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Abstract

Found in inflammatory zone (FIZZ) 2, also known as resistin-like molecule (RELM)-β, belongs to

a novel cysteine-rich secreted protein family named FIZZ/RELM. Its function is unclear, but a

closely related family member, FIZZ1, has profibrotic activities. The human ortholog of rodent

FIZZ1 has not been identified, but human FIZZ2 has significant sequence homology to both

rodent FIZZ2 (59%) and FIZZ1 (50%). Given the greater homology to rodent FIZZ2, analyzing

the role of FIZZ2 in a rodent model of bleomycin-induced pulmonary fibrosis would be of greater

potential relevance to human fibrotic lung disease. The results showed that FIZZ2 was highly

induced in lungs of rodents with bleomycin-induced pulmonary fibrosis and of human patients

with idiopathic pulmonary fibrosis. FIZZ2 expression was induced in rodent and human lung

epithelial cells by Th2 cytokines, which was mediated via STAT6 signaling. The FIZZ2 induction

in murine lungs was found to be essential for pulmonary fibrosis, as FIZZ2 deficiency

significantly suppressed pulmonary fibrosis and associated enhanced extracellular matrix and

cytokine gene expression. In vitro analysis indicated that FIZZ2 could stimulate type I collagen

and α-smooth muscle actin expression in lung fibroblasts. Furthermore, FIZZ2 was shown to have

chemoattractant activity for bone marrow (BM) cells, especially BM-derived CD11c+ dendritic

cells. Notably, lung recruitment of BM-derived cells was impaired in FIZZ2 knockout mice. These

findings suggest that FIZZ2 is a Th2-associated multifunctional mediator with potentially

important roles in the pathogenesis of fibrotic lung diseases.
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Many of the interstitial lung diseases develop pulmonary fibrosis, which may progress to

end-stage lung disease. In certain subtypes, such as idiopathic pulmonary fibrosis, there is

currently no proven effective treatment (1, 2). Additionally, certain airway diseases, such as

asthma, involve significant degree of tissue remodeling or fibrosis (3, 4). The observed

fibrosis in these diseases exhibits certain common features, such as extracellular matrix

deposition and the involvement of myofibroblasts and Th2 cytokines (5–8). Many of the

features found in these fibrotic lung diseases can be recapitulated in studies of pulmonary

fibrosis using animal models, albeit not all can be faithfully reproduced in any one animal

model. The bleomycin-induced model used in this study models certain aspects of the

fibrotic response in the lung in these various human interstitial lung diseases with fibrosis

affecting the distal lung parenchyma. Despite extensive research efforts including the use of

such animal models, the precise mechanism underlying the development of many of these

diseases, including especially idiopathic pulmonary fibrosis (IPF), remains elusive, and no

effective therapy yet exists (1, 2). Although an expanding list of potentially important

mediators, such as cytokines, have been identified from these studies, it is clear from the

failures of many clinical trials targeting the known ones that the entire spectrum of

important mediators and genes have yet to be identified. The hallmark lesions of chronic

fibrotic lung diseases are increased number of fibroblasts, de novo emergence and

persistence of myofibroblasts, as well as the deposition of extracellular matrix (5–7). It is

postulated that cytokines and chemokines such as TGF-β produced by repeatedly injured

alveolar epithelial cells recruit adjacent underlying fibroblasts to constitute so-called

fibroblast foci composed of fibroblast-like cells, including myofibroblasts (1, 9). In addition

to TGF-β, a recently identified novel mediator, found in inflammatory zone (FIZZ) 1, also

known as resistin-like molecule (RELM)-α, is also a known inducer of myofibroblast

differentiation in rodents (10, 11). FIZZ1 is primarily expressed by airway and alveolar

epithelial cells (AECs), which is driven by the Th2-type cytokines IL-4 and IL-13. It has a

direct profibrogenic activity by its ability to stimulate type I collagen and α-smooth muscle

actin (α-SMA) expression in lung fibroblasts, which is mediated by Jagged1/Notch1

signaling (11–13). Moreover, FIZZ1 has protective effects against lung fibroblast apoptosis

mediated by the ERK pathway, which may prolong survival and persistence of

myofibroblasts (14). These properties indicate that FIZZ1 may play a pivotal role in

mediating the cross-talk between epithelial and fibrotic cells that is assumed as being

important in formation of fibroblast foci and persistence as well as progression of fibrosis

(11–13). However, the potential relevance of these fibrogenic activities of rodent FIZZ1 to

human fibrotic lung disease is unknown and unexplored because the human ortholog of

FIZZ1 has not been identified (15). However the human ortholog of a closely related

member, FIZZ2, has been identified.

As the name suggests, FIZZ2 is also a member of the FIZZ/RELM family, which is known

currently to consist of four members: FIZZ1/RELM- α, FIZZ2/RELM-β, FIZZ3/resistin,

and RELM-γ (16). This cysteine-rich secreted protein family is characterized by their

conserved 10 cysteine residue motif, with two members, FIZZ2 and resistin, having an

additional cysteine residue in the highly variable N terminus. The FIZZ family has a unique

tissue expression pattern. FIZZ1, initially found in lung allergic inflammation, is expressed

predominately in white adipose tissue with low levels of expression noted in lung, heart, and
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mammary glands. FIZZ2 is specifically expressed by goblet cells and epithelial cells mainly

in gastrointestinal tract, and recently found in airway epithelium as well, but not in white

adipose tissue where FIZZ3 is exclusively expressed (15, 17, 18). FIZZ2 is involved in

pathogenesis of glucose tolerance and hyperlipidemia in some insulin-resistant models, such

as obesity and fatty liver (19, 20). Additionally, FIZZ2 is reported to have a role in the

maintenance of gastrointestinal barrier function and promotes resistance to gastrointestinal

nematode infection (21, 22).

Whereas rodent FIZZ1 has a profibrogenic activity in rodent pulmonary fibrosis through

both induction of myofibroblast differentiation and prolonged survival of myofibroblasts

(11, 14), FIZZ2 is shown to have a role in promoting airway inflammation and remodeling

in a murine model of allergic airway disease (18). But this previous study does not examine

its role in parenchymal or interstitial fibrosis affecting areas distal to the major airways.

Recent reports suggest the possibility that human FIZZ2 may represent the human ortholog

of rodent FIZZ1, especially at the functional level (23). However, given that 1) the human

ortholog of rodent FIZZ1 has yet to be unequivocally identified and 2) human FIZZ2 is

more homologous to rodent FIZZ2 than FIZZ1 (59 versus 50%) (17), studies of rodent

FIZZ2 are necessary to provide insight of greater relevance to human fibrotic lung disease.

FIZZ2 is upregulated by hypoxia in a human A549 lung epithelial cell line, and its

overexpression induces significant proliferation in these cells, suggesting a potential role in

hypoxia-induced pulmonary disease and associated vascular remodeling (23). More recent

evidence reveals that FIZZ2 expression is significantly increased in human lungs from

patients with pulmonary fibrosis, asthma, and pulmonary hypertension (18, 24, 25). Notably,

the chromosome locus of human FIZZ2 gene (3q13.1) has recently been linked to allergic

inflammation (26).

