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Abstract

Mechanisms for pathogenic metal signaling in airway injury or disease promotion are poorly

understood. It is widely believed that one mechanism for pathogenic and possible carcinogenic

effects of inhaled chromium (Cr(VI)) is inhibition of inducible gene transactivation. However, we

recently reported that Cr(VI) inhibition of Sp1-dependent transactivation required signal

transducer and activator of transcription 1 (STAT1)-dependent expression of an inhibitory protein

in airway epithelium. Thus, Cr(VI) exposures can induce genes and we hypothesized this

induction resulted from Cr(VI) signaling through an innate immune-like STAT1-dependent

pathway initiated by Fyn. Exposure of human airway epithelial (BEAS-2B) cells to Cr(VI)

selectively transactivated STAT-responsive interferon-stimulated response element (ISRE) and

induced ISRE-driven transactivation of interferon regulatory factor 7 (IRF7), without affecting the

gamma interferon-activated site (GAS)-driven IRF1 expression. Cr(VI)-induced IRF7 was absent

or greatly reduced in cells that lacked STAT1, were treated with the Src family kinase inhibitor,

PP2, or lacked Fyn. Expressing Fyn, but not Src, in mouse embryonic fibroblasts cells null for Src,

Yes, and Fyn restored Cr(VI)-stimulated STAT1 tyrosine phosphorylation and IRF7 expression.

Finally, shRNA knockdown of Fyn in BEAS-2B cells prevented Cr(VI)-activated STAT1

transactivation of IRF7. These data support a novel mechanism through which Cr(VI) stimulates

Fyn to initiate interferon-like signaling for STAT1-dependent gene transactivation.
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Introduction

Chromium is an environmental pollutant that is known to promote airway diseases. Several

million people world-wide are exposed to Cr(VI) or Cr(VI)-containing compounds (1,2) and

chronic inhalation of the metal causes pulmonary diseases such as chronic bronchitis,

asthma, emphysema, and cancers through poorly defined mechanisms(2–4). Under

physiological conditions, Cr(VI) exists as a chromate oxyanion and, unlike Cr(III), can

readily enter the cell through anion channels (4,5). Once Cr(VI) enters an airway cell,
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greater than 90% is trapped following reduction to Cr(III) (1,6–8). This reduction process

generates reactive intermediates and these intermediates or the more thermodynamically

stable Cr(III) have been implicated as the primary mediators of toxic effects on proteins and

DNA (1). These one-way kinetics reduce cellular Cr clearance and thus make the epithelial

lining of the airways a main target of inhaled Cr(VI) (9).

Cr(VI) exposures cause a well recognized, but poorly understood, repression of inducible

gene transactivation, while failing to affect constitutive gene expression (8,10–12). Proposed

mechanisms for this repression include response to DNA damage (10,11) or epigenetic

effects resulting from chromium cross-linking of histone deacetylase-1 (HDAC-1) or DNA

methyltransferase-1 to chromatin (11). The latter has been reported to repress more than 50

aryl hydrocarbon receptor-driven genes, including those expressing enzymes that metabolize

environmental carcinogens (11). In addition to preventing aryl hydrocarbon receptor ligand

from inducing genes, Cr(VI) blocks cytokine-induced NF-κB-dependent gene

transactivation (12) and metal-induced Sp1-dependent transactivation of repair genes (13).

In cells lacking STAT1, however, Cr(VI) both stimulates Sp1 transactivation and fails to

block induced Sp1 transactivation (13).

The STAT proteins are a family of latent cytoplasmic transcription factors. There are seven

different family members that are activated by exogenous stresses (14–17), including metals

(18), to produce diverse biological responses. In the canonical activation scheme,

cytoplasmic STAT protein monomers are thought to be activated through phosphorylation

on a conserved tyrosine residue in the C-terminus to promote dimerization and translocation

into the nucleus (19–21). However, this activation scheme is oversimplified, since there is

ample evidence that STAT dimers exist in the cell cytosol and that other post-transcriptional

modifications are involved in modulating STAT localization and activity (20). Nonetheless,

it is evident that phosphorylation by non-receptor tyrosine kinases, such as Janus kinases

(JAKs) and Src family kinases (SFKs), are involved in initiating STAT-dependent signaling

(18–20,22,23). For instance, we previously demonstrated that Cr(VI)-activates both STAT1

and STAT3 in airway epithelium and that prolonged STAT3 activation required the SFK,

Lck (18).

STAT1 was originally identified as a downstream effector of interferon (IFN) signaling (19)

and is required to induce innate immune antiviral and antiproliferative responses (24,25).

