.) and exposure to film.

Immunohistofluorescence

Subcellular localization of STAT3 in response to Cr(VI) was
imaged by immunofluorescence labelling and confocal micro-
scopy. Cells were grown on coverslips (BEAS 2B cells) or in
transwells (pHBE cells) and incubated with or without Cr(VI) for
72 h and then washed three times with cold PBS. Both the BEAS
2B and pHBE cells were fixed for 10 min in PBS containing 2 %
(w/v) paraformaldehyde and 0.2 % glutaraldehyde. pHBE cell
transwell membranes were then sliced out of the well holder and
placed on glass coverslips. After permeabilizing with —20°C
methanol for 5 min, the cells were washed with TBS and
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permeabilized further with 0.2 % Triton X-100 and 4 % (w/v)
BSA in PBS. The cells were washed and background fluorescence
was quenched by incubating the cells with 0.1 % NaBH, in TBS
for 5 min. The cells were washed in TBS and blocked for 1 h at
room temperature in PBS containing 20 % (v/v) goat serum, 1 %
BSA and 0.02 % NaNj;. The cells were then incubated overnight
at 4°C in a humidity chamber with primary antibodies diluted
in TBS containing 1% BSA and 0.2% Triton X-100. After
washing in TBS, the cells were incubated for 3 h with donkey
anti-rabbit conjugated with FITC (Molecular Probes, Eugene,
OR, U.S.A)) diluted in TBS containing 1 % BSA. The cells were
washed twice with TBS followed by a wash in TBS containing the
nucleic acid stain TO-PRO3 (Molecular Probes). The coverslips
were mounted on to slips with Fluoromount-G (SouthernBiotech,
Birmingham, AL, U.S.A.) and confocal images were captured
with an Olympus Fluoview BX61 fluorescence microscope in the
University of Pittsburgh Center for Biological Imaging. Optical
sections through the z-axis enabled separation and visualization
of the nuclear and cytosolic compartments. The nuclear slice was
classified as the equatorial slice in which the nucleus appeared
the largest in most of the cells on the slip.

Transient transfections

BEAS 2B cells were transfected at 70—80 % confluence according
to the Lipofectamine™ Plus protocol (Invitrogen, Gaithersburg,
MD, U.S.A.), as described previously [25]. For inhibitor studies,
cells were co-transfected with 0.2 ug of EGFP (enhanced green
fluorescence protein) plasmid (Clontech, Palo Alto, CA, U.S.A.),
and 1.0 g of the dominant-negative JAK2 or pRKS expression
plasmids, which were a gift from Dr David Levy (Department of
Pathology, New York University School of Medicine, New York,
NY, U.S.A.) via Dr Lu-Hai Wang (Department of Microbiology,
Mount Sinai School of Medicine, New York, NY, U.S.A.). Cr(VI)
exposure was initiated 24 h after beginning the transfection.
Fluorescence of the EGFP (A, = 490 nm, A, = 509 nm and cutoff
495 nm) was measured in a fluorescence microplate reader
(Molecular Devices, Sunnyvale, CA, U.S.A.) to normalize for
transfection efficiency. For expression studies, cells were co-trans-
fected with EGFP plasmid and either a STAT3-driven pTal-luc
(luciferase) construct or an empty pTal-luc plasmid (Clontech).
Cr(VI) exposures of 24 and 48 h were initiated 24 h after trans-
fection. Luciferase activity was measured as described previously
[25].

siRNA (small interfering RNA) oligonucleotides

An siRNA duplex specific for blocking human Lck was designed
using the standard (AA-N,o)™ template described by Dharmacon
Research (Boulder, CO, U.S.A.). A BLAST search using the
algorithm of Altschul et al. [29] of the corresponding cDNA for
the 21 base siRNA sequence (sense 5'-AAGGUCCAAUCCGCC-
GGUU-3") demonstrated significant homology only to human Lck
mRNA. The Lck siRNA or a random 21 base siRNA (Upstate
Biotechnology) was transfected into 70-80 % confluent BEAS
2B cells using Mirus™ TransIT-TKO siRNA transfection reagent
(Mirus Bio, Madison, WI, U.S.A.) in a minimal volume of
LHC-9 for 4 h. Additional LHC-9 was added and the cells were
incubated for 24 h before starting Cr(VI) exposure. Knockdown
of Lck protein was demonstrated for at least 96 h. No significant
cytotoxicity was observed when 200 nM of either selective or
random siRNA was transfected into the cells.