The objective of the current study was to investigate the role of FIZZ2 in pulmonary fibrosis

in a rodent bleomycin (BLM) model and also explore the potential relevance to the role of

human FIZZ2 in human fibrotic lung disease. The results showed that FIZZ2 is highly

induced in fibrotic rodent as well as human lung, and its deficiency in mice significantly

impaired BLM-induced fibrosis. Analysis of its biological activity revealed multiple

potential roles in pathogenesis of pulmonary fibrosis, including stimulation of fibroblast

proliferation, promotion of myofibroblast differentiation, and the recruitment of bone

marrow-derived cells to the lung.

Materials and Methods

Animals and induction of pulmonary fibrosis

Six-week-old female CBA/J, C57BL/6, BALB/c, and GFP transgenic mice on C57BL/6

background mice were purchased from The Jackson Laboratory (Bar Harbor, ME), and 7~8-

wk-old female Fisher 344 rats were purchased from Charles River Breeding Laboratories

(Wilmington, MA). FIZZ2 knockout (KO) mice on C57BL/6 background were generated as

previously described (27). These FIZZ2 KO mice were propagated at the University of

Michigan, and progeny exhibited no gross anatomic abnormalities. IL-4 KO mice and IL-4/

IL-13 double KO mice were kindly provided by Dr. Andrew McKenzie (Medical Research

Council Laboratory of Molecular Biology, University of Cambridge, Cambridge, U.K.) (28).
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STAT6 KO mice were kindly provided by Nicholas Lukacs (University of Michigan, Ann

Arbor, MI) and derived from mice developed by Mark H. Kaplan (Indiana University

School of Medicine, Indianapolis, IN) (29). Pulmonary fibrosis was induced by the

endotracheal injection of 7.5 U/kg body weight BLM (Blenoxane; Mead Johnson,

Plainsboro, NJ) into rats, 2 U/kg into C57BL/6 mice, or 10 U/kg into BALB/c mice, as

described previously (6). The control group received the same volume of sterile PBS only.

At 7, 14, or 21 d after BLM injection, the animals were sacrificed and the lungs were

removed for mRNA and protein analysis or used for isolation of fibroblasts. In some

experiments, lungs were fixed with 10% neutral buffered formalin for

immunohistochemistry. Where indicated, bronchoalveolar lavage fluid (BALF) was

collected by lavaging the lung five times with 1 ml PBS each time. Bronchoalveolar lavage

(BAL) cells were pelleted by centrifuging BALF at 400 × g for 10 min and resuspended in

PBS. Total cell number was counted using a hemocytometer. BAL cells were then subjected

to flow cytometry for differential analysis. Whole-lung single-cell suspension was produced

by mincing and digesting the lungs with collagenase III (Worthington Biochemical Corp.,

Lakewood, NJ), and then followed by flow cytometry for CD3 T cell analysis. For

histopathologic analysis, 21 d after BLM injection, the lungs were formalin-fixed and

stained with H&E.

GFP-bone marrow (BM) chimeras were generated by transplantation of BM cells from GFP

transgenic mice to lethally irradiated wild-type (WT) or FIZZ2 KO recipient mice as

previously described (30). Six weeks after transplantation, pulmonary fibrosis was induced

by endotracheal BLM injection as described earlier. Twenty-one days after BLM injection,

the lungs were removed for analysis of BM cell recruitment to the lung.

Cell isolation and functional analysis

Rat AECs were isolated by elastase digestion and IgG panning as previously described (31).

The cells were suspended in DMEM supplemented with 10% FBS (Sigma-Aldrich, St.

Louis, MO) and then plated onto 6-well tissue culture plates precoated with fibronectin

(R&D Systems, Minneapolis, MN). Isolated cells were consistently 90% epithelial cells as

evaluated by immunostaining with anti-cytokeratin 5/8 Abs (BD Biosciences, San Diego,

CA), which recognized the cytokeratins found in AECs but not present in macrophages,

fibroblasts, or endothelial cells (31). Human primary small airway epithelial cells

(PCS-301-010) were purchased from American Type Culture Collection (Manassas, VA).

To evaluate regulation of FIZZ2 expression, both rodent and human epithelial cells at ~90%

confluence were made quiescent by culturing for 4–6 h in DMEM containing 0.5% FBS for

rat AECs, or in airway epithelial cell basal medium containing 1% bronchial epithelial cell

growth kit (American Type Culture Collection) for human small airway epithelial cells.

Where indicated, 10 ng/ml each of rIL-4, rIL-13, rIL-17, or IFN-γ (R&D Systems) was then

added, and the cells were further incubated for 4 or 8 h before harvesting for total RNA

isolation.

Mouse lung fibroblasts (MLFs) were isolated from the indicated murine strain and

maintained in culture as described previously (6). Fibroblasts between passages 3 and 5 after

primary culture were used unless otherwise specified. Where indicated, recombinant mouse
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FIZZ2 (Leinco Technologies, St. Louis, MO) and/or TGF-β1 (R&D Systems) were added to

the medium at the indicated concentrations and time points to analyze their effects on

fibroblast function.

mRNA analysis by quantitative PCR or regular RT-PCR

Total RNA was isolated from lung tissue, lung fibroblasts, and AECs after indicated

treatments. Primer Express 2.0 software (Applied Biosystems, Foster City, CA) was used to

design TaqMan primers, and MGB probes (6-FAM conjugated) for FIZZ2 and α-SMA were

then purchased from Applied Biosystems. The following oligonucleotide primers and probes

were used: rat FIZZ2 sense (5′-CATGAAGCCTACACTGTGTTTCCTT-3′) and antisense

(5′-TGGGACCATCAGCGAGAG -3′), and probe (FAM) (5′-

TCATCCTCATCTTCC-3′); mouse FIZZ2 sense (5′-GGGATGGTTGTCACTGGATGT-

3′) and antisense (5′-CACTGGCAGTGGCAAGTATTTC 3′), probe (FAM) (5′-

TGGCTATGGCTGTGGATCGTGGG-3′); mouse α-SMA sense (5′-

CTGGAGAAGAGCTACGAACTGC-3′) and antisense (5′ CTGATCCACATCTGCTGGA

AGG-3′), and probe (FAM) (5′ CTGACGGGCAGGTGA- 3′). Primers and probes for

mouse type I collagen, MCP-1, TERT, IL-4, FIZZ3, RELM-γ, and GAPDH were purchased

from Applied Biosystems. Real-time quantitative PCR (qPCR) was performed on a TaqMan

ABI 5700 Sequence Detection System (Applied Biosystems). For each assay, 100 ng total

RNAwas used as template. The mRNA levels were normalized to GAPDH signal.