IFNγ stimulates STAT1 phosphorylation to form homodimers that bind to GAS DNA cis

elements to transactivate interferon regulated gene promoters (e.g. interferon regulatory

factor 1 (IRF1)) (26). In contrast, type I interferons (e.g IFN-α2) stimulate formation of both

STAT homodimers and a heterotrimeric complex, interferon-stimulated gene factor 3

(ISGF3), consisting of STAT1, STAT2 and interferon regulatory factor 9 (IRF9). This

heterotrimer binds to interferon-stimulated response elements (ISRE) to transactivate

selective innate immune gene promoters (e.g. IRF7) (19,21,27,28). As opposed to its effect

on aryl hydrocarbon receptor transactivation, HDAC-1 binding to the ISGF3 complexes and

its enzymatic activity are required to recruit RNA polymerase II to the promoters of ISRE-,

but not GAS-, driven genes (27,29).
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The antiviral and anti-proliferative effects of IFN-α are limited or converted to proliferative

responses in cells that lack STAT1 (25,30,31). STAT1 is deleted in a number of cancers and

without STAT1 activation, IFN stimulation of STAT3 and 5 or their constitutive activation

provides cell survival advantage and can cause transformation (25,30,31). In addition,

STAT1 has also been implicated in the pathogenesis of lung diseases (17), including metal

(vanadium)-induced airway fibrosis and asthma (32). STAT1 activation was localized to the

bronchial epithelial cells in asthmatic patients (33), suggesting that aberrant expression of

STAT1 may be a precursor to disease. In contrast and similar to the loss of repression in

cancer cells, loss of STAT1 in the airways increases the severity of viral lung infections

(34), as well as metal or chemical-induced injury (32,35).

We recently reported that Cr(VI) stimulated STAT1 in human airway epithelial cells to

repress Sp1 transactivation of inducible genes (13). In addition, STAT-dependent

transcriptional inhibition following Cr(VI) required protein synthesis, suggesting that Cr(VI)

stimulates STAT1-dependent gene transactivation. Thus in the current study, we sought to

identify the mechanism through which Cr(VI) exposures of airway epithelial cells stimulate

STAT1-dependent transactivation of an innate immune response gene, IRF7. A significant

finding was that this mechanism is unique to Cr(VI) relative to other lung toxic metals, such

as vanadium.

Materials and Methods

Cell Culture

Human bronchial epithelial cells (BEAS-2B) (ATCC, Manassas, VA) and the stable

BEAS-2B cell lines expressing random (shNC) or STAT1 (shSTAT1) shRNA were cultured

on a matrix of 0.01 mg/ml of human fibronectin (Invitrogen, Carlsbad, CA), 0.029 mg/ml

Vitrogen 100 (COHESION Inc, Palo Alto, CA), and 0.01 mg/ml bovine serum albumin

(Invitrogen) in LHC-9 medium (Invitrogen). The parental BEAS-2B cells were cultured in

LHC-9 medium and the stably transfected cell lines were cultured in the same medium

supplemented with 75 μg/ml G418 (Sigma-Aldrich, St. Louis, MO). The cells were

maintained at 37°C under an atmosphere of 5% CO2, as described previously (13,18).

Experiments were performed on 1-day post-confluent cells unless otherwise indicated.

Medium was changed 12–16 h prior to all experiments. Under these conditions, chromium

stimulation of STAT1 and STAT3 was qualitatively identical in BEAS-2B cells and primary

human bronchial epithelial cells grown in air/liquid interface cultures (18). SV-40

immortalized Janus kinase (MEF) (ATCC) were grown at 37°C under an atmosphere of 5%

CO2 in DMEM (Invitrogen) supplemented with 10% fetal bovine serum (FBS) (Thermo

Fisher Scientific, Pittsburgh, PA), 4 mM L-glutamine (Invitrogen), and 1% penicillin/

streptomycin (Invitrogen). The media was changed 12–16 h prior to the experiment to media

containing 0.1% bovine serum albumin (BSA) in replacement of FBS to arrest cell growth.

SYF MEF cells (ATCC) were derived from mouse embryos with functionally null mutations

in Src, Yes, and Fyn (36). Src++ MEF cells (ATCC) were deficient in Yes and Fyn, but

expressed endogenous Src (36). Wild-type MEF cells were used as the control cells in these

experiments.
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Treatments

Cr(VI) solutions (2.5 mM) were prepared fresh from potassium dichromate (Sigma-Aldrich,

St. Louis, MO) and post-confluent cells were treated with 1 ml of stock solution per ml of

LHC-9 culture medium for the indicated times (final Cr(VI) concentration = 5 μM). This

exposure level is relevant to occupational exposures and is based on our previous

demonstration of effective increases in cell signaling for gene expression changes without

cytotoxicity in 76 h of exposure (18). Cells were pretreated with sodium butyrate (NaB)

(Sigma-Aldrich) for 16 h to inhibit HDAC activity prior to addition of Cr(VI). Neutralizing

antibody (1μg/ml) to IFN α/β receptor chain 2 (CD118) that block the proliferative response

of all type 1 interferons (37) (Clone: MMHAR-2)PBL Biomedical Laboratories, New

Brunswick, NJ) was administered 30 min prior to Cr(VI) exposures. IFN-α2 (100 U/ml)

(PBL Biomedical Laboratories) was used as a positive control.