RNA isolation and real-time RT (reverse transcriptase)-PCR

Total RNA was harvested and assayed for IL-6 and 8-actin mRNA
levels as described previously [30]. Specific primer pairs for IL-6
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Figure 1 Low doses of Cr(VI) do not affect cell viability

BEAS 2B cells were exposed to various doses of Cr(VI) ranging from 1 to 20 M for 72 h.
Immediately following this exposure, the cells were incubated with 1 .M calcein AM and
washed and retention of dye was measured by fluorescence. The results shown are from two
independent experiments performed in triplicate. **P < 0.01, ***P < 0.001.

(forward 5'-GCCCAGCTATGAACTCCTTCTC-3'; reverse 5'-
GACTTGTCATGTCCTGCAGCC-3) and pB-actin (forward
5-GGGACCTGACCGACTACCTC; reverse 5-GGGCGATGA-
TCTTGATCTTC-3") were used to amplify the specific cDNAs.
Gene expression was quantified using standard curves for the
respective cDNA products and changes in resulting IL-6 cDNA
levels were normalized to changes in S-actin to determine the pg
of normalized product per ml of reaction.

Statistics

Statistical analysis was performed on data from triplicate cultures
from three separate experiments. One-way ANOVA was used
to identify significant differences between treatment groups and
controls. The degree of significance between groups was com-
pared using Dunnett or Bonferroni post-hoc test. All statistics
were performed using GraphPad Prism, version 4.0 (GraphPad
Software, San Diego, CA, U.S.A.). Data are presented as means +
S.D. or as a percentage of control.

RESULTS

Low doses of Cr(VI) did not affect cell viability

The ability of Cr(VI) to kill cells is both time- and dose-dependent,
as well as cell type-specific [31,32]. The cytotoxicity of Cr(VI)
in BEAS 2B cells under serum-free culture conditions was deter-
mined by evaluating plasma membrane integrity. Calcein AM is
a membrane-permeant dye that undergoes intracellular cleavage
and is then retained only by live cells. BEAS 2B cells were
exposed to Cr(VI) (0-20 uM) for 72 h before testing membrane
integrity by calcein retention (Figure 1). Levels of Cr(VI) below
10 uM were not toxic to the cells over this 72 h period. However,
a 20 or 78 % reduction in dye retention occurred when cells
were exposed to 10 or 20 uM of Cr(VI) respectively, indicating
significant toxicity. Because of these findings, 5 uM Cr(VI) was
chosen as a non-cytotoxic exposure for subsequent studies.

Differential effects of Cr(V1) on transcription factor binding

Nuclear extracts from control or Cr(VI)-exposed cells were ana-
lysed using Panomics TranSignal™ protein/DNA arrays to iden-
tify the simultaneous effects of Cr(VI) on the DNA binding of
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Figure 2 Cr(VI) affects a variety of transcription factors

Triplicate flasks of BEAS 2B cells were exposed to 5 M Cr(VI) for 4 or 24 h, after which
nuclear proteins were isolated and quantified. Each treatment group was pooled and samples
were analysed for protein binding to DNA cis-elements by the protein/DNA arrays | and II.
Densitometric analysis of the blot was performed and results are presented as fold change over
control.