Three-step cycling RT-PCR for FIZZ2 mRNA was performed using Superscript One-Step

RT-PCR with platinum Taq kit (Invitrogen, Carlsbad, CA). Primer sequences used for

mouse FIZZ2 were as follows: mouse FIZZ2 sense (5′-CGCAATGCTCCTTTGAGTCT-3′)

and antisense (5′- GGATATCCCACGATCCACAG-3′). Two micrograms of total RNA for

each sample was used in the cDNA synthesis.

Immunohistochemistry for FIZZ2

Lung tissues from patients with IPF or nonspecific interstitial pneumonia (NSIP) were

obtained through the Biobank of Chonbuk National University Hospital, a branch of

National Biobank of Korea. Subjects included in this study satisfied the American Thoracic

Society/European Respiratory Society criteria for IPF or NSIP. For comparison, normal lung

tissue from resected specimens for lung cancer was included. Rodent lung tissue samples

were obtained as described earlier. Formalin-fixed paraffin-embedded tissue sections were

deparaffinized in xylene and rehydrated in graded alcohols. Ag retrieval was achieved by

incubating tissue sections in boiling 10 mmol/l citrate buffer (pH 6), and immunostaining

was undertaken using primary Ab against FIZZ2 (Sigma). Biotin-conjugated secondary Ab

and streptavidin solution were used to develop color with 3-amino-9-ethylcarbazole (Lab

Vision, Fremont, CA) as a chromogen.

Western blotting analysis

Total protein was isolated from cultured MLFs and snap-frozen mouse lung tissues using

lysis buffer (50 mM Tris HCl, pH 7.5, 1% Nonidet P-40). Equal amount of protein was

loaded onto SDS-PAGE gels for separation and transferred to nitrocellulose membrane for

immunoblotting. The following Abs were used: anti FIZZ2, anti–α-SMA (Sigma), anti-
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collagen type I (Biodesign International, Saco, ME), anti–phospho-ERK, anti–phospho-

AKT, anti–phospho-JNK, or anti–phospho-p38 (Cell Signaling Technology, Danvers, MA).

Fibroblast proliferation assay

Cell proliferation was evaluated using the tetrazolium salt [3-(4,5-dimethylthiazol-2-yl)-5-

(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; inner salt] (MTS), which is

cleaved to formazan in metabolically active cells. Briefly, MLFs (4 × 104) were seeded into

96-well plates. After incubation for 24 h, cells were starved for 24 h with DMEM containing

0.5% FBS. FIZZ2 at the indicated concentrations was then added into the wells. Cell

proliferation was evaluated after 1 d of treatment. In some experiments, the MAPK inhibitor

PD98059 was added into cells before FIZZ2 treatment to evaluate ERK dependency on the

FIZZ2-mediated fibroblast proliferation. Ten microliters/well MTS was added for 2 h at the

end of stimulation. The absorbance of the treated samples against a blank control was

measured using a ThermoMax microplate reader (Molecular Devices, Menlo Park, CA) at

450 nm with a reference wavelength of 650 nm.

Apoptosis assay

MLFs (1 × 106 cells) were plated onto 60-mm plates, and when sub-confluent they were

serum deprived in DMEM with 0.5% PDS for 24 h. The antiapoptotic effect of FIZZ2 was

studied by treating cells with 10 or 25 ng/ml FIZZ2 for 24 h. To optimize induction of

apoptosis of MLFs, cells were treated with 5 ng/ml TNF-α (R&D Systems) and 500 ng/ml

cycloheximide with or without FIZZ2 for up to 24 h. Apoptosis was evaluated as before (14)

using annexin V–propidium iodide (PI) staining (TACS Annexin V-FITC; R&D Systems)

and analyzed by FACSCaliber (BD Biosciences). Apoptotic cells were identified as an

annexin V+/PI− population.

Hydroxyproline assay

Lung collagen deposition was estimated by measuring the hydroxyproline content of whole-

lung homogenates as previously described (32). Briefly, the lungs were excised,

homogenized in 0.5 M acetic acid, and hydrolyzed in 6 N HCl overnight at 110°C.

Hydroxyproline was assessed by colorimetric assay, and the results were expressed as

micrograms hydroxyproline per lung.

BM cell isolation and migration assay

Mouse and rat BM cells were isolated from femurs and tibias by aspiration and flushing as

before (30). Where indicated, bone marrow-derived dendritic cells (BMDCs) were induced

with 10 ng/ml GM-CSF (R&D Systems) and purified with the MACS system using CD11c+

microbeads (Miltenyi Biotec, Auburn, CA). For cell migration assay, 1 × 106 BM cells or

BMDCs were prestained with a fluorescent dye Calcein AM (BD Biosciences) and then

plated into inserts with 5-µm pore size in 24-well Transwell Boyden chambers (Fisher

Scientific, Waltham, MA). FIZZ2 was added into the lower chamber at the indicated

concentration. After 2 h of incubation, fluorescence was read at wavelengths of excitation

494 nm/emission 517 nm using a Spectramax Gemini XS Microplate Spectrofluorometer

(Molecular Devices).
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Flow cytometry

The BAL cells were stained with F4/80–Alexa 647 (eBioscience, San Diego, CA), CD3–

PE–Cy7 (eBioscience), and Gr-1–PE (eBioscience) conjugated Abs for macrophages, CD3

T cells, and neutrophils, respectively. The lung tissue single-cell suspensions were stained

with CD3–PE–Cy7 Ab. Where indicated in BM transplantation experiments, MLFs were

isolated from BLM or saline-treated GFP-BM chimera mouse lungs. The primary cultured

MLFs without passaging were used for this experiment. The cells were stained with CD11c–

PE conjugates (BD Biosciences), and then CD11c+ and GFP+ cells were analyzed by

FACSCaliber flow cytometry (BD Biosciences).

Gene microarray analysis

Total RNA isolated from control or FIZZ2-treated MLFs as well as day 7 BLM/saline-

treated WT or FIZZ2 KO murine lungs were used for microarray analysis using 30,000-

element (30K) mouse Affymetrix oligonucleotide genechips, cRNA labeling and

hybridization were performed, and the primary data were obtained using the Affymetrix

Microarray Core facility at the University of Michigan (33, 34).

Statistical analysis

All data were expressed as mean ± SE. Differences between means of various treatment

groups were assessed for statistical significance by ANOVA followed by post hoc testing

using Scheffé’s test. A p value <0.05 was considered to indicate statistical significance.