Construction of the Fyn Expression Vector (Fyn-myc)

The c-Fyn cDNA from pRK5 c-Fyn (Addgene, Inc, Cambridge, MA) was subcloned into

pcDNA 3.1/myc-His(−) (Invitrogen) using BamHI and HindIII sites. The resultant clones

were sequenced at the Genomics and Proteomics Core Laboratories at the University of

Pittsburgh to verify the presence of c-Fyn cDNA.

Transient Transfections

Cells were transiently transfected at 70–80% confluence according to the Lipofectamine

PLUS protocol (Invitrogen). For the luciferase reporter constructs, cells were transfected

with ISRE-luc (BD Biosciences, San Jose, CA). After 24 h, cells were exposed to Cr(VI) or

IFN-α2. For the MEF experiments, cells were transfected with either control vector,

pcDNA™ 3.1/mycHis(−)C, or the Fyn-myc expressing plasmid. After 48 h, cells were

exposed to Cr(VI).

Luciferase Assays

Cells were harvested and luciferase activity was measured as previously described (12,38).

Relative light units (RLU) were determined for 20 sec in a TD-20/20 luminometer (Turner

Designs, Sunnyvale, CA). Data are presented as mean ± SEM of fold control.

RNA Isolation and RT-PCR

Total RNA was isolated using TRIzol® reagent (Invitrogen) and quantified by measuring

absorbance (260 nm). Total RNA was reverse transcribed and IRF7 and Irf7 cDNA were

amplified by RT-PCR (MJ Research PTC-100 Thermocycler (BioRad Laboratories,

Hercules, CA)), as described previously (39). IRF1, β-actin, and ribosomal protein L13A

(RPL13A) cDNA was amplified by real-time PCR (MJ Research Opticon 2 (BioRad

Laboratories), as described previously (13). The following primers sets were used: IRF7

(forward 5′-TGTGGACACCTGTGACACCT-3′; reverse 5′-
GTTATCTCGCAGCATCACGA-3′), IRF1 (forward 5′-
TGCTAAGAGCAAGGCCAAGAG-3′; reverse 5′-CGACTGCTCCAAGAGCTTCAT- 3′),
Irf7 (forward 5′-CAGTTGATCCGCATAAGGTGT-3′; reverse 5′-
CTCGTAAACACGGTCTTGCTC-3′), ribosomal protein L13A (RPL13A) (forward 5′-
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cgaggttggctggaagtacc-3′; reverse 5′-attccagggcaacaatggag-3′), and β-actin (forward 5′-
GGGACCTGACCGACTACCTC-3′; reverse 5′-GGGCGATGATCTTGATCTTC-3′).
PCR products were separated on 2% agarose gels stained with ethidium bromide. The

intensity of the bands was measured using Image J. IRF7 and IRF1 mRNA levels were

normalized to RPL13A. Irf7 mRNA levels were normalized to β-actin. Data are presented as

mean ± SEM of fold control.

Total protein isolation

Cells were rinsed twice in stop buffer (10 mM Tris-HCl, pH 7.4, 10 mM EDTA, 5 mM

EGTA, 0.1 M NaF, 0.2 M sucrose, 100 μM sodium orthovanadate, 5 mM pyrophosphate)

and scraped in boiling lysis buffer (20 mM Tris, pH 7.5, 1% SDS, 100 μM sodium

orthovanadate, and supplemented with protease inhibitors (EMD Biosciences, San Diego,

CA)). The lysates were boiled for 5 min. Protein concentrations were determined by the

absobance at 595nm after addition of Coomassie blue dye (Pierce Biotechnology, Inc.,

Rockford, IL) using BSA as a reference standard.

Nuclear protein isolation

Cells were rinsed twice, scraped in stop buffer, and centrifuged at 400g for 10 min at 4°C.

The pellet was resuspended in buffer A (10 mM HEPES, pH 7.9, 0.1 mM EDTA, 0.1 mM

EGTA, 10 mM KCl, 1 mM DTT, 0.1% NP-40, 100 μM sodium orthovanadate,

supplemented with protease inhibitors), incubated on ice for 10 min, and centrifuged at

13,000g for 2 min at 4°C. The supernatant (cytosolic fraction) was transferred to a new tube

and the pellet was rinsed in buffer A and centrifuged at 13,000g for 2 min at 4°C. The pellet

was resuspended with buffer C (20 mM HEPES, pH 7.9, 0.4 M NaCl, 1 mM EDTA, 0.1 mM

EGTA, 1 mM DTT, 100 μM sodium orthovanadate, supplemented with protease inhibitors),

vigorously shaken for 15 min at 4°C, and centrifuged at 13,000g for 5 min at 4°C. The

supernatant (nuclear fraction) was combined with buffer D (20 mM HEPES, pH 7.9, 20%

glycerol, 0.1 M KCl, 1 mM EDTA, 0.1 mM EGTA, 0.1% NP-40, 1 mM DTT, 100 μl

sodium orthovanadate, supplemented with protease inhibitors) and protein concentrations

were determined.