multiple transcription factors. After a 4 h exposure to Cr(VI),
binding to 26 cis-elements increased, while binding to 12 de-
creased. More changes were seen following a 24 h exposure, with
binding to 43 cis-elements increasing and 26 elements decreas-
ing. Binding to the remaining elements was either undetectable or
did not change greater than 2-fold. Figure 2 presents densitometric
analysis of changes in DNA binding of selected transcription
factors in BEAS 2B cells exposed to 5 uM Cr(VI) for either 4
or 24 h relative to control binding. In this subset, binding did
not increase at 4 h for most of the transcription factors, with
the exception of GAS [IFN-y (interferon-y )-activated site]/ISRE
(IFN-stimulated response element), the combination of the GAS
with the ISRE. However, after 24 h, Cr(VI) increased pro-
tein binding to AP-1, AP-2, CREB (cAMP-response-element-
binding protein), STAT1, STAT3, STAT4, STATS and SIE (sis-in-
ducible element) cis-elements by 2—17-fold over control binding.
These changes in AP-1 and CREB are consistent with previously
reported effects of both low and high doses of Cr(VI) [19-21].
However, this is the first study to suggest that Cr(VI) activates
binding to the STAT1, STAT3 and STAT4 cis-elements, all of
which appear to modulate inflammatory processes in the lung de-
fence mechanism [33,34]. Increased protein binding at GAS/ISRE
and SIE elements was also consistent with increases in STAT1 and
STAT?3 binding [35,36]. In comparison, Cr(VI) decreased protein
binding to the ZID (zinc finger protein with interaction domain)
cis-element after both 4 and 24 h Cr(VI) exposures. It is notable
that there were no changes in NF-« B binding (results not shown),
which was consistent with our previous studies in pulmonary cells
[21].

Differential activation of STAT proteins in the nucleus

Western blot analysis with antibodies that recognized activated
phosphorylated forms of STAT1, STAT3 and STATS was used
to confirm that Cr(VI) stimulated activation and nuclear trans-
location of the STAT proteins. There were no changes in the total
cellular content of any of the STAT proteins following Cr(VI)
exposure (Figures 3 and 4). The data in Figure 3 demonstrate
that Cr(VI) did not affect tyrosine-phosphorylation of STATS
nor its nuclear translocation. In contrast, nuclear levels of both
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Figure 3  Cr(VI) induced the phosphorylation of STAT3

Following exposure of BEAS 2B cellsto 5 M Cr(VI) for 1,4 or 24 h, cytosolic and nuclear protein
fractions were isolated and quantified. Then, 15 .g of nuclear protein and 30 g of cytosolic
protein were used for Western blot analysis with antibodies against total and phosphorylated
STAT1, STAT3 and STAT5 proteins. The duplicate samples were from separate cell cultures and
are representative of duplicates from three independent experiments.

pY-STAT1 and pY-STAT3 increased in response to Cr(VI).
However, these increases followed distinct time courses. STAT1
was phosphorylated and translocated to the nucleus within an
hour of exposure and nuclear levels of pY-STAT1 remained elev-
ated for at least 4 h. At 24 h, STAT1 had returned to the basal
phosphorylation state and was predominantly located in the cyto-
sol. Phosphorylation and translocation of STAT3 lagged behind
STAT1 and nuclear levels of pY-STAT3 remained elevated at 24 h
(Figure 3). The latent increase in STAT3 was consistent with the
lag in SIE protein binding seen in Figure 2 [35].

Cr(VI) stimulated prolonged STAT activation

The sustained activation of both STAT3« and STAT3S was
examined further by extending the time course of Cr(VI) exposure.
The data in Figure 4(A) demonstrated time-dependent increases
in Cr(VI)-induced phosphorylation of both STAT3 isoforms in
the total protein extract, after both 48 and 72h of Cr(VI)
exposure. In several sets of experiments, including the results
shown, the peak increase in Cr(VI)-activated STAT3 occurred
between 48 and 72 h. In results not shown, nuclear STAT3
levels remained elevated even after 120 h of exposure. It is
also important to note that the Cr(VI) was only added at the
initiation of exposure. Adding additional Cr(VI) at 24 h when
refreshing the medium had no additional effect on STAT3 activ-
ation at 72 h (results not shown).