Results

Induction of FIZZ2 expression in pulmonary fibrosis

To assess initially a potential role for FIZZ2 in pulmonary fibrosis, its expression in lung

tissue was examined in both a rodent model and human IPF. Assessment by qPCR revealed

undetectable levels of FIZZ2 mRNA in lungs from control (PBS-treated) rats or mice (Table

I). However, FIZZ2 mRNA expression was induced and easily detectable in lung tissues of

BLM-treated animals as early as 1 wk after BLM treatment (Table I). To confirm the qPCR

results, standard RT-PCR and Western blot analyses were undertaken to assess FIZZ2

mRNA and protein expression levels in lung tissues from day 7 BLM-treated and control

mice. Confirming the qPCR results, FIZZ2 mRNA was detected only in BLM-treated lung

tissue (Fig. 1A). Western blotting results were consistent with the mRNA findings in

showing the marked upregulation in lung FIZZ2 protein levels; although unlike the

undetectable mRNA in control mice, trace levels of protein were present in the control

samples (Fig. 1B). These results indicated that FIZZ2 expression was induced in BLM-

induced pulmonary fibrosis. FIZZ3 and RELM-γ mRNA levels were also analyzed, and the

results showed that unlike FIZZ2, FIZZ3 and RELM-γ were not induced in BLM-treated

mouse lungs compared with their expressions from their respective saline control groups

(Fig. 1C). To localize the cellular sources of induced FIZZ2 expression,

immunohistochemistry for FIZZ2 protein was performed in lung tissues from day 14 BLM-/

saline-treated mice. As expected, histologically BLM-treated lung showed inflammation,

distortion of normal lung architecture, collagen deposition, and epithelial hyperplasia (Fig.

1D). Consistent with the mRNA and protein data, immunohistochemical staining revealed
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induction of FIZZ2 expression in BLM-treated lungs, but this was only faintly detectable in

a few cells in the control lungs (Fig. 1Db and 1Dd, respectively). Expression was localized

mainly to airway epithelial cells and AECs, in which regeneration and/or hyperplasia was

frequently recognized. FIZZ2 was also seen in alveolar macrophages. Weak staining was

also observed in some vascular smooth muscle and endothelial cells. There was no

detectable signal of FIZZ2 in fibroblasts, which was confirmed by undetectable FIZZ2

mRNA by qPCR in fibroblasts isolated from day 7 BLM-treated or control murine lungs

using qPCR (data not shown).

Recent reports indicate upregulated lung FIZZ2 expression in human inflammatory and

fibrotic lung diseases, suggesting a potential role in pathogenesis. To determine if this was

also the case in human interstitial lung disease, lung tissue specimens from patients with IPF

or NSIP were analyzed by immunohistochemistry for FIZZ2 expression. Consistent with the

murine lung findings (Fig. 1D), normal human lung tissue (from normal margins of resected

cancerous lung tissue) exhibited only weak staining for FIZZ2 in scattered isolated alveolar

macrophages and a few epithelial cells (Fig. 1Ed). In contrast, NSIP and IPF lung tissues

revealed high-intensity staining in virtually all epithelial cells as well as alveolar

macrophages and desquamated alveolar cells (Fig. 1Ef, 1Eh). Thus consistent with the

animal model, human pulmonary fibrosis exhibited marked induction of lung FIZZ2

expression in the same cell types.

Regulation of FIZZ2 expression

Given that marked induction in AECs represented the major cellular source of FIZZ2 in

BLM-induced lung fibrosis and human IPF, the regulation of this induction was analyzed in

isolated AECs as well as in a human AEC line. Because the Th2 cytokines IL-4 and IL-13

are potent inducers of AEC FIZZ1 expression, and production of IL-17 and IFN-γ is

upregulated in the lung cells of BLM-treated mice (35, 36), these agents were analyzed for

their ability to induce FIZZ2 in these cells using qPCR. The results revealed very low level

expression in untreated rodent AECs, which was significantly upregulated by treatment with

either IL-4 or IL-13 as early as 4 h of treatment, with a greater effect noted for IL-4 (Fig.

2A). FIZZ2 gene expression was significantly upregulated by IL-4 at 4-h and 8-h time points

and by IL-13 at the 4-h time point (p<0.05). IFN-γ and IL-17 did not induce FIZZ2

expression (Fig. 2A). Because human AEC is also a cellular source for FIZZ2 expression

(23) and highly induced in IPF and NSIP lung tissues (Fig. 1D), regulation of its expression

in human small airway epithelial cells was examined. Consistent with the rodent cells,

human small airway epithelial cells also showed low-level FIZZ2 expression that was

upregulated by treatment with either Th2 cytokine at the 8-h point (p = 0.042 and p = 0.001,

respectively), but not by IFN-γ or IL-17 (Fig. 2B). Three doses of cytokines (2, 10, and 50

ng/ml for IFN-γ; 5, 10, and 50 ng/ml for IL-17) did not show effects on FIZZ2 expression in

both rat AEC and human small airway epithelial cells (data not shown), even though the

biological activity of the doses used above were confirmed by testing their known effects on

the induction of MHC class I (37) and IL-6 (38), respectively (data not shown). In the case

of the human cells, however, the fold-upregulation was not as great as in the rodent cells,

and the effect of IL-13 was greater than that of IL-4. To put these findings in an in vivo

context, the induction of FIZZ2 in the BLM model was analyzed in IL-4 and IL-4/IL-13
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double KO mice. These Th2-deficient mice were previously shown to have significantly

reduced pulmonary fibrosis associated with impaired induction of FIZZ1 expression (13).

The results showed similar impairment of lung FIZZ2 induction as determined by qPCR in

both Th2-deficient strains (Fig. 2C). Moreover, STAT6-deficient mice also showed similar

impairment of lung FIZZ2 expression (Fig. 2D). The latter findings confirm the importance

of Th2 cytokines in FIZZ2 induction in this model, as STAT6 signaling is known to mediate

their effects (18). These results indicated that FIZZ2 expression in epithelial cells was driven

by Th2-type cytokines via STAT6 signaling, suggesting a possible mechanism for its

induction in pulmonary fibrosis.

FIZZ2 deficiency impaired BLM-induced pulmonary fibrosis

A potentially important role for FIZZ2 in pathogenesis of fibrosis is suggested by its

induction in both an animal model and human disease. This possibility was evaluated by

comparing the extent of BLM-induced pulmonary fibrosis in FIZZ2 KO mice with that in

their WT controls. As expected, WT mice exhibited significant fibrosis as manifested by an

approximate doubling in lung hydroxyproline content along with elevations in extracellular

matrix, α-SMA, FIZZ1, telomerase reverse transcriptase (TERT), and cytokine expression

(Fig. 3A–C). However, in FIZZ2 KO mice, these responses to BLM treatment were all

significantly diminished with virtual complete suppression in certain parameters.

Noteworthy was the virtually complete inhibition of BLM-induced expression of MCP-1

and FIZZ1, which are known to play significant roles in this animal model (Fig. 3C).