Immunoprecipitatons

Cells were rinsed twice with cold stop buffer and scraped in modified RIPA buffer (50 mM

Tris-HCl, pH 7.6, 150 mM NaCl, 1 mM EDTA, 10 mM NaF, 1% Triton X-100, 0.1% SDS,

and supplemented with protease inhibitors and sodium orthovanadate). Lysates were

incubated for 30 min on ice and then sonicated 3 times for 5 sec intervals. Lysates were

centrifuged at 13,000g for 15 min at 4°C and the supernatants were collected. Equal

amounts of protein were incubated with the antibody against total Fyn (Santa Cruz

Biotechnology, Santa Cruz, CA) overnight at 4°C on a rotating platform. Protein A/G beads

(Thermo-Fisher Scientific) were added and incubated for an additional 3 h at 4°C. The beads

were collected by centrifugation at 13,000g for 1 min, rinsed 3 times with modified RIPA

buffer, resuspended in 2X sample buffer, and boiled for 5 min.
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Western analysis

Changes in protein abundance were measured by SDS-PAGE. Proteins were transferred to

PVDF membranes (Millipore, Billerica, MA) and blocked in 5% milk or BSA for 1 h before

incubation with primary antibodies overnight at 4°C. Primary antibodies included STAT1

(human) (Cell Signaling Technology, Danvers, MA), phospho-Tyr416-Src family kinase

(Cell Signaling Technology), phospho-STAT1 (Millipore), STAT1 (mouse) (Santa Cruz

Biotechnology), total Fyn, and β-actin (Sigma-Aldrich). Antibody binding was detected with

horseradish peroxidase-conjugated antibodies (GE Healthcare, Piscataway, NJ) and

enhanced chemiluminescence (PerkinElmer, Boston, MA). Reactive bands were quantified

using ImageJ. Data are presented as mean ± SEM of fold control.

Lentiviral shRNA transduction

Lentiviral particles expressing GFP or Fyn shRNA were provided by the University of

Pittsburgh Cancer Institute (UPCI) Lentiviral Facility. Virus stocks were generated by co-

transfection of the shRNA expression plasmid (pLK0.1; Mission shRNA library from

Sigma) into 293-FT cells together with the packaging plasmids pMD2.g(VSVG), pRSV-

REV, pMDLg/pRRE. Forty-eight hours post transfection viral particles were collected in the

culture supernatant, filtered (0.45 μM) and stored at −80°C or used immediately to transduce

BEAS-2B cells seeded at 50% confluence in 6 well plates. Briefly, 1 ml of LHC-9 media

was combined with 1 ml of the specific virus (106 infectious units per ml) and 2 μl

polybrene and the mixture was added to each well. Cells were incubated overnight and fresh

media was given the following day. The cells were analyzed for GFP expression and protein

knockdown 3 days after transduction.

Statistics

One-way analysis of variance (ANOVA) was used to determine whether the mean of each

treatment was different from the untreated cells (control). Dunnett’s or Tukey’s Multiple

Comparisons post hoc tests were used to determine significant differences between the

means of each group. Two-way ANOVAs with Bonferroni’s Multiple Comparisons post hoc

tests were used when comparing two factors. All statistics were performed using GraphPad

Prism version 5 (GraphPad Software, San Diego, CA). Data are represented as mean ± SEM

or as fold control.

Results

Cr(VI) selectively activates ISRE-dependent STAT1 signaling

We previously reported that within 1 h of exposing BEAS-2B cells to Cr(VI), STAT1

becomes tyrosine phosphorylated and translocates to the nucleus (18). Upon activation,

STAT1 can form homodimers or heterodimers that bind to GAS and ISRE consensus

sequences, respectively, to induce gene transcription (27). To determine which type of

transcriptional complexes form in response to Cr(VI), luciferase expression was compared

in cells transiently transfected with either ISRE or GAS-driven expression constructs. As

shown in Fig. 1, Cr(VI) exposure induced ISRE-driven luciferase in the transfected cells, as
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well as endogenous ISRE-driven IRF7 in non-transfected cells. Cr(VI) had no effect on

GAS-driven luciferase (not shown) or expression of endogenous IRF1 (Fig. 1).

STAT1 is required for Cr(VI) activation of ISRE

To confirm the requirement for STAT1 in the Cr(VI)-stimulated ISRE transactivation,

BEAS-2B cells stably expressing random (shNC) or STAT1-specific (shSTAT1) shRNA

were exposed to Cr(VI). The Western analysis shown in Fig 2A verified the knockdown of

STAT1 in the shSTAT1 cells compared to shNC cells. Cr(VI) activated ISRE-driven

luciferase and increased IRF7 mRNA expression in the shNC cells. In contrast, these

responses were lost in the shSTAT1 cells (Fig. 2B–C) indicating the necessity of STAT1 in

gene induction in response to Cr(VI).