Cr(VI) stimulated prolonged STAT3 nuclear localization

Immunofluorescent confocal microscopy with antibodies that spe-
cifically bound pY-STAT3 or total STAT3 was used to confirm
that Cr(VI) stimulated phosphorylation and nuclear translocation
of STAT3 in both pHBE and BEAS 2B cells. As suggested by
the Western-blot analysis in Figure 4(B), both Cr(VI) and IL-6
increase phosphorylation of STAT3 and also increase the amount
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Figure 4 Subchronic exposure to Cr(VI) increases STAT3 phosphorylation

(A) Total cell lysates were isolated from BEAS 2B cells exposed either to 5 .M Cr(VI) for 48
or 72h or to 0.01 wg/ml of IL-6 for 30 min prior to the end of the experiment. Antibodies
to pY-STAT3 and STAT3 were used in the Western blotting. (B) Cytosolic and nuclear protein
fractions from BEAS 2B cells exposed for 72h to 5 uM Cr(VI). Western-blot analysis was
performed on 15 g of nuclear protein or 30 .g of cytosolic protein. (C) The purity of the
nuclear and cytosolic fractions was demonstrated by probing for the presence or absence of
the nuclear protein, lamin A/C, or cytosolic B-tubulin. The experiments were performed in
duplicate cell cultures and are representative of three independent experiments.

of total and phosphorylated STAT3 in the nucleus (Figure 5). The
responses of pHBE cells cultured in an air/liquid interface and
the BEAS 2B cells in conventional cultures to Cr(VI) were essen-
tially the same. The primary STAT3 antibody used for this analysis
was not isoform-specific.

Cr(VI)-stimulated STAT3 transactivation was consistent
with nuclear localization

To confirm that nuclear increases in STAT3 were functional,
BEAS-2B cells were transfected with a plasmid reporter construct
that expresses luciferase in response to STAT3 transactivation. In
keeping with the slow progressive increases in STAT3 tyrosine
phosphorylation and nuclear translocation, luciferase expression
did not change before 24 h and was highly significant by 48 h
(Figure 6A). IL-6 mRNA levels in control and Cr(VI)-exposed
BEAS 2B and pHBE cells were compared to determine whether
Cr(VI) induced an endogenous gene in the airway cells. Three
days after adding Cr(VI), IL-6 levels in both cell types were
increased by 2—3-fold relative to control (Figure 6B). There was no
difference in the degree of responsiveness to Cr(VI) between the
cell types. These results demonstrate that Cr(VI) induced patho-
genic STAT3 transactivation in both the immortalized cell line
and in primary isolates of human airway epithelium.

Lck is required for Cr(V1)-stimulated STAT3 phosphorylation
and increased IL-6 mRNA levels

Tyrosine phosphorylation of STAT3 in response to cytokines
is catalysed by either JAKs or SFKs. Preliminary experiments
demonstrated that only JAK?2 is expressed in significant amounts

in BEAS 2B cells, relative to JAK1 (results not shown). Transient
transfection with dominant-negative JAK2 partially blocked
IL-6-stimulated STAT38 phosphorylation, but did not prevent
Cr(VD-stimulated STAT3« or STAT38 phosphorylation (Fig-
ure 7A). Cr(VI) stimulates Lck in human lung adenocarcinoma
cells (A549) [11], and Lck-has been shown to phosphorylate
STAT3 in other cell types [37]. Therefore the role of Lck in medi-
ating the response to Cr(VI) was examined by preventing Lck pro-
tein expression with a specific siRNA. As shown in Figure 7(B),
treatment with 200 nM of Lck-specific siRNA reduced Lck pro-
tein expression. Pretreatment of cells with specific siRNA, but
not random siRNA, decreased Cr(VI) phosphorylation of STAT3
(Figure 7C). Neither Lck-specific nor randomized siRNA reduced
IL-6-stimulated STAT3 phosphorylation, confirming that Cr(VI)
activates STAT3 through a non-classical signalling cascade. In
addition to inhibiting Cr(VI)-stimulated STAT3 phosphorylation,
knockdown of Lck prevented Cr(VI)-induced IL-6 mRNA, rel-
ative to induction in the presence of random siRNA. In cells trans-
fected with 200 nM random siRNA, a 72 h exposure to Cr(VI)
increased IL-6 mRNA levels by 3.5+ 0.6-fold over levels in
non-exposed transfected cells (means + S.E.M., difference from
control P <0.01, n=6). In contrast, there was no significant
Cr(VI)-stimulated increase in IL-6 mRNA in cells transfected with
200 nM Lck-specific siRNA (1.4 £0.1-fold stimulation above
transfected controls, n = 6). Thus Lck appears to be proximal in
the Cr(VI)-stimulated signalling cascade and required for STAT3
gene transactivation in response to Cr(VI).