Histological examination also confirmed that the BLM-induced lung injury in FIZZ2 KO

mice was reduced compared with that in WT controls, showing only smaller scattered

lesions with less cellularity. There was no significant morphology change observed between

saline-treated WT and FIZZ2 KO mice (Fig. 3D). We next performed the total and

differential BAL cell counting at day 4 after BLM/saline treatment by flow cytometry

analysis. The results showed that BLM treatment caused significant increase in total BAL

cell number in WT animals as expected. In FIZZ2 KO mice, BLM treatment also induced a

similar fold-increase in total BAL cell number (p < 0.05) although the absolute number of

total BAL cells in KO mice was lower than that in WT mice. The differential cell counting

revealed comparable BLM-induced fold-increases in numbers of neutrophils and CD3 T

cells in WT and FIZZ2 KO mice, but the absolute cell numbers were lower in the FIZZ2 KO

group. The absolute number of macrophages was also reduced in BLM-treated FIZZ2 KO

mice (Fig. 3E). These results indicated that FIZZ2 deficiency reduced the absolute numbers

of cells in BALF but did not significantly affect BLM-induced increase in BAL

inflammatory cells.

Similarly, analysis of lung tissue CD3 T cell number by flow cytometry at day 4 post-BLM

injection revealed similar BLM-induced increases in both WT and FIZZ2 KO mice (p < 0.05

and p < 0.001, respectively). There was no clear difference observed between WT and

FIZZ2 KO groups (Fig. 3F). Lung CD3 T cell number was also analyzed at day 14, and the

data showed a similar pattern (data not shown). This suggested that FIZZ2 deficiency was

also unimportant in BLM-induced T cell recruitment.
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To assess further the potential effects of FIZZ2 deficiency on BLM-induced alterations in

lung gene expression, cDNA microarray analysis was undertaken. Beyond confirmation of

the gene expression studies described earlier, the results further showed significant

suppression of at least 74 identifiable BLM-induced genes, including serum amyloid A3

(SAA3), which was not known to be associated with pulmonary fibrosis previously (Table

II). The effects on a select set of extracellular matrix and protease genes were shown, which

revealed uniformly consistent suppression in KO mice (Fig. 3G). The data discussed in this

publication have been deposited in the National Center for Biotechnology Information Gene

Expression Omnibus (GEO) database and are accessible through GEO series accession

number GSE25640 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE25640).

Another parameter of fibrosis is fibroblast proliferation, which was measured in primary

cultures of murine lung fibroblasts in vitro. Whereas lung fibroblasts from WT BLM-treated

mice exhibited increased proliferation relative to those obtained from saline-treated controls,

this difference was essentially abolished in cells obtained from FIZZ2 KO mice (Fig. 3H).

Taken together, these findings suggested that FIZZ2 deficiency had profound and

widespread effects on diverse parameters of pulmonary fibrosis, many of which are known

to be important in pathogenesis of fibrosis.

FIZZ2 induced fibroblast activation and proliferation

The dependence of BLM-induced pulmonary fibrosis on FIZZ2 indicated a role or roles for

this molecule in mediating cellular processes essential for extracellular matrix deposition.

To address this possibility, lung fibroblasts, as a key contributor to interstitial collagen

deposition, were isolated and analyzed for their responses to FIZZ2 treatment in vitro. First,

cDNA microarray analysis was undertaken to assess the spectrum of genes whose

expression would be affected by this treatment. FIZZ2-treated MLFs exhibited significant

(>2-fold) upregulation in 2174 and 989 genes at 2 and 6 h of treatment, respectively;

whereas 896 genes and 491 genes were downregulated at 2- and 6-h points, respectively.

Notably, groups of cytokine, chemokine, and a number of fibrosis-related extracellular

matrix genes were affected by FIZZ2 treatment. Thus, type I procollagen gene was induced

>3-fold by FIZZ2 as early as 2 h posttreatment and remained 1.5-fold elevated at 6 h. This

stimulation of type I collagen expression was validated by qPCR and Western blotting

analyses, which showed significant stimulation of expression at 6 h of treatment by 25 ng/ml

FIZZ2 (Fig. 4A). To see if this effect could be synergized by treatment with TGF-β, the cells

were exposed to suboptimal doses of FIZZ2 (10 ng/ml) or TGF-β1 (0.1 ng/ml), or both. The

results showed that whereas suboptimal doses of these molecules individually failed to

affect type I procollagen mRNA levels in MLFs, the combination of both agents caused a

synergistic stimulation (Fig. 4B). FIZZ2 effect on another parameter of fibroblast activation,

α-SMA expression or myofibroblast differentiation, was also evaluated by Western blotting.

The results showed that MLF α-SMA protein expression was also stimulated by FIZZ2 at

doses as low as 25 ng/ml (Fig. 4C). Thus, the induction of lung FIZZ2 expression in

pulmonary fibrosis might be a contributory mechanism for the fibroblast activation and

myofibroblast differentiation that are believed to be essential for fibrogenesis.
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Another key feature of fibrosis is fibroproliferation. There is evidence that FIZZ2 is a

mitogenic factor for human pulmonary endothelial and smooth muscle cells (24). To

determine whether FIZZ2 can stimulate fibroblast proliferation, MLFs were treated with

various concentration of FIZZ2 and cell proliferation evaluated. The results showed that

FIZZ2 significantly (p < 0.001) stimulated fibroblast proliferation at doses as low as 10

ng/ml, which appears to be maximal because no further significant increase was noted at

higher doses (Fig. 5A). Compared with the dose-response curve for stimulation of collagen

expression (Fig. 4A), the FIZZ2 effect on proliferation was more potent. To explore a

potential intracellular signaling mechanism involved in the proliferative effect of FIZZ2, its

effects on activation of the known relevant signaling pathways were examined next.

Phosphorylation status of the three key MAPKs (ERK, JNK, and p38) and AKT in FIZZ2-

treated MLFs were analyzed by Western blotting. The results showed rapid (10 min) marked

activation of ERK by FIZZ2, with lesser effects on AKTand p38 (Fig. 5B). JNK was not

activated by FIZZ2 treatment. To see if the FIZZ2-induced activation of ERK was required

for the effect on cell proliferation, the effect of pretreatment with the MEK/ERK inhibitor

PD98059 was examined. This pretreatment with the inhibitor significantly suppressed

FIZZ2-stimulated fibroblast proliferation compared with that in cells treated with FIZZ2

only (p < 0.05, Fig. 5C). Thus, FIZZ2 could promote fibroblast proliferation via signaling

through ERK.

Finally, increased fibroblast and myofibroblast numbers could be due to, or enhanced by,

suppression of (or enhanced resistance to) apoptosis. Fibroblasts were treated with TNF-α
plus cycloheximide to induce apoptosis in the absence or presence of FIZZ2. Subsequent

analysis by flow cytometry after annexin V–PI staining revealed that FIZZ2 did not

significantly affect apoptosis in lung fibroblasts (data not shown). Thus, FIZZ2 might

contribute to fibroproliferation primarily by enhancing cell proliferation and not by making

fibroblasts more resistant to apoptosis.