HDAC activity is required for Cr(VI) induction of IRF7

Cr(VI) inhibits aryl hydrocarbon receptor-induced gene induction by retaining HDAC in

their proximal promoters (8,11). In contrast, HDAC activity is required to recruit RNA

polymerase to the promoters of ISRE-driven genes (27,29). To examine the role of HDAC

in Cr(VI) induction of IRF7, BEAS-2B cells were pretreated with the global HDAC

inhibitor, sodium butyrate (NaB), before exposure to Cr(VI). Cr(VI) had no effect on ISRE

transactivation of the luciferase construct or endogenous IRF7 in cells pretreated with NaB

compared to vehicle-treated cells (Fig. 3). These data suggested that, as in type I IFN-

stimulated gene induction, HDAC activity was essential for Cr(VI)-induced gene

transactivation.

Cr(VI) transactivation of ISRE is independent of type I interferon signaling

Type I IFNs bind to the interferon α/β receptors (IFNAR) to stimulate STAT1 and STAT2

tyrosine phosphorylation and subsequent dimerization (21,40). Another lung toxic metal,

vanadium pentoxide (V2O5), causes a slow, oxidant dependent increase in IFN-b protein to

activate STAT1 signaling pathways (32). To determine if Cr(VI) stimulated IFN signaling in

a similar manner, a neutralizing antibody against CD118 that blocks the proliferative

response of all Type 1 interferons (37) was added to cells prior to Cr(VI) treatment. IFN-α2

induction of IRF7 was abrogated in cells treated with the neutralizing antibody, but the

antibody had no effect on Cr(VI)-stimulated induction of the gene (Fig. 4). These data

indicate that Cr(VI) signaling for IRF7 induction is independent of IFNAR signaling. They

also indicate that Cr(VI) and V2O5 differ in mechanisms for activating STAT1.

Cr(VI)-activated STAT1 signaling requires Fyn

Incubating the BEAS-2B cells with the global SFK inhibitor PP2 blocked Cr(VI)-activated

STAT1 and IRF7 induction (Fig. 5A–B) indicating an essential role for a SFK in the

STAT1-dependent response. We previously reported that Cr(VI) activates both Fyn and Lck,

but not Src or Yes in A549 airway adenocarcinoma cells and that this activation resulted

from a direct effect of Cr(VI) on the kinases (41). In addition, we demonstrated that Cr(VI)-

stimulated STAT3 translocation and induction of interleukin-6 (IL-6) mRNA transcription

required Lck activity in BEAS-2B and primary bronchiolar epithelial cells (18). The identity

of the essential SFK mediating Cr(VI) stimulation of STAT1 signaling was determined in
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genetically modified MEF cells. STAT1 was activated by Cr(VI) in wildtype, but not in

SYF −/− or Src++ MEF cells (Fig. 5C–E). In contrast, transient expression of human Fyn in

SYF −/− cells restored Cr(VI)-stimulated STAT1 signaling (Fig. 6). The overexpression of

Fyn was verified by Western analysis with an antibody that recognized human Fyn (Fig.

6A). As in the A549 cells, Cr(VI) activated Fyn in BEAS-2B cells within 15 min of

exposure (Fig. 7A–B). In reciprocal experiments, BEAS-2B cells were transduced with

lentiviral constructs expressing eGFP (control) or Fyn shRNA. Knockdown of Fyn was

verified by Western analysis (Fig. 7C) and inhibited both Cr(VI)-activated STAT1 and

IRF7, relative to responses in control shRNA cells (Fig. 7D–F). These data indicate that

Cr(VI)-activated Fyn mediates the phosphorylation of STAT1 and induction of IRF7 mRNA

expression.

Discussion

The data presented here address a mechanism responsible for Cr(VI)-stimulated gene

induction in target cells of Cr(VI)-promoted lung diseases. The data demonstrated that a

non-cytotoxic exposure to Cr(VI) rapidly activated Fyn to initiate transient STAT1 signaling

and gene transactivation. These data contrast with the long standing belief that Cr(VI)

inhibits inducible genes, but is consistent with our previous observation of Cr(VI) inducing a

transcriptional repressor protein through a STAT1-dependent pathway (13). This repressive

pathway is similar to innate immune type I IFN antiviral and antiproliferative responses

regulated through NRTKs (20,27,28). Since airway epithelial STAT1 activation can

contribute to the development of pulmonary inflammatory diseases (17,32,33), these novel

findings may reveal mechanistic understanding of the molecular pathogenesis of Cr(VI)-

induced lung diseases. In addition, STAT1 has been implicated as an important factor in

modulating airway injuries, especially fibrotic changes, stimulated by other inhaled metals,

such as V2O5 (32). However, it is apparent the two metals activate STAT1 signaling

through two separate, but perhaps complementary pathways.

The current data and our previous reports (13,18) indicate that exposing airway epithelial

cells to Cr(VI) increases DNA binding and promoter transactivation by members of the

STAT family, including STAT1 and STAT3. STATs are activated through the

phosphorylation of a conserved tyrosine residue in the C-terminus by JAKs or SFKs (18,21–

23). We previously demonstrated that prolonged Cr(VI) stimulation of STAT3 in BEAS-2B

and primary human airway epithelial cells was mediated by the SFK, Lck (18). In the

current studies, pharmacological and genetic studies were used to demonstrate that Fyn is

the Cr(VI)-stimulated SFK upstream of STAT1 activation. The role of Fyn was confirmed

by demonstrating that Cr(VI) failed to activate STAT1 and transactivate ISRE-driven

luciferase or IRF7 promoters in MEF (Fig. 5C–D) and BEAS-2B cells that lacked Fyn (Fig.