DISCUSSION

The cellular and molecular effects of Cr(VI) that lead to respir-
atory diseases are still in question. In addition, few studies of
Cr(VI)-stimulated effects on cell signalling have examined longer-
term or sustained changes that might lead to pathogenic pheno-
typic change. The data in the present study indicate that non-
cytotoxic exposure of airway epithelial cells to Cr(VI) causes
delayed and prolonged activation of STAT3, a transcription factor
that plays important roles in lung responses to injury. In addition to
this novel observation, the SFK family member Lck was identified
as an upstream target of Cr(VI), as well as the mediator of the
prolonged STAT3 nuclear translocation and transactivation of
IL-6. The significance of the observations are increased by con-
firmation of Cr(VI)-stimulated STAT3 nuclear translocation
(Figure 5) and increased IL-6 mRNA levels (Figure 6) in primary
airway epithelial cells. Thus Cr(VI) appears to have a uniform
effect on airway epithelial cells, since it stimulates Lck tyrosine
kinase activity in alveolar cells [11] and Lck-dependent signalling
in epithelial cells from the upper airways (Figure 7 and effect on
IL-6 mRNA levels).

Multiple transcription factors have been shown to respond to a
range of Cr(VI) exposures. The analysis represented in Fig-
ure 2 expands appreciation of the extent and context of Cr(VI)-
stimulated transcription factor changes. The protein/DNA binding
arrays demonstrated that a number of transcription factors de-
creased in nuclear abundance, in addition to those that increased.
This is consistent with our previous demonstration that 10 uM
Cr(VD) altered the transcription of 44 genes in BEAS 2B cells
[38]. In keeping with the demonstration of both positive and
negative changes in nuclear transcription factor DNA binding,
90 % of the altered genes showed reduced expression, while 10 %
showed positive changes [38]. In contrast, high levels of Cr(VI)
(300 uM) increased the expression of 150 genes and reduced the
expression of 70 genes in A549 cells [39].

Increased protein binding to STAT cis-elements is an example
of how Cr(VI) might differentially affect gene expression. The
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Figure 5 Cr(VI) induces phosphorylation of STAT3 in the nucleus
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Immunofluorescence confocal microscopy was used to confirm that Cr(V1) increases nuclear levels of phosphorylated STAT3. BEAS 2B cells grown on coverslips or pHBE cells grown on transwell
membranes in air/liquid interface cultures were exposed to 5 wM Cr(VI) (72 h) or to 0.01 zeg/ml of IL-6 (30 min). Following fixation and permeabilization, cells were immunostained with antibodies
against either pY-STAT3 or total STAT3 (green), as described in the Materials and methods section. (B, D) These Figures show (A) and (C) merged with images of the nuclei stained with TO-PRO3

(blue). These results were from three independent experiments performed in duplicate.