FIZZ2 was essential for recruitment of BM cells into the lung

Recruitment of cells from the BM to the lung is a notable feature of pulmonary fibrosis that

has been shown to be essential for fibrogenesis in the BLM-induced mouse model (30, 39–

41). Some of these cells express type I collagen and TERT in the rodent model and are

important for the induction of lung TERT expression and the overall fibrotic response (30,

41). Because BLM-induced TERT expression is dependent on BM recruited cells (30, 41)

and was inhibited in FIZZ2 KO mice (Fig. 3C), the role of FIZZ2 in BM cell recruitment

was investigated. Moreover, another member of the FIZZ family, FIZZ1, is capable of

recruiting macrophages and eosinophils (42). To first assess this possibility, whole rodent

BM cells were analyzed for their ability to respond to FIZZ2 in a Boyden chamber assay.

The results showed that these cells could migrate to increasing concentrations of FIZZ2

placed in the lower chamber, with rat cells having greater migration than the murine cells

(Fig. 6A). This migratory activity was noted even after the BM cells were cultured in GM-

CSF to promote differentiation to CD11c+ dendritic cells (BMDCs) but significant only in

BM cells from BLM-treated animals (Fig. 6B). To demonstrate the in vivo relevance of

these in vitro findings, the effect of FIZZ2 deficiency on BM cell recruitment to the lung

was evaluated in the BLM model using GFP-BM chimera mice. BM cells from GFP
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transgenic mice were transplanted into WT or FIZZ2 KO mice to allow monitoring of BM

cell recruitment by tracking the GFP marker. The results showed the presence of three

distinct populations of adherent lung cells: one without GFP expression (gated as R1 in Fig.

6C), another with low-level GFP expression (R2), and a high GFP expressing one (R3).

BLM treatment caused an increase in the high GFP+ cells from 25 to 37.4%. However in

FIZZ2 KO mice, the number of high GFP+ cells was reduced at 10.1% (40% of WT), which

was not significantly altered by BLM treatment at 10.4% (28% of WT). Based on forward

light scatter, these high GFP expressing cells appeared to be larger than the low GFP

expressing cells. Given the differential behavior of BMDCs from BLM-treated versus

control mice (Fig. 6B), the identity of the high GFP+ cells was examined to see if they

express CD11c. Flow cytometry revealed that >85% of this cell fraction expressed CD11c

(Table III). Transplantation of WT BM from GFP transgenic mice failed to alter the

deficient pulmonary fibrosis in the FIZZ2 KO recipient mice (data not shown). Thus, the

absence of FIZZ2 impaired BM cell recruitment and pulmonary fibrosis, which could not be

corrected by transplantation of WT BM.

Discussion

A myriad of inflammatory and fibrogenic cytokines such as TGF-β, TNF-α, MCP-1, and a

recently identified FIZZ/RELM family member FIZZ1 have been identified as important

factors in the pathogenesis of pulmonary fibrosis (11, 43, 44), mediating the cross-talk

between epithelial cells and adjacent fibroblasts, as well as induction of myofibroblast

differentiation (11–13, 45). Despite this expanding list of genes important for fibrosis, the

failure of therapeutic trials targeting some of these factors suggests that this list is probably

incomplete. Moreover, with respect to the FIZZ family specifically, the actual identity of the

human counterpart to rodent FIZZ1 remains uncertain, despite evidence that, at least

functionally, human FIZZ2 may have similar properties as rodent FIZZ1. Previous studies in

animal models indicate that FIZZ2 is a Th2 cytokine-inducible immunomodulatory

molecule important in resisting gastrointestinal tract nematode infection, maintenance of

colonic epithelium barrier function (22, 27), and promotion of airway inflammation and

remodeling in an allergic airway disease model (18). However, its role in pulmonary fibrosis

affecting the distal lung parenchyma, such as that associated with interstitial lung diseases,

remains unknown. But recently there is increasing evidence of lung FIZZ2 expression being

induced in human fibrotic lung diseases with significant tissue remodeling (23, 24).

Moreover, human FIZZ2 is more homologous to rodent FIZZ2 than FIZZ1 (17) thus

imparting greater human relevance to studies of rodent FIZZ2.

The potential importance of FIZZ2 was first suggested in this study by the induction of lung

FIZZ2 expression in both the BLM-induced animal model and human patients with IPF and

NSIP, in a manner that is similar to the high induction of its rodent family member, FIZZ1,

in the same animal model (11). Consistent with previous studies, Th2 but not Th1 or Th17

cytokines were found to be effective in induction of FIZZ2 expression in both rodent AECs

and human small airway epithelial cells. Moreover, studies using Th2-deficient as well as

STAT6-deficient mice indicated their importance for FIZZ2 induction in the murine model

of pulmonary fibrosis, thus affirming their importance in vivo as well. There is ample

evidence to suggest that Th2-type cytokines, IL-4 and IL-13, are involved in fibrotic disease.
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They are capable of stimulating myofibroblast differentiation and fibroblast proliferation (8,

43, 44, 46, 47). IL-4 and IL-13 are potent inducers of AEC FIZZ1 expression via STAT-6

(13). The demonstration that Th2 cytokines IL-4 and IL-13 could induce FIZZ2 expression

in both animal AECs and human small airway epithelial cells argues for an important role

for this molecule in pulmonary fibrosis.

To prove that it is essential for pulmonary fibrosis, the effect of FIZZ2 deficiency on BLM-

induced pulmonary fibrosis was evaluated. The findings using FIZZ2 KO mice revealed

impaired fibrosis in the absence of FIZZ2 that was accompanied by reduction in BLM-

induced expression of cytokines, extracellular matrix, FIZZ1, TERT, and α-SMA. However,

FIZZ2 deficiency failed to impact significantly BLM-induced increases in cells in the BAL

or T cells in lung tissue. Given this multitude of effects, the role of FIZZ2 in this model of

fibrosis is likely to lie upstream of these known key processes critical to the fibrogenic

response. Additionally, however, it could have direct regulatory effects on fibroblast

proliferation, apoptosis, activation, and myofibroblast differentiation, which are known to be

important in fibrogenesis. Increased numbers of fibroblasts is a characteristic feature of

pulmonary fibrosis, and augmented fibroblast proliferation may contribute to the progressive

fibrosis. FIZZ2 has proliferative effects on intestinal and lung cells (15, 23). Moreover, its

expression is greatest in proliferative epithelia at the bases of crypts in colon and markedly

increased in tumors in min mice, consistent with a role in cell proliferation (15). The current

study revealed that FIZZ2 had a proliferative effect on primary cultured lung fibroblasts,

unlike FIZZ1 (14). Similar activity in human A549 cells and lung vascular smooth muscle

cells has been observed in response to FIZZ2 treatment (23). Cell proliferation,

differentiation, survival, and apoptosis are known to be regulated by certain MAPK

pathways (48, 49). The PI3K–AKT signaling pathway is more associated with cell survival

(50). In the case of FIZZ2-mediated fibroblast proliferation, ERK1/2 activation was

associated with this effect, and treatment with the ERK inhibitor PD98059 abrogated the

proliferative effect. However, in contrast to FIZZ1 (14), FIZZ2 did not provide significant

protection against apoptosis, suggesting somewhat different activities between these two

members of the FIZZ family. FIZZ2 stimulation of vascular smooth muscle cell proliferation

in response to hypoxia is found to have similar dependence on MAPK signaling (23).