7D–F). Restoring Fyn, but not Src to SYF cells, provided a fully functional STAT1 response

to Cr(VI) (Fig. 6), which is consistent with our earlier observation in A549 cells that Cr(VI)

stimulated Fyn, and not Src or Yes (41). It is interesting to note that overexpression of Fyn

in wild type cells (Fig. 6) did not lead to enhanced Cr(VI) stimulation of STAT1

phosphorylation. Fyn signaling is highly contextual and often requires adapter proteins to

facilitate substrate phosphorylation (42,43). It is possible that the normal pool of Fyn that

mediates STAT1 phosphorylation is saturated in the wild type cells or that an adapter
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protein is rate limiting and thus adding more Fyn would not increase the amount of STAT1

phosphorylated in response to Cr(VI).

Cr(VI) stimulates Fyn substrate phosphorylation through direct effect on the enzyme (41).

This was demonstrated that Fyn substrate phosphorylation was increased by adding Cr(VI)

to a solution containing only affinity purified enzyme, enolase as a substrate, and ATP (41).

The effect of Cr(VI) was not inhibited in the presence of catalase, but was prevented by

addition of NAC to the reaction mixture. This suggested that either that Cr(VI) reacts with a

thiol in the kinase or needs to be reduced to activate substrate phosphorylation. Cr(VI)

causes similar activation of recombinant Src under the same reaction conditions, but not in

intact cells (41). The thiol dependence for activation of purified Fyn or Src is consistent with

structural studies that identified a metal-responsive motif in a carboxyl regulatory domain of

the SFK enzymes that contains two critical cysteines separated by ten amino acids (44).

Conformational change in this motif during activation was previously recognized to increase

substrate affinity (45). Whether Cr(VI) binds these cysteines or binds to other amino acids in

the regulatory domain in intact cells or in vivo remains to be determined. However, the fact

that Cr(VI) exposure of intact cells prevents Src activation (13,41) suggests that specificity

of the Cr(VI) in vivo is more complex. Also, Fyn may not directly phosphorylate STAT1,

since Fyn can phosphorylate another NRTK, c-Abl (46), which has been demonstrated to

phosphorylate STAT1 (47,48) and is an indirect target of PP2. Nonetheless, despite multiple

potential intracellular targets of the metal, The findings indicate that Cr(VI) selectively

activates Fyn-dependent signaling for induction of type 1 IFN responsive genes.

Direct Cr(VI) activation of Fyn to stimulate STAT1 signaling contrasts with the oxidant

dependent activation of SFK in response to arsenic exposure (49) and the mechanism for

STAT1 activation following exposure to V2O5 (32,50). Arsenic activates SFK only in intact

cells and this activation is inhibited by the antioxidant enzyme catalase or thiol protective N-

acetyl cysteine (NAC) (49). In a similar fashion, V2O5-stimulated STAT1 signaling is also

attenuated by catalase or NAC (32,50). Oxidized vanadium increases the tyrosine

phosphorylation state of signaling proteins by binding a critical cysteine in the active site of

tyrosine phosphatases (51,52). This enhances tyrosine phosphorylation, but either basal or

stimulated kinase activity is required to initiate the phosphorylation (53). As indicated

above, Cr(VI) stimulation of Fyn activity is not inhibited by catalase (41). While this finding

do not rule out a dependence on another oxygen-centered radical species, it is consistent

with the insensitivity of Fyn to H2O2 relative to Cr(VI) (41) and the thiol dependent

mechanism for Fyn discussed above.

In addition to the differential requirement for H2O2, mechanisms for Cr(VI) and V2O5

stimulation of STAT1 signal are differentiated by temporal and concentration dependence.

Low micromolar concentrations of Cr(VI) increase nuclear localization of STAT1 within 1 h

of exposure and this increase resolves between 4 and 8 h (18). In contrast, V2O5 is 100 times

less potent than Cr(VI) and causes a slow, protein synthesis-dependent STAT1 activation

(32,50). Cr(VI) stimulation of STAT1 is not inhibited by cycloheximide, but Cr(VI)-

induced, STAT1-dependent gene suppression was absent when protein synthesis was

blocked (13). The STAT1 activating proteins induced by oxidants and V2O5 are IFNs (32).

IFN-mediated signaling is the most characterized pathway for STAT1 activation and type I
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IFNs, such as IFN-α2, are well known to bind cell surface type I IFN receptors to activate

kinases that phosphorylate STAT1 (21,40). However, the signaling events activated by

Cr(VI) are not mediated by induction of IFN and are independent of IFNAR signaling, since

neutralizing antibody that blocks all type 1 IFNs from binding their receptors did not affect

Cr(VI)-induced IRF7 expression, but did prevent the IFN-α2 induction of the gene (Fig. 4).