STAT family of latent transcription factors is aptly named after
their dual role in cell signalling [40]. The increased protein
binding to the GAS/ISRE, as well as to STAT1, STAT3 and
STAT4 cis-elements (Figure 2), may be of particular relevance
to injury responses in the lung. Both STAT1 and STAT3 can bind
to the GAS/ISRE cis-element [36], suggesting that Cr(VI) may
activate multiple STAT proteins to either induce or suppress
specific pulmonary genes. Both STAT1 and STAT4 appear to play
a role in lung defence mechanisms [33,34]. In addition, activ-
ation of STAT1 and STAT3 has been observed in a variety of
pulmonary diseases [41-43]. For instance, STAT 1 is constitutively
activated in bronchial epithelial cells from patients with stable
asthma [41]. In animal models, STAT3 is activated in acute lung
injury induced by intrapulmonary deposition of IgG immune
complexes, lipopolysaccharide administration and acute hypoxia
[42,43]. STAT3 is the only STAT gene that is early embryonic
lethal in mouse gene knockout studies [44]. STAT3 induction
may be protective in the lungs, since conditional STAT3 knockout
in respiratory epithelial cells results in increased injury from
hyperoxia [45]. The data in the present study indicated that Cr(VI)
induced IL-6 expression through activation of STAT3 (Figures 6
and 7). Even though STAT3 transduces IL-6 expression and this
cytokine has been implicated in lung disease progression [43,46],
this induction may also be an attempt to protect the lung [45].
For instance, the IL-6/STAT3 pathway is an important component
of the innate immune response of the lung [46] and has been
demonstrated to provide protection in liver injury [47].

© 2007 Biochemical Society

Cytokine activation of STAT proteins is the most well-charac-
terized signalling pathway for increasing their nuclear localization
and transactivation of genes [48]. The pathway is activated when
cytokines bind and stimulate their cognate receptors, as well as
associated JAKs or SFKs [37,48]. All members of the STAT family
contain a critical tyrosine near residue 700 that is phosphorylated
by the activated JAKs or SFKs. Phosphorylation of this tyrosine
activates the STAT monomers to dimerize via their SH2 (Src
homology 2) domains and then translocate to the nucleus [49].
In the nucleus, STAT dimer and tetramers bind to specific DNA
response elements to induce or repress gene transcription. In the
present studies, Cr(VI) stimulated early, transient phosphorylation
and nuclear translocation of STAT1 (Figure 3). In contrast, STAT3
was phosphorylated with a latent time course and pY-STAT3 re-
mained in the nucleus for more that 72h (Figures 4 and 5).
JAK1/2 are the most well-described kinases that initiate STAT3
activation in response to cytokines such as IL-6 [48]. However,
we found little JAK1 in the BEAS 2B cells (results not shown)
and expression of dominant-negative JAK2 had no effect on
Cr(VI)-stimulated STAT3 phosphorylation despite inhibiting IL-
6-stimulated STAT38 phosphorylation.

The SFKs, especially c-Src and Lck, are major alternative
kinases to the JAKs for activating STAT3 dimers [37,48]. Over-
expression of active Lck in mouse T-cells causes constitutive
activation of STAT3, STATS, JAK1 and JAK2, but not STAT1 [37].
Since Cr(VI) activated Lck, but not Src in A549 airway cells
[11] and lymphocytes [12], it was reasoned that Lck may be the
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Figure 6 Cr(Vl) induces STAT3-dependent transactivation and IL-6 mRNA
levels

(R) BEAS 2B cells were transfected with pSTAT3-luc. After 24 h, cells were treated with 5. M
Cr(VI) for either 24 or 48 h. Luciferase activity in cell lysates was then measured and results
are reported as means +S.D. in relative light units (RLU) for three separate experiments.
**Significance at P < 0.01. (B) BEAS 2B grown under normal culture conditions and pHBE
cells cultured in transwells under an air/liquid interface were incubated in the presence or
absence of 5 «M Cr(VI) for 72 h. Total RNA was then collected and assayed for IL-6 or 8-actin
mRNA levels using quantitative real-time RT-PCR. The results are reported as means + S.D.
of fold change from respective controls to account for differences in basal levels in IL-6 mRNA
between the two cell types and culture conditions. Statistical differences are designated by
*P < 0.05and **P < 0.01 (n =3 for BEAS 2B cells and n= 4 for pHBE cells).