Given the key role of myofibroblast, which functions as a major source of extracellular

matrix and as an inflammatory cell (45), the ability of FIZZ2 to activate fibroblasts and

regulate myofibroblast differentiation was examined. In addition to enhancing cell

proliferation, FIZZ2 was able to activate directly lung fibroblasts by stimulating

extracellular matrix expression. This activation was accompanied by enhancement of α-

SMA expression, indicative of myofibroblast differentiation. Thus, FIZZ2 has the capability

of directly affecting fibroblast function in a manner that is conducive to the induction and/or

propagation of fibrosis. Certainly, its importance in fibrosis is already revealed by the

studies using FIZZ2 KO mice.

The importance of recruited BM-derived cells is suggested by studies in both animal models

and human pulmonary fibrosis (30, 39–41). The lack of TERT induction in FIZZ2 KO mice

suggested the possibility that BM cell recruitment may be impaired as this is shown to be

dependent on influx of BM-derived cells (41). The ability of FIZZ2 to promote cell
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migration is not unprecedented, as peritoneal injection of FIZZ1 recruits eosinophils and

lymphocytes, and FIZZ1 is capable of inducing eosinophil chemotaxis (42). The ability of

FIZZ2 to recruit directly BM-derived cells was evaluated using the Boyden chamber assay.

The results indicated that FIZZ2 was effective in promoting BM cell migration, and notably

BM-derived CD11C+ DCs. To put this in an in vivo context, GFP-BM chimera mice were

analyzed for recruitment of GFP+ (i.e., BM derived) cells into lung tissue in recipient mice

sufficient (WT) or deficient (FIZZ2 KO) in FIZZ2 expression. Transplantation of WT BM

cells from GFP transgenic mice to FIZZ2 KO recipients resulted in reduced numbers of BM-

derived cells in both control and BLM-treated animals relative to that in WT recipients.

Moreover, BLM treatment failed to induce an increase in the number of lung BM-derived

cells in FIZZ2-deficient mice. Notably, transplantation of WT BM cells was insufficient to

correct the impaired fibrosis in FIZZ2 KO mice, consistent with the hypothesis that the

recruited BM cells play an important role in fibrosis. It is also noteworthy that the

predominant recruited BM cell type expressed CD11c, a marker of DCs. A recent study of

murine hepatic fibrosis revealed a 5-fold expansion in hepatic DCs capable of activating

hepatic stellate cells, NK cells, and T cells to mediate inflammation, cell proliferation, and

production of potent immune responses (51). Our findings strongly suggested that FIZZ2

promoted the pulmonary fibrotic process, at least in part, through recruitment of BM-derived

cells. There is evidence for a role of DCs in pulmonary fibrosis (52), and their presence in

human interstitial lung disease including IPF have been documented (53, 54).

The mechanism of BM cell recruitment by FIZZ2 may also be indirect via the SDF-1/

CXCR4 axis. This axis is shown to play a role in recruiting BM cells to the lung in the BLM

and hypoxia-induced animal models (30, 55, 56). The SDF-1 levels in serum and BALF

were increased and accompanied by increased number of CXCR4+ cells in the lung but with

a decreased number in the BM. In addition, neutralizing Ab against SDF-1, or antagonists of

CXCR4, attenuate pulmonary fibrosis (30, 55, 57, 58). Furthermore, an ex vivo lung organ

culture study suggests that SDF-1/ CXCR4 may be involved in the recruitment of circulating

cells into the lung by FIZZ1 in hypoxia as demonstrated by its ability to induce SDF-1

expression in lung organ slices (59). Thus, it is possible that FIZZ2 might function in a

similar manner by regulation of SDF-1 production in BLM-induced pulmonary fibrosis.

Taken together, the findings in the current study indicated that FIZZ2 was a Th2-regulated

factor with potential profibrogenic activity. It was shown to be essential for pulmonary

fibrosis in an animal model. Because the expression pattern of FIZZ2 in this animal model

was similar to that in human pulmonary fibrosis (IPF, NSIP), and FIZZ2 induction in both

animal and human epithelial cells was regulated by Th2 cytokines, the importance of FIZZ2

function in the animal model might be relevant to human fibrotic pulmonary diseases.

Further studies of human FIZZ2 in these diseases are warranted.
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Abbreviations used in this article

AEC alveolar epithelial cell

BAL bronchoalveolar lavage

BALF bronchoalveolar lavage fluid

BLM bleomycin

BM bone marrow

BMDC bone marrow-derived dendritic cell

FIZZ found in inflammatory zone

GEO Gene Expression Omnibus

IPF idiopathic pulmonary fibrosis

KO knockout

MLF mouse lung fibroblast

MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)- 2-(4-

sulfophenyl)-2H-tetrazolium

NSIP nonspecific interstitial pneumonia

PI propidium iodide

qPCR quantitative PCR

RELM resistin-like molecule

α-SMA α-smooth muscle actin

TERT telomerase reverse transcriptase

WT wild-type
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FIGURE 1.
FIZZ2, FIZZ3, and RELM-γ expression in pulmonary fibrosis. A and B, Murine lungs from

saline (SAL)- or BLM-treated mice were analyzed for FIZZ2 mRNA (A) and protein (B) by

RT-PCR and Western blotting, respectively. GAPDH protein served as a loading control. C,

FIZZ3 and RELM-γ mRNA levels in SAL- or BLM-treated mouse lungs. D, Representative

lung tissue section from day 14 BLM (c, d) or saline-treated (a, b) mice were stained with

H&E (a, c) or immunostained for FIZZ2 protein (b, d). Original magnification ×40 (a, b)

and ×100 (c, d). E, Human lung tissues from normal controls (a–d) or patients with NSIP (e,

f) or IPF (g, h) were stained with H&E (a, c, e, g) or immunostained for FIZZ2 protein (b, d,

f, h). In both D and E, control staining using nonimmune IgG was negative. Original

magnification ×100 (c–e, g); ×200 (a, b, f, h).
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FIGURE 2.
Cytokine regulation of FIZZ2 expression in AECs. A and B, Rat AECs (A) or human small

airway epithelial cells (B) were treated with IL-4, IL-13, IFN-γ, or IL-17 as indicated. At

the end of incubation, total cell RNA was harvested for FIZZ2 mRNA analysis by qPCR. C

and D, Lungs from the indicated strains of mice treated with saline (SAL) or BLM (on day