Thus, while the two metals both stimulate STAT1 signaling, they differ substantially in both

mechanism of action and in the type of STAT1 signaling produced.

Activated STAT1 forms homodimers or heterotrimers with STAT2 and IRF9 in the ISGF3

complex to bind to GAS or ISRE consensus sequences, respectively (19,27,28). Cr(VI)

selectively activated ISRE-driven transcription and had no effect on GAS transactivation

(Fig. 1). Cr(VI)-stimulated ISRE transactivation and IRF7 mRNA induction was attenuated

in BEAS-2B cells stably expressing STAT1 shRNA (Fig. 2), thus confirming the

requirement for STAT1. However, the data cannot rule out a Cr(VI) effects on STAT2 or

IRF9 in the ISFG3 complex. Tyrosine phosphorylated STAT2 was observed in BEAS-2B

cells treated with Cr(VI) (data not shown) and deletion of any of the three proteins in the

heterotrimer results in loss of IFN induction of a protein repressor of Sp1 and NF-κB

transcriptional activity (28). Since Cr(VI) induces a protein to inhibit Sp1 in cells with intact

STAT1 signaling (13), further investigation of its full effects on the ISGF3 complex

formation and transactivation of the unknown repressive gene are warranted.

Cr(VI) effects on HDAC-1 activity and Cr(VI) cross-linking of HDAC-1 with DNA

methytransferase 1 and chromatin has been demonstrated to repress aryl hydrocarbon

receptor mediated transactivation of CYP1A (8,11). Although histone deacetylation is most

often correlated with gene repression, HDAC-1 activity plays an essential role in induction

of ISRE-driven genes by forming complexes with STAT1-containing ISGF3 complexes and

facilitating the recruitment of RNA polymerase II to interferon-stimulated gene

promoters(27,29). Since the HDAC inhibitor, NaB, prevents Cr(VI) from both repressing

CYP1A1 (8,11) and inducing IRF7 (Fig. 3), it is possible that Cr(VI) cross-linking of

HDAC-1 to chromatin is a common mechanism in both gene repression and induction.

However, it is evident that extra-nuclear signaling events are necessary for Cr(VI) to

stimulate formation of the ISGF3 transactivation complexes. Thus, Cr(VI) appears to signal

for gene repression through both direct actions on chromatin and DNA (10,11), as well as

indirect induction of gene repressors.

In summary, the present study demonstrated that Cr(VI) activates STAT1 to form ISGF3

complexes that induce IRF7 transcript expression. This activation is independent of type I

IFN signaling, but is mediated by Fyn. The date support a novel pathway through which

Cr(VI) stimulates rather than represses gene induction. Fyn has been implicated in mediating

cell transformation (54) and STAT1 both regulates antiproliferative and apoptotic responses

(24,25) and plays a role in the pathogenesis of inflammatory and fibrotic lung diseases (32–

35). Thus, these findings may provide critical insight into pathogenic mechanisms for

development of Cr(VI)-related pulmonary diseases. However, much more study is needed to

reveal the full impact of Cr(VI) stimulation of these signaling pathways in the molecular

etiology of Cr(VI)-promoted pathologies.
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Figure 1.
Cr(VI) stimulates ISRE-, but not GAS-dependent transactivation. A–B. BEAS-2B cells were exposed to Cr(VI) for indicated

times and total RNA was isolated. IRF7 and IRF1 mRNA levels were measured by RT-PCR and real-time PCR, respectively,

and normalized against the housekeeping gene, RPL13A. C. BEAS-2B cells were transfected with the ISRE-luc reporter

construct. After 24 h, cells were treated with 5 μM Cr(VI) or 100 U/ml IFN-α2 for 4h. Cell lysates were analyzed for luciferase

activity. Data are presented as mean ± SEM of fold control (n=3). * and *** designate p<0.05 and p<0.001, respectively.
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Figure 2.
Cr(VI) induction of IRF7 mRNA requires STAT1. A. Total protein was isolated from BEAS-2B cell lines stably expressing

either random (shNC) or STAT1 (shSTAT1) shRNA and total STAT1 and β-actin protein levels were determined by western

analysis. B. shNC (open bars) and shSTAT1 (closed bars) cells were exposed to 5 μM Cr(VI) for 0, 1, and 4 h. Total RNA was

isolated and IRF7 mRNA was measured by RT-PCR and normalized to the housekeeping gene, RPL13A. C. shNC (open bars)

and shSTAT1 (close bars) cells were transiently transfected with the ISRE-luc reporter construct. After 24 h, cells were exposed

to 5 μM Cr(VI) for 4 h and luciferase activity was measured. Data are presented as mean ± SEM of fold control (n=3). * and ***

designate p<0.05 and p<0.001, respectively, compared to untreated (control) cells. ^ and ^^^ designate p<0.05 and p<0.001,

respectively, compared to the shNC cells at the same time point.
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Figure 3.
HDAC activity is necessary for Cr(VI)-stimulated ISRE transactivation and IRF7 induction. A. BEAS-2B cells were exposed to