alternative kinase mediating Cr(VI)-stimulated STAT3 activation.
The results in Figure 7 confirm that eliminating Lck blocks
Cr(VI)-stimulated phosphorylation of STAT3. Cr(VI) induction
of IL-6 mRNA also required Lck protein, demonstrating that the
Lck-mediated pathway functionally signals to induce an important
inflammatory mediator. That Lck siRNA failed to block IL-6-
stimulated STAT3 activation (Figure 7) indicated that Cr(VI) did
not induce the cytokine first to stimulate a latent activation of
STAT3. These novel observations suggest that activation of Lck
was the initial upstream event in Cr(VI)-stimulated cell signall-
ing cascades leading to prolonged STAT3 activation and trans-
activation of IL-6.

Cr(VI)-induced STAT3 transactivation of IL-6 in either primary
airway cells or the BEAS 2B cell line (Figure 6) contrasts with the
general belief that Cr(VI) only inhibits inducible genes [19,50,51].
This belief was based on earlier studies that mostly examined
Cr(VI) effects on early gene inducibility. Transcriptional regu-
lation by STAT3 can be stimulatory or inhibitory depending on
the actions of the « and B splice variants [52]. STAT3« is essential
in transmitting IL-6 signalling [52] and is the likely mediator
of Cr(VI) stimulation of the IL-6 promoter (Figure 6). However,
Cr(VI) stimulates equivalent activation of STAT38, whose role
is less clear. This isoform is essential for development, since
this is the only isoform that can rescue the embryonic lethality
of a STAT3 knockout [52]. Severgnini et al. [43] demonstrated
that whole lung lysates of mice administered lipopolysaccharide
had elevated levels of pY-STAT38, which occurred earlier and
persisted later than the activated STAT3« [43]. Mice deficient
in STAT3p also had increased sensitivity to inflammation and
STAT3S may assist in anti-inflammatory processes [43,52]. Thus
it is possible that STAT3f either contributes to or modulates
STAT3-dependent Cr(VI) induction of IL-6. Determining the
relative roles of the two STAT3 isoforms in differential regulation
of Cr(VI)-induced or -inhibited gene expression is beyond the
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Figure 7 Lck is required for full Cr(V1)-stimulated STAT3 phosphorylation

(R) BEAS 2B cells at 70-80 % confluence were transiently transfected with plasmids containing
either pRK5 or dominant-negative (dn) JAK2. After 24 h, cells were exposed to Cr(VI) (5 M) for
72 horto0.01 weg/ml of IL-6 for 30 min prior to the end of the experiment. Western-blot analysis
was performed on 30 g of total cell lysate. (B) BEAS 2B cells were transiently transfected with
various amounts of siRNA specific to human Lck. Total cell lysates were obtained after 96 h
and Lck and B-actin protein was measured by Western-blot analysis. (C) BEAS 2B cells were
transiently transfected with 200 nM siRNA specific to human Lck or non-specific, random siRNA
(NS). After 72 h, cells were exposed to Cr(V1) (5 M) for an additional 72 h. IL-6 (0.01 ng/ml)
was added for 30 min prior to the end of the experiment. Nuclear proteins were extracted at the
end of the experiments and probed for pY-STAT3 and B-actin by Western-blot analysis.
The results are representative of three separate experiments.

scope of the present study. However, the observation that activ-
ation of both isoforms was prolonged in response to Cr(VI)
exposure suggested that they may play a role in chronic pheno-
typic changes in the lung.

In summary, these results present a novel pathway through
which a chronic exposure to low, non-toxic levels of Cr(VI)
selectively activates important members of the STAT family in
the lung. The results suggest that this pathway is initiated by
Cr(VI) stimulation of Lck, causing increased phosphorylation and
prolonged nuclear localization of STAT3. The full implications of
this prolonged STAT3 activation in Cr(VI)-induced phenotypic
change remain to be resolved. These studies, however, demon-
strate that this Cr(VI)-stimulated pathway induces IL-6, an
important inflammatory mediator in the lung. Thus this signalling
pathway may play a role in regulating chronic pathological
changes in the lung that result from environmental exposure to
Cr(VD).
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