7) were similarly analyzed for FIZZ2 mRNA. The amount of FIZZ2 mRNA analyzed by

qPCR was normalized to the GAPDH control signal and expressed as fold change over

untreated or SAL-treated controls (2−ΔΔCT). Results are shown as mean ± SE of triplicate
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samples. *p < 0.05 compared with respective control (“None” in A and B, or WT SAL-

treated controls in C and D) mean values.
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FIGURE 3.
Effect of FIZZ2 deficiency on BLM-induced pulmonary fibrosis. A, WT control or FIZZ2

KO mice were treated with saline (SAL) or BLM as indicated, and 21 d later the lungs were

harvested and analyzed for lung hydroxyproline content. The values are expressed as

percentages of their respective SAL controls. Data are shown as mean ± SE with five mice

in each group. B, Type I collagen and α-SMA protein in these lungs were also analyzed by

Western blotting. A representative blot from four to five mice in each group is shown. C,

For lung mRNA analysis by qPCR, the lungs were harvested on day 7 after SAL or BLM
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treatment. Results are expressed as 2−ΔΔCt using the respective SAL control value as the

calibrator (equivalent to fold change over SAL controls). Data are shown as mean ± SE with

five mice in each group. *p < 0.05 (versus corresponding WT value). D, Representative lung

sections of day 21 BLM-/SAL-treated WT (SAL in a, BLM in b) and FIZZ2 KO mice (SAL

in c, BLM in d) were stained with H&E for histological evaluation. Original magnification

×100. E, Total BAL cell numbers were counted with a hemocytometer, and BAL differential

cell analyses were conducted by flow cytometry at day 4 post-BLM injection. Data are

shown as mean ± SE with three mice in each group. *p < 0.05. F, Lung tissue CD3+ T cells

were analyzed by flow cytometry and data shown as mean ± SE (three mice per group). *p <

0.05. G, Lung tissue samples were subjected to cDNA microarray analysis, and the results

for select extracellular matrix relevant genes are shown. Data are shown as fold change over

SAL-treated WT mice. Mean values are shown from three mice in each group. H, Lung

fibroblasts from the indicated SAL- or BLM-treated strains of mice were analyzed for cell

proliferation using the MTS dye. Results are shown as mean ± SE with samples from three

mice in each group.
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FIGURE 4.
FIZZ2 induction of type I collagen and α-SMA in MLFs. A, Normal MLFs were treated

with the indicated doses of FIZZ2 for the indicated times and then analyzed for type I

procollagen mRNA levels by qPCR. B, MLFs were treated with FIZZ2 (10 ng/ml) or TGF-

β1 (0.1 ng/ ml), or both as indicated, and then analyzed for type I procollagen mRNA by

qPCR. For qPCR analysis, the GAPDH signal was used as internal control (reference) and

the respective untreated controls (or “None”) as calibrator for the 2−ΔΔCT calculations

(equivalent to fold change over controls). Results are shown as mean ± SE (n = 3). *p < 0.05
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(compared with control in A and B, respectively). C, MLFs were treated with the indicated

doses of FIZZ2 and then analyzed for α-SMA protein levels by Western blotting. A

representative Western blot is shown from three independent experiments with similar

results.
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FIGURE 5.
Effect of FIZZ2 on fibroblast proliferation. A, MLFs were treated with FIZZ2 at the

indicated doses for 24 h, and cell proliferation was analyzed using MTS. Results are

expressed as absorbance units and shown as mean ± SE (n = 4). *p < 0.05 (versus untreated

control). B, The cells were treated with or without FIZZ2 (10 ng/ml) for the indicated time

points and then analyzed for phospho-ERK, phospho-AKT, phospho-JNK, and phospho-p38

expression by Western blotting. Representative blots are shown, which were repeated twice

with comparable results. GAPDH protein was used as a loading control. C, Cells were
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pretreated for 30 min with the MEK/ERK inhibitor PD98059 at 25 (“+”) or 50 (“++”) ng/ml

and then treated with FIZZ2 (10 ng/ml) for 24 h as indicated. Cell proliferation was then

analyzed using the MTS dye. Results are expressed in absorbance units and shown as mean

± SE (n = 4). *p < 0.05 (versus cells treated with FIZZ2 only).
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FIGURE 6.
FIZZ2 effects on BM cell migration. A, Fresh isolated whole BM cells from rats or mice

were preloaded with fluorescent dye and then plated into 5-µm inserts in 24-well Transwell

plates. After 2 h of incubation with the indicated doses of FIZZ2 in the lower chambers, the

cells that migrated to the lower chambers were quantitated by measuring the fluorescence

with excitation and emission wavelengths of 494 and 517 nm, respectively. The results are

normalized to the controls and expressed as percentages and shown as mean ± SE (n = 3). *p

< 0.05 (versus respective control values). B, Purified BMDCs from day 3 BLM-treated
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(BLMBMDCs) or saline-treated (SAL-BMDCs) mice were similarly analyzed as in A for

migration to medium only (“None”) or to 25 ng/ml FIZZ2 in the lower chambers. Results

are expressed as in A. *p < 0.05 (compared with the respective control value). C, BM cells

from GFP transgenic mice were transplanted into WT control or FIZZ2 KO mice to create

GFP-BM chimera mice of the respective recipient strain. After stable engraftment, the mice

were treated with saline (WT-SAL or KO-SAL) or BLM (WT-BLM or KO-BLM) and 21 d

later were analyzed for GFP expression in the lung adherent cell population by flow

cytometry. Three populations were discerned corresponding with cells with undetectable

(region R1), low (region R2), or high (region R3) GFP fluorescence.
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Table I

Lung tissue FIZZ2 mRNA determinations by real-time PCR in rodent BLM-induced pulmonary fibrosis

BLM-Treated Group
(Ct value, Mean ± SD)

PBS-Treated Group
(Ct value, Mean ± SD)

Group (Total RNA) FIZZ2 GAPDH FIZZ2 GAPDH

Rat 1 wka (100 ng) 36.09 ± 0.68 28.41 ± 0.08 ND 30.73 ± 0.50

Rat 2 wk (100 ng) 36.54 ± 0.59 23.81 ± 0.53 ND 24.44 ± 0.19

Mouse 1 wk (100 ng) 36.66 ± 0.61 23.91 ± 0.27 ND 24.48 ± 0.35

Mouse 1 wk (500ng) 35.32 ± 0.50 22.85 ± 0.17 ND 23.96 ± 0.14

a
Refers to time point after BLM treatment.

ND, not detectable.
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Table III

Percentage of CD11c+ lung cells in GFP-BM chimera mice

Experimental Group GFP− (%)a GFP+ (%)a GFP++ (%)a

WT-SAL 6.96 85.50 90.54

WT-BLM 20.24 83.57 92.70

FIZZ2 KO-SAL 13.30 83.64 83.64

FIZZ2 KO-BLM 8.45 80.99 86.96

a
GFP−, GFP+, and GFP++ correspond with gating regions R1, R2, and R3, respectively, in Fig. 6C.

SAL, saline.
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