5 μM Cr(VI) for 4 h after a 16 h pretreatment with 2 mM NaB and total RNA was isolated. IRF7 mRNA levels were measured

by RT-PCR and normalized against the housekeeping gene, RPL13A. B. BEAS-2B cells were transfected with the ISRE-luc

reporter construct. After 24 h, cells were pretreated with 2 mM sodium butyrate for 16 h followed by treatment with 5 μM

Cr(VI) for 4 h. Cell lysates were analyzed for luciferase activity. Data is presented as mean ± SEM of fold control (n=3). * and

** designate p<0.05 and p<0.01, respectively, compared to untreated (control) cells. ^ and ^^^ designate p<0.05 and p<0.001,

respectively, compared to cells treated with Cr(VI) alone.
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Figure 4.
Cr(VI) induction of IRF7 mRNA is independent of type I IFN signaling. BEAS-2B cells were treated with IFNAR2, a

neutralizing antibody for the IFN-α/β receptor, for 30 min prior to treatment with 5 μM Cr(VI) or 100 U/ml IFN-α2 for 4 h.

Total RNA was isolated and IRF7 mRNA levels were measured by RT-PCR and normalized against the housekeeping gene,

RPL13A. Data is presented as means ± SEM of fold control. ** and *** designate p<0.01 and p<0.001, respectively, compared

to the respective untreated (control) cells. ^^^ designates p<0.001 compared to cells treated with IFN-α2 alone.
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Figure 5.
Cr(VI) activation of STAT1 requires Src family kinases. A. BEAS-2B cells were pretreated with PP2 for 30 min prior to the

addition of 5 μM Cr(VI) for 1 h. pYSTAT1, STAT1, and β-actin levels were determined by western analysis. Density of the

protein bands from three separate experiments were quantified with ImageJ software. B. BEAS-2B cells were pretreated with

PP2 for 30 min prior to the addition of 5 μM Cr(VI) for 4 h. Total RNA was isolated and IRF7 mRNA levels were measured by

RT-PCR and normalized against the housekeeping gene, RPL13A. C. Wild-type (WT), SYF, and Src++ MEF cells were

incubated with 5 μM Cr(VI) for the indicated times and nuclear protein was isolated. pYSTAT1, total STAT1, and β-actin levels

were determined by western analysis and a representative blot from a single experiment is shown. D. Density of the protein

bands from three separate experiments were quantified with ImageJ software. E. WT, SYF, and Src++ MEF cells were exposed

to 5 μM Cr(VI) for the indicated times and total RNA was isolated. Irf7 mRNA levels were measured by RT-PCR and

normalized to the housekeeping gene, β-actin. Data is presented as mean ± SEM of fold control (n=3). * and *** designate

p<0.05 and p<0.001, respectively, compared to untreated (control) cells. ^ and ^^^ designate p<0.05 and p<0.001, respectively,

compared to cells treated with Cr(VI) alone.
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Figure 6.
Fyn mediates Cr(VI)-activated STAT1 signaling in MEF cells. Wildtype and SYF MEF cells were transiently transfected with

either the control vector or the Fyn-myc expression vector. A. Total protein was isolated and Fyn and β-actin protein levels were

determined by western analysis. B. Cells were treated with 5 μM Cr(VI) for 2 h and nuclear protein was isolated. pYSTAT1,

total STAT1, and β-actin levels were determined by western analysis and a representative blot from a single experiment is

shown. C. Density of the protein bands from three separate experiments were quantified with ImageJ software. D. Cells were

treated with 5 μM Cr(VI) for 4 h and total RNA was isolated and Irf7 mRNA levels were measured by RT-PCR and normalized

to the housekeeping gene, β-actin. Data is presented as mean ± SEM of fold control. * designates p<0.05 compared to respective

untreated (control) cells.
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Figure 7.
Fyn is required for Cr(VI) activation of STAT1 in BEAS-2B cells. A. BEAS-2B cells were exposed to 5 μM Cr(VI) and total

Fyn was immunoprecipitated from whole cell lysates and immunoblotted for pFyn and total Fyn. A representative blot from a

single experiment is shown. B. Density of the protein bands from three separate experiments were quantified with ImageJ

software. C–F. BEAS-2B cells were transduced with GFP-expression control or Fyn shRNA. C. Total protein was isolated and

Fyn and β-actin protein levels were determined by western analysis. D. Cells were exposed to 5 μM Cr(VI) for 1 h and nuclear

protein was isolated. pYSTAT1, total STAT1, and β-actin levels were determined by western analysis and a representative blot

from a single experiment is shown. E. Density of the protein bands from three separate experiments were quantified with ImageJ

software. F. Cells were exposed to 5 μM Cr(VI) for 4 h and total RNA was isolated and Irf7 mRNA levels were measured by

RT-PCR and normalized to the housekeeping gene, RPL13A. Data is presented as mean ± SEM of fold control. *, **, and ***

designate p<0.05, p<0.01, and p<0.001, respectively, compared to respective untreated (control) cells. ^^ designates p<0.01

compared to GFP-expression control-transfected cells.